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Abstract
The work contains results related to the application of membrane separation processes (i.e., membrane distillation and micro-
filtration) in dairy products processing. The performance of titania ceramic membranes (pristine as well as hydrophobized) 
was studied in the microfiltration process of whey and lactose solutions. On the other hand, polymeric porous hydrophobic 
membranes, (polypropylene—PP and polytetrafluoroethylene—PTFE) were tested in the air-gap membrane distillation 
(AGMD) process in contact with whey and lactose solutions. The extended material and physiochemical characterization 
(including fouling issues) of membrane materials before and after the separation process was performed. Transport of 
lactose solution across the membranes was characterized by higher effectiveness comparing with whey solution. Lactose 
played an important role and reduced the interactions with membrane material. Lactose solution possessed lower adhesion 
ability than whey what influenced the fouling and reduction of permeate flux. Membrane distillation was found to be a pro-
cess that generates high-quality water with retention > 99% while simultaneously concentrating whey or lactose solutions. 
Microfiltration process was characterized by a rejection of lactose in the range of 80–90% for pristine ceramic membrane 
and hydrophobized one, respectively. The tendency to fouling in the case of AGMD process was associated with the higher 
contribution of polar part (29%) of the surface free energy SFE for PTFE membrane. The lowest value of normalized flux 
decline was observed for PP membrane, and that was correlated with the smallest contribution of polar interaction in SFE, 
the lowest value of roughness (RSM), contact angle (CA), and contact angle hysteresis (HCA), determined for the membrane 
after its utilization in the separation process.

Keywords Lactose · Whey · Microfiltration · Air-gap membrane distillation · Hydrofobization of ceramics · Fouling 
phenomena

Abbreviations
C6  Octyltriethoxysilane
CA  Contact angle [deg]
Cf  Lactose concentration in the feed [°Brix]
Cp  Lactose concentration in the permeate [°Brix]
HCA  Contact angle hysteresis [deg]
FC6  1H,1H,2H,2H-Perfluorooctyltriethoxysilane
FDn  Normalized flux decline
IRDR  Irreversible flux decline ratio
J0  Initial permeate flux (kg m−2  h−1)
Jf  Final permeate flux (kg m−2  h−1)

MD  Membrane distillation
MF  Microfiltration
MWCO  Molecular weight cut off [Da]
NF  Nanofiltration
FRR  Flux recovery ratio
NTU  Nephelometric turbidity units
NTUf  Turbidity of feed [NTU]
NTUp  Turbidity of permeate [NTU]
PP  Polypropylene
PTFE  Polytetrafluoroethylene
RDR  Reversible flux decline ratio
RMS  Root square mean [nm]
RL  Lactose rejection (%)
S  Spreading pressure (mN m−1)
SFE  Surface free energy (mN m−1)
TC  Turbidity coefficient
UF  Ultrafiltration
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σL  Liquid surface tensions (mN m−1)
σS  Solid surface tensions (mN  m−1)
σSL  Interfacial surface tensions (mN  m−1)

Introduction

The separation and purification of dairy products can be 
accomplished with high effectiveness by implementing 
pressure-driven membrane technologies. However, there 
is a necessity to apply high-pressure differences across the 
membrane (e.g., ultrafiltration—UF or nanofiltration—NF) 
(Al-Gharabli et al. 2018; Chenchaiah et al. 2013; Chris-
tensen et al. 2006; Qtaishat and Banat 2013; Zaragoza 
et al. 2014), which generates high cost of the process, usu-
ally smaller in the case of microfiltration (MF) process. 
One of the solutions is to employ a membrane distillation 
(MD) process (Al-Gharabli et al. 2018; Chenchaiah et al. 
2013) instead of ultra- or microfiltration. MD is a ther-
mally driven membrane process performing at low feed 
temperatures comparing to the conventional distillation 
processes permitting to use the waste heat from indus-
trial systems or even solar energy (Qtaishat and Banat 
2013; Zaragoza et al. 2014). Furthermore, an important 
advantage of MD is a mild processing of heat-sensitive 
ingredients comparing with the evaporative technologies 
(Christensen et al. 2006). A significant issue to successful 
MD operation is the hydrophobic and porous membrane. 
The hydrophobic character of the membrane protects the 
membrane from wetting during the separation process. 
The dairy streams possess complex chemistries of com-
ponents (e.g., fats, various proteins, and minerals) which 
are recognized as potential membrane foulants. Fouling is 
a major drawback for effective membrane operation during 
the course of membrane process as it reduces flux across 
the membrane (James et al. 2003). Furthermore, MD mem-
brane fouling also escalates the risk of membrane wetting 
by compounds migrating into the membrane pores and 
plugging of the flow channels.

Fouling can impact membrane performance at different 
ways, e.g., by flux reduction during the process related 
to the increase of temperature polarization, and thermal 
resistance, decrease of active membrane area as well as 
increased tortuosity for mass transfer. This fact is associ-
ated with the specific interactions between various solutes 
present in feed solution and membrane material as well as 
with the interactions among other solutes in the solution 
including absorbed solutes (Hausmann et al. 2013b; James 
et al. 2003; Rezaei et al. 2014). Due to the high complex-
ity of feed stream in the case of dairy product separa-
tion, it should be remembred that each component of feed 
stream will interact in a different way with the material 
of the membrane (Hausmann et al. 2011, b). Considering 

membrane material polymeric as well as ceramic samples 
needs to be taken into account. Chiu (2011) discussed 
the advantages of the utilization of ceramic membrane to 
microfiltration process of whey. The author presented in 
detail membrane characterization in terms of the relation 
between the ceramic membrane and whey ingredients. An 
important impact of such interactions and time/aging on 
the electrokinetic characterization was pointed out. The 
most meaningful was an influence on zeta potential and 
fluxes at the alkaline pH compared to the acidic pH as 
well as the pH corresponding to the isoelectric point. 
Chiu (2011) has shown that highest level of removed total 
organic carbon has been noticed at alkaline pH. In spite 
of the point that the surface charge depends only on the 
pH, the differences in the alumina material may convince 
diverse strengths of electrostatic or hydrophobic inter-
actions between particles and membrane material (Chiu 
2011). Furthermore, Kulozik et al. (2015; Steinhauer et al. 
2015) discussed the ultra-microfiltration of whey with 
application of various ceramic (for UF  Al2O3/TiO2-20 kD 
membrane and for MF  ZrO2-0.5 µm membrane) (Barukčić 
et al. 2015) and polymeric membranes (for UF polyether-
sulphone PES 30kD and for MF PES 0.1 µm membrane) 
(Steinhauer et al. 2015). In the following work (Barukčić 
et al. 2015), MF process was used as a pre-treatment step 
having an important impact on the UF process by enhanc-
ing transport properties and reducing fouling, despite 
the fact that microbial reduction was practically equal to 
pasteurization. The zeta potential and protein conforma-
tion will impact the aforementioned interactions between 
membrane and feed (Hausmann et al. 2013b; Rezaei et al. 
2014). It is also estimated that the chemistry of the feed 
components will influence the fouling mechanism during 
the separation process of dairy products. The problem of 
membrane fouling by dairy products has been studied by 
various research groups in the case of micro and ultrafiltra-
tion (Barclay et al. 2018; Chen et al. 2018; Jukkola et al. 
2018; Nath et al. 2018; Soodam and Guinee 2018) as well 
as membrane distillation (Gryta 2008; Hausmann et al. 
2011, 2013a). In the case of MF/UF processes, the appli-
cation of membranes possessing lower hydrophobicity 
(water contact angle of 60°–70°) was suggested (Barclay 
et al. 2018; Chen et al. 2018; Jukkola et al. 2018; Soo-
dam and Guinee 2018), whereas, in the membrane distil-
lation utilization of hydrophobic porous membranes, e.g., 
polypropylene (PP) and polytetrafluoroethylene (PTFE) 
is proposed (Gryta 2008; Hausmann et al. 2013a). Haus-
mann et al. (2011, 2013a, b, 2014) investigated the effect 
of different combinations of the whey and milk compo-
nents on MD performance. Hausmann’s research group 
(Hausmann et al. 2011, 2013a, b, 2014) studied the mecha-
nism of membrane fouling during MD process of dairy 
products, e.g., skim milk, whey, and lactose solutions. 
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Authors presented the impact of each whey component on 
the separation process (Hausmann et al. 2013a, b, 2014). 
Comparing to proteins, fat appeared to create stronger 
interactions leading to fouling. Whey solution showed 
fouling related to time, while skim milk solution fouling 
was more related to dry-matter concentration. Moreover, it 
was found that linear velocity influences the performance 
in the course of skim milk processing but not during whey 
processing. It was shown that the concentration of skim 
milk and whey by membrane distillation was characterized 
by high rejection coefficient (> 99%) of all dairy compo-
nents (Hausmann et al. 2011, 2014). Gryta et al. (2008) 
paid attention to the problem of fouling formation, which 
caused a significant decrease of fluxes in membrane pro-
cesses. Christensen et al. (Christensen et al. 2006) focused 
on the increase in dry-matter of whey protein concentrate 
up to 34% total solids, implementing the MD process with 
polypropylene membrane tubes. Moejes et al. (Moejes and 
van Boxtel 2017) presented the application of MD for skim 
milk concentration by membrane distillation. Erdem and 
co-workers (Erdem et al. 2006) elaborated the application 
of ceramic composite membranes (alumina–zirconia) for 
separation of whey components. Membranes possessed 
good protein lactose separation properties with a relatively 
high protein content ∼ 80% and with relatively low lactose 
retention ∼ 7% (Erdem et al. 2006).

The aim of the present work (Fig. 1) was to assess the 
membrane performance of ceramic membranes (pristine-
hydrophilic and hydrophobized) in microfiltration process 
and polymeric ones (polypropylene—PP and polytetra-
fluoroethylene—PTFE) in air-gap membrane distillation—
AGMD in the concentration of lactose and whey solutions. 
Separation processes were implemented for the concen-
tration of lactose and whey. The novelty of the work was 

to choose different processes and membranes leading to 
establish the broad spectrum of data and to correlate mem-
brane performance with extended material characterization 
(contact angle—CA and its hysteresis—HCA, roughness—
RMS, surface free energy—SFE, spreading pressure—S) 
prior and after each membrane utilization which was the 
cognitive goal of the research. The presented work aims also 
to find out how the membrane material (e.g., morphology 
and chemistry of the membrane) affects the dairy product 
separation.

Experimental part

Materials and chemicals

Ceramic ultrafiltration (5kD) and microfiltration (300 kD) 
tubular titania  (TiO2) membranes (inert/outher dimension 
7/10 mm) were purchased from TAMI Industry, France. 
The commercially available hydrophobic porous mem-
branes from polypropylene (PP) and polytetrafluoroethylene 
(PTFE) were used in the experiments. Polypropylene sam-
ples with a nominal pore size of 0.10 μm (labeled as PP10) 
were purchased from Celgard, USA. Another type of PTFE 
membranes with pores of 0.20 μm (labeled as PTFE20) and 
0.45 μm (labeled as PTFE45) were supplied by Sartorius 
Stedim, Germany.

1H,1H,2H,2H-Perfluorooctyltriethoxysilane (named as 
FC6) and octyltriethoxysilane (named as C6) were pur-
chased from Abcr chemicals (Germany). Acetone, ethanol, 
chloroform (stabilized by 1% ethanol), and lactose were 
provided by Avantor Performance Materials (Poland) and 
used without further purification. Powdered whey containing 
70 wt% of lactose was kindly provided by a local creamery 
(Rypin, Poland).

Modification process of the ceramic membranes

Modifying agent solutions of 1H,1H,2H,2H-Perfluorooctyl-
triethoxysilane and octyltriethoxysilane with the concentra-
tion of 0.05 M were prepared in chloroform. Membranes 
were kept in the chosen grafting solutions for 5 h at room 
temperature. The modification process, as well as prepa-
ration steps, was done under ambient argon atmosphere. 
The detailed experimental protocol is presented elsewhere 
(Kujawa et al. 2017; Kujawa and Kujawski 2016). Microfil-
tration measurements were chosen as a separation process 
for ceramic membranes.

Microfiltration experiments

The microfiltration experiments were performed using 
the setup provided by Intermasz Membrane Filtration Ltd Fig. 1  The interdisciplinary idea of the research
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(Września, Poland) (Fig. 2a) in the batch mode, described 
in detail elsewhere (Knozowska et al. 2017).

Two types of the ceramic membranes were used dur-
ing the experiment,  TiO2 tubular ceramic membrane with 
a molecular weight cut off (MWCO) equal to 5 and 300 kD. 
Membranes possessed an active surface area of 25.2 cm2. 
The feed solution was transported from the thermostated 
tank (3 L volume) to the membrane module. Subsequently, 
the retentate was recirculated back to the feed tank (Fig. 2a). 
The transport properties of the investigated membranes 
were assessed by a gravimetric method using an analytical 
electronic balance. Prior to the filtration process of whey 
solution, the experiment with pure water as a feed was per-
formed, allowing to determine the reference fluxes for all 
examined membranes. In the next step, various concentra-
tions (5, 10 and 12 wt%) of lactose aqueous solutions and 
whey were used. The mentioned solutions were prepared 
based on the powdered whey containing 70 wt% of lactose 
(in the case of whey) and pure lactose. The selected con-
centrations were related to the level of lactose in raw milk 
as well as in the condensed milk (Huppertz 2013; Pruksasri 

2015). During the filtration experiments, the applied tem-
perature and transmembrane pressure conditions were equal 
to 30 °C and 2 bar, accordingly. In the course of the experi-
ments, a constant rate of feed solution equal to 75 L h−1 was 
maintained over the membrane module. The filtration effec-
tiveness was assessed by determining the turbidity using 
Turbidimeter TN-100 (Eurotech Instrument, Singapore). 
The turbidity coefficient (TC) of the filtration process was 
calculated based on the Eq. (1), where  NTUf is the feed tur-
bidity and  NTUp denotes the permeate turbidity.

The refractive index of a sample comparative to the 
refractive index of water was measured with an Abbe refrac-
tometer (PZO-RL1, Warsaw, Poland). The refractometer was 
blanked with distilled water before each measurement. The 
analyses were done at room temperature. The values of the 
determined refractive index were converted in lactose con-
centrations in °Brix (Caprita et al. 2014). Lactose rejection 
(RL) coefficient was determined based on the refractometric 
analysis (Caprita et al. 2014); RL (Eq. 2) were taken into 
account during separation features assessment:

where Cp is lactose concentration in the permeate and Cf 
lactose concentration in the feed.

Air‑gap membrane distillation measurements

AGMD process (Fig. 2b) was realized with pure water as 
well as with solutions of lactose and whey as feed solu-
tions. The flux of pure water for each membrane sample 
was determined to define the reference flux through mem-
branes. Measurements were accomplished at 50 ± 2 °C of 
feed temperature and 15 ± 2 °C for permeate that was related 
to the driving force of 106 ± 0.68 mbar. Each experiment 
was conducted at least for 10 h. The detailed description of 
the process is presented elsewhere (Kujawska et al. 2016).

Membrane characterization

Membrane morphology was determined by SEM technique 
with Quanta 3D FEG (USA) apparatus. At the outset of 
imaging membranes, the samples were sputtered with a 
gold–palladium nanolayer (10 nm) to improve the conduc-
tivity of sample surfaces and subsequently to obtain data of 
much better quality.

Pore size and pore size distribution of polymeric mem-
branes were determined using Coulter Porometer II apparatus 

(1)TC =

(

1 −

(

NTUp

NTUf

))

⋅ 100%

(2)RL =

(

1 −

(

Cp

Cf

))

⋅ 100%, ,
Fig. 2  a Filtration experimental setup: 1—thermostated feed tank, 
2—circulating pump, 3—manometer, 4—membrane module, 5—
beaker and balance, 6—rotameter. b Air-gap membrane distillation 
experimental rig. 1—thermostat, 2—feed tank, 3—pumps, 4—mem-
brane distillation module with 4 mm air-gap, 5—cryostat, 6—cylin-
der and balance for permeate collection
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(Coulter Electronics Ltd., UK) and employing modified bub-
ble point method described in detail elsewhere (Hernández 
et al. 1996; Kujawski et al. 1989; Szczerbińska et al. 2017). 
Prior to the experiment membrane samples were wetted by a 
liquid with low surface tension (Porefil, σ =  16 mN m−1) to 
fill the membrane pores. Measurements were done 2–3 times 
for different samples of the same membrane batch. Rough-
ness parameter (RMS—root mean squared roughness) was 
assessed using tip scanning mode and scanning sample area 
of 5 µm × 5 µm applying AFM—atomic force microscopy 
(NanoScope MultiMode SPM System and NanoScope IIIa i 
Quadrex controller, Veeco, Digital Instrument, UK). The RMS 
values for examined membranes were established accord-
ing to an integrated mathematical algorithm in NanoScope 
Analysis Software (1.40, Build R3Sr5.96909, 2013 Bruker 
Corporation).

Goniometric measurements were implemented for the 
determination of the contact angle (CA) values for water, 
glycerol, and diiodomethane. Moreover, the hysteresis of CA 
was determined. Based on the established CA data the surface 
free energy values were calculated according to the Owens, 
Wendt, Rabel, and Kaelble (OWRK) method (Law and Zhao 
2016) (Eq. 3). Image J software (Image J, NIH—freeware ver-
sion) was used for data interpretation of CA with an accuracy 
of ± 1°. 20–30 individual measurements were conducted, and 
the average values are presented. All the above-mentioned 
parameters (i.e. morphology, CA, SFE, RMS) were deter-
mined prior and directly after the filtration process.

where �S = �SL + �L ⋅ cos (CA) . σL is liquid surface ten-
sion, σSL is the interfacial tension between liquid and solid, 
and σS the surface free energy of the solid—SFE.

Moreover, spreading pressure (Eq. 4) was determined (Bik-
erman 1963; Good 1975). This parameter is defined by a dif-
ference of adhesion work (W1,2) between phases and cohesion 
work (W1,1) of the phase being under consideration (testing 
liquid) and possesses an important meaning in the evaluation 
of wetting.

(3)�SL = �S + �L − 2

(

√

�
D
S
⋅ �

D
L
+

√

�
P
S
⋅ �

P
L

)

,

Compatibly, the spreading pressure (S) can be expressed 
as the difference between surface tensions σS and σL and the 
interfacial tension σSL (Eq. 5). The determined value of the 
S can be negative or positive (Bikerman 1963; Good 1975). 
In the case of a negative value, the wetting is not complete; 
however, for a positive S value, the liquid penetration into 
the material is observed. The higher the value of a spreading 
coefficient between surface and liquid, the greater the ther-
modynamic work of adhesion in comparison to the cohesive 
energy of testing liquid, i.e., the high value of S will cause 
reduction of cohesive and the rise of adhesion. As a result, 
the higher wetting will be observed.

Results and discussion

Material properties of ceramic membranes

All types of the ceramic membranes, pristine and func-
tionalized ones, were characterized by various analytical 
techniques. Hydrophobicity level, AFM imaging, and cal-
culations of surface free energy (SFE) were implemented. 
The determined parameters were established for the sample 
before and after their utilization in filtration process of lac-
tose and whey solutions. Finally, the achieved parameters 
were compared and discussed. The obtained data are gath-
ered in Table 1.

According to the data presented in Table 1, it can be seen 
that the modification process influences the physiochemistry 
of the surface of separation materials in a significant way. It 
was proved that pristine hydrophilic material became hydro-
phobic, possessing the CA above 135°. The higher value of 
the CA for FC6 sample was related to the presence of fluo-
rine in the grafting molecules (Kujawa et al. 2017; Kujawa 
and Kujawski 2016). The grafting process caused also a 
reduction of contact angle hysteresis. Substantial reduction 
of surface free energy was associated with the formation of 

(4)S = W1,2 −W1,1

(5)S = �S − �L − �SL

Table 1  Physicochemical 
properties of applied ceramic 
membranes  (TiO2-300 kD)

Membrane CA (deg) HCA (deg) S (mN m−1) SFE (mN m−1) SFEpolar (mN m−1) RMS (nm)

Membranes before filtration process
 Pristine 40 ± 1 – − 17.0 ± 0.6 167.6 ± 0.7 43.4 ± 0.3 62.0 ± 2.1
 C6 135 ± 1 22 ± 1 − 124.3 ± 4.1 24.8 ± 0.4 5.0 ± 0.1 23.2 ± 1.2
 FC6 142 ± 1 19 ± 1 − 130.2 ± 4.3 15.7 ± 0.3 0.8 ± 0.01 18.1 ± 0.8

Membranes after the filtration process
 Pristine 44 ± 1 – − 20.4 ± 0.7 163.8 ± 0.8 42.9 ± 0.4 74.4 ± 2.8
 C6 130 ± 1 29 ± 1 − 119.6 ± 3.9 32.1 ± 0.5 8.0 ± 0.2 28.6 ± 2.1
 FC6 136 ± 1 26 ± 1 − 125.2 ± 4.1 22.2 ± 0.4 2.8 ± 0.1 22.4 ± 1.4



570 Chemical Papers (2019) 73:565–582

1 3

a new type of surface which possesses different chemistry 
(Kujawa et al. 2017; Szczerbińska et al. 2017). The newly 
produced layer was characterized by a very low contribu-
tion of polar components (Table 1). This phenomenon is 
common for the highly hydrophobic surfaces (Kujawa et al. 
2017). Not only CA but also spreading pressure (S) provides 
an insight into the wetting behavior of membranes. Estab-
lished S parameters were characterized by negative values 
and nonzero CA for all tested ceramic membranes, prior 
and after hydrophobization as well as utilization in separa-
tion process (Table 1) that is in good accordance with the 
scientific literature. The calculated values of S (for water as 
a testing liquid) were in the range of − 17.0 ± 0.6 mN m−1 
(pristine membrane before MF) to − 130.2 ± 4.3 mN m−1 
(membrane grafted with FC6 before MF). A small varia-
tion of the S has been noticed for samples used in the MF 
process. The negative values of S are characteristics for the 
surfaces on which the wetting was not complete or when 
there is the lack of wetting (Bikerman 1963; Good 1975). 
The negative value of spreading pressure is a common phe-
nomenon for the material with high hydrophobicity level. 
Erbin (1997) discussed this phenomenon in detail, showing 
how the hydrophobicity level can affect the S value. The 
lower value of S parameter for the more hydrophobic sam-
ple (C6 and FC6) is referred to the smaller basicity of the 
sample. Moreover, the roughness of the samples decreased 
after modification and that is linked to the silanization pro-
cess, leading to the smoother surface, covered by organic 
nanolayer (Al-Gharabli et al. 2018; Koonaphapdeelert and 
Li 2007). On the other hand, it was noticed that membranes 
used in filtration process were characterized by slightly dif-
ferent parameters. In the case of samples modified by C6 and 
FC6, the minor reduction of the contact angle was noticed. 
As a consequence of these changes, an increase of surface 
free energy and its polar component has been also observed. 
Furthermore, the alteration of roughness for pristine mem-
brane after microfiltration process was observed, with an 
increase of around 20% (Table 1). The reason for these 
changes should be sought in the potential fouling during the 
filtration process.

Material properties of polymeric membranes

Similarly, polymeric samples were characterized in detail 
prior to and after an application in the air-gap membrane 
distillation separation process. Polymeric membranes PP10, 
PTFE20, and PTFE45, were utilized in the concentration 
process of lactose and whey solution realized by AGMD. 
All chosen membranes (Fig. 3) were porous and possessed 
hydrophobic character (Table 2). The porosity of the PP10 
membrane was equal to 75%. PTFE20 and PTFE45 were 
characterized by the porosity 62 and 80%, respectively. 
The differences in the membrane morphology were related 

to the different fabrication method. PTFE membranes are 
expanded-film membranes made of polytetrafluoroethylene 
by the uniaxial or biaxial stretching process resulting in an 
interconnected pore structure (Kujawa et al. 2015). On the 
other hand, PP membrane differs significantly considering 
top (selective) and bottom side with the visible support layer 
(Fig. 3). In the case of ceramic membranes, it was empha-
sized that the filtration process of dairy products influenced 
the material properties of the samples (Table 1). The analog 
observation has been also found in the case of polymeric 
membranes (Table 2).

For both polymers, polypropylene, and polytetrafluoro-
ethylene, an impact of the separation process on the material 
properties was noticed. As an effect of the AGMD process, a 
decrease of contact angle of about 10% was observed. More 
visible influence has been observed in the case of contact 
angle hysteresis (HCA). Comparing membranes before and 
after the separation process, an increase of contact angle 
hysteresis was observed (Table 2). That phenomenon can 
be related not only to the changes in the hydrophobicity of 
the surfaces but also to the physiochemistry and surface 
roughness parameters (Table 2). The biggest impact has 
been noticed for PTFE20 sample, due to the highest increase 
of RMS parameter. An increase of the polar component is 
related to the generation of the more hydrophilic surface. 
The polar component describes the interactions associated 
with induction (Debye), hydrogen, polar, and acid–base 
forces. It occurs in molecules possessing a permanent dipole 
moment. These molecules keep stable inequity in the elec-
tron density because of moderate electronegativities of the 
bonding partners, having simultaneously asymmetrical 
geometry (e.g., water). In the presented case, the elevation 
of the polar part of SFE after the process is associated with 
the presence of the traces of separated dairy products, visible 
on the SEM images (Fig. 3). An increase of roughness value 
also proves this observation. Similarly to the ceramic sam-
ples, negative values of spreading pressure were observed; 
however, for polymeric membranes much lower values were 
observed, in the range of − 91.6 ± 3.0 mN m−1 (PP10 after 
separation process) to − 122.4 ± 4.0 mN m−1 (PTFE45 after 
separation process) (Table 2). A slight reduction in absolute 
value of the S parameters was related to the formation of 
foulant layer (Fig. 3) and an increase of hydrophilicity of 
the samples (Table 2).

Transport and separation properties of ceramic 
membranes in filtration process

At the outset of the measurements, the transport properties 
for the pristine ceramic membranes with 5 kD and 300 kD 
MWCO were determined (Fig. 4). It can be noticed (Fig. 4) 
that the pore size of the membrane significantly impacts the 
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Fig. 3  SEM images of polymeric membrane samples prior and after the utilization in AGMD with 5 wt% of pure lactose aqueous solution

Table 2  Physicochemical 
properties of applied polymeric 
membranes

Membrane CA (deg) HCA (deg) S (mN m−1) SFE (mN m−1) SFEpolar (mN m−1) RMS (nm)

Membranes before AGMD process
 PP10 113 ± 1 36 ± 1 − 101.3 ± 3.3 51.2 ± 0.4 8.7 ± 0.2 55 ± 3
 PTFE20 121 ± 1 34 ± 1 − 110.3 ± 3.6 42.3 ± 0.3 8.6 ± 0.2 70 ± 2
 PTFE45 133 ± 1 32 ± 1 − 122.4 ± 4.0 29.9 ± 0.3 8.7 ± 0.3 65 ± 2

Membranes after AGMD process
 PP10 105 ± 1 54 ± 1 − 91.6 ± 3.0 59.3 ± 0.4 9.0 ± 0.2 105 ± 2
 PTFE20 111 ± 1 52 ± 1 − 98.9 ± 3.3 57.9 ± 0.4 13.6 ± 0.2 120 ± 3
 PTFE45 120 ± 1 40 ± 1 − 109.2 ± 3.6 43.7 ± 0.3 9.4 ± 0.2 103 ± 3
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transport properties of investigated membranes. Ceramic 
membranes with smaller pores (MWCO = 5 kD what cor-
responds to ca. 3 nm diameter) were characterized by an 
average flux of water equal to 74.4 kg h−1 m−2. For a more 
open membrane, possessing pore size of around 200 nm 
(MWCO = 300kD), an average flux of water was around 

960.3 kg h−1 m−2. For that reason, the functionalization 
process was implemented only for 300 kD membranes.

The modification process with two types of grafting 
agents 1H,1H,2H,2H-perfluorooctyltriethoxysilane and 
octyltriethoxysilane was studied and the established data 
are shown in Fig. 5. Comparing the transport properties for 
pristine (Fig. 4) and modified (Fig. 5) membranes the signifi-
cant reduction of the transport performance was observed. 
This fact was related to the change of the natural hydro-
philic ceramic membranes into hydrophobic ones (Table 1). 
Furthermore, these changes were related to the reduction of 
the pores size after the grafting process. However, the main 
impact was associated with the introduction in the chem-
istry of the material.  TiO2 300 kD pristine membrane was 
characterized by pore size 190 nm, after functionalization 
the pore size was reduced to 186 nm. It revealed that mem-
branes were still in the microfiltration range. In the case 
of the application of non-fluorinated grafting agent (C6), 
water flux decreased ca. 20 times comparing to the pristine 
membrane. However, the introduction of more hydrophobic 
molecules FC6 onto the membrane surface as well as into 
the pores resulted in the reduction of water flux of almost 
30 times (Figs. 4, 5). Generally, there is no big difference 
between transport features of both hydrophobized mem-
branes. This is very important from the potential application 
point of view. Taking into account the possible application in 
food and dairy industry, an utilization of fluorine-free mate-
rial is required. It can be stated that the modified membrane 
with C6 molecules can be utilized in the filtration process 
with higher effectiveness comparable to the samples grafted 
with FC6 (Fig. 5).

The compositions of the feed solutions were associated 
with the level of the lactose in the real products—raw and 
condensed milk. Lactose content in the raw milk is in the 
range of 4.6–5.1 wt% (Hausmann et al. 2014; Kazmier-
ski and Corredig 2003; Królczyk et al. 2016; Rezaei et al. 
2014). However, in the condensed product the lactose level 
is between 10 and 12 wt%. The following concentrations 5, 
10 and 12 wt% of lactose for both single (i.e. lactose) and 
multicomponent mixture (i.e. whey) were chosen. Accord-
ing to the data obtained and presented in Fig. 6, it can be 
seen that physiochemistry of the sample has the most sig-
nificant impact on the transport properties. Pristine, hydro-
philic membrane was characterized by a contact angle of 
around 40° and the highest values of permeate flux (Fig. 6). 
A decrease of transport properties was observed with the 
increase of lactose concentration in the feed solutions. To 
show the mentioned differences in a more clear way, nor-
malized fluxes were also presented. The flux of pure water 
through membranes was equal to 951 ± 20 kg h−1 m−2; 
however, for lactose aqueous solutions the fluxes changed 
in the following way: from 570 ± 25 to 532 ± 26, and to 

Fig. 4  Evolution of water flux during the filtration process with 
ceramic membranes

Fig. 5  Evolution of water flux during the microfiltration process with 
modified membranes
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498 ± 23 kg h−1 m−2 for the 5, 10 and 12 wt% of lactose, 
respectively.

Slightly smaller values have been found for whey solu-
tions. In this latter case, the flux diminution in the range of 
15–18% was noticed. For the hydrophobized membranes 
with nonfluorinated grafting agents, the permeate fluxed 
decreased from ca. 50 ± 2.5 kg h−1 m−2 while contact-
ing water to 36.2 ± 1.8 kg h−1 m−2 when the 5 wt% lac-
tose solution was used. Furthermore, for more concen-
trated feeds, i.e. 10 and 12 wt% the permeate fluxes were 
equal to 28.5 ± 1.4 kg h−1 m−2 and 26.2 ± 1.3 kg h−1 m−2, 
accordingly. The most hydrophobic samples possess-
ing a contact angle equal to 142° were characterized by 
water flux above 32 ± 1.6 kg h−1 m−2. Nevertheless, the 
permeate fluxes for lactose solutions were in the range 

of 23 ± 1.1–17.2 ± 0.8 kg h−1 m−2 (Fig. 6). Similarly to 
the hydrophilic membranes, transport of whey across the 
hydrophobic membranes was diminished compared to the 
transport of lactose solutions.

Taking into account the separation properties of the 
tested membranes (Fig.  7), it can be seen that lactose 
rejection (Eq. 2) was improved after the functionalization 
process. Turbidity coefficient (Eq. 1) and lactose rejection 
coefficient were determined based on the refractometric 
analysis, RL (Eq. 2).

After 7 h of the filtration, the rejection coefficient for a non-
modified membrane was equal to 71%. On the other hand, 
highly hydrophobic samples of ceramic modified with C6 
and FC6 molecules were characterized by lactose rejection 
coefficient 88% and 89%, respectively. Moreover, the product 

Fig. 6  Transport properties of pristine and modified  TiO2 300 kD ceramic membranes in contact with water and aqueous solutions of lactose 
(pure lactose) and whey (whey powder containing 70% of lactose) during microfiltration process
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after filtration process with FC6 membrane was characterized 
by turbidity lower by 45% compared with the results for the 
pristine membrane (Fig. 7).

Transport and separation properties of polymeric 
membranes in air‑gap membrane distillation 
process

The air-gap membrane distillation was also applied to 
the concentration of dairy products. Model solutions of 
lactose and whey at various concentration were used as 
feed mixtures (Fig. 8). Prior to the AGMD separation pro-
cess, membranes were tested in contact with pure water. 
Both types of the membrane materials polypropylene 
(PP) and polytetrafluoroethylene (PTFE) are slightly dif-
ferent with regards to morphology as it was presented in 
Fig. 3. PP possesses the lowest pore size of 0.10 µm and 
has also an additional support layer on the reverse side. 
Such membrane morphology was responsible for the low-
est water transport (Fig. 8). An average flux was equal 
to 1.20 ± 0.10 kg h−1 m−2. On the other hand, polytetra-
fluoroethylene membranes were characterized by the water 
flux of 2.31 ± 0.11 kg h−1 m−2 and 5.52 ± 0.19 kg h−1 m−2 
for PTFE20 and PTFE45, respectively. To follow the dif-
ferences in transport properties, normalized fluxes were 
presented in Fig. 8. The structures of the PTFE membranes 
are more open and possess different morphology of the 
selective layer than the PP10 membrane (Fig. 3). Although 
PTFE45 membrane was characterized by the highest 
hydrophobicity level (Table 2), the observed highest flux 
was related to a very open structure (the biggest pores 

and the highest porosity). It should be highlighted that no 
wetting was observed and membranes were suitable for 
separation in AGMD process. Quite a high hysteresis of 
contact angle for all samples being in the range of 32–36° 
was associated with the relatively high roughness of the 
surface samples. While all samples were hydrophobic, the 
high contribution of polar part of the surface free energy 
(17% for PP10 and 29% for PTFE45) was observed. This 
fact can influence higher membrane ability to fouling dur-
ing the separation process. Furthermore, in the case of 
whey flux reduction, the explanation needs to be linked 
with protein presence in the solution. These proteins can 
aggregate on the membrane and enhance fouling effect 
(Mourouzidis-Mourouzis and Karabelas 2006, 2008; 
Steinhauer et al. 2015). Mourouzidis-Mourouzis et al. 
(2006, 2008) discussed in detail an impact of whey protein 
aggregates phenomenon and its involvement in the fouling 
formation during the filtration process.

Concerning the separation of lactose and whey solu-
tions, it was noticed that the similar attitude to the 
reduction of ceramic membranes performance with the 
increase of lactose concentration in the separated system 
was observed (Fig. 8). This fact is related to the reduc-
tion of driving forces during the process (Kujawa and 
Kujawski 2015). The reduction of permeate flux from 
5.52 ± 0.19 kg h−1 m−2 for water to 4.73 ± 0.15 kg h−1 m−2 
(5 wt% of lactose), 4.26 ± 0.13 kg h−1 m−2 (10 wt% of 
lactose), and 3.48 ± 0.10 kg h−1 m−2 (12 wt% of lactose) 
for PTFE45 membrane has been observed (Fig. 8). The 
PTFE45 membrane was characterized by the highest 
reduction of transport properties. Similar findings were 
reported by Hausmann et al. (2013a, b) during the MD 
process of skim milk and lactose solutions. For the PTFE 
0.5 µm permeate flux of milk and whey were equal to 
12 kg h−1 m−2 and 20 kg h−1 m−2, respectively. However, 
the observed higher flux was related to the smaller thick-
ness of the membrane equal to 20 µm and bigger pore size 
(0.50 µm). PTFE membranes utilized in our research were 
characterized by 0.45 µm pore size and thickness of 80 µm. 
Nevertheless, the flux for whey has been found to be ca. 
60% smaller (Hausmann et al. 2013a, b). The lowest reduc-
tion rate was found for PP10 membrane. This parameter is 
directly related to the contribution of polar component of 
the SFE for unused materials.

All tested membranes were characterized by a very high 
selectivity, the retention of the lactose from the 5 wt% 
solution was in the range of 92–99%. However, at the end 
of the process the RLactose was ca. 99%.

Also, the measured turbidity of the permeate solutions 
was very low between 41 NTU for PTFE20 and 14 NTU 
for PTFE45, respectively. The value of the turbidity for an 
initial feed solution was around 1300 NTU (Fig. 9). The 
parameters used to assess the separation properties of the 

Fig. 7  Separation properties of pristine and hydrophobized ceramic 
membranes. Feed solution: 5 wt% lactose (pure lactose)
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membranes, i.e.  RL and TC were found to be the best for 
PTFE45. On the other hand, lactose rejection and turbidity 
were comparable for PP10 and PTFE20 (Fig. 9).

Fouling studies

The fouling susceptibility of membranes is an important 
factor influencing the membrane performance (Królczyk 
et al. 2016; Laqbaqbi et al. 2017). During the membrane 
processes, flux declines due to the membrane fouling, 
raising the maintenance and operation costs (Plisko et al. 
2018; Safarpour et al. 2016), causing important shortcom-
ings of membrane utilization, particularly in the separation 
of colloidal and protein solutions (Hausmann et al. 2011, 
2013a, b, 2014, Rezaei et  al. 2014; Tomaszewska and 

Białończyk 2013). Therefore, a great attention has been 
paid to the improvement of the antifouling capability of 
membranes. Various parameters can be assessed to evalu-
ate the antifouling ability of membranes, e.g., flux recov-
ery ratio or flux decline  (FDn). The value of  FDn depends 
on the type of membrane process, membrane material and 
its morphology as well as on the type of separation process 
(Laqbaqbi et al. 2017). In this work, SEM imaging and 
calculation of normalized flux decline parameter (Eq. 6) 
were applied to examine the fouling vulnerability of tested 
membranes.

(6)FDn =

(

1 −
Jf

J0

)

⋅ 100[%],

Fig. 8  Transport properties of polymeric porous hydrophobic membranes in contact with water and aqueous solutions of lactose (pure lactose) 
and whey (whey powder containing 70% of lactose) during AGMD process
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where J0 and Jf are initial and final permeate fluxes.
Furthermore, to evaluate antifouling features of the 

membranes more in detail, the following parameters 
were calculated and compared: flux recovery ratio (FRR) 
(Eq. 7), reversible flux decline ratio (RDR) (Eq. 8) and 
irreversible flux decline ratio (IRDR) (Eq. 9) (Camacho 
et al. 2013; Shafi et al. 2017; Zhao et al. 2014).

(7)FRR =

(

J2

J1

)

⋅ 100[%]

(8)RDR =

(

1 −
Jp

J1

)

⋅ 100[%]

(9)IRDR =

(

1 −
J2

J1

)

⋅ 100[%],

where J1 and J2 are pure water flux and pure water flux after 
membrane washing; Jp is permeate flux.

Microfiltration process with ceramic membranes

The decline of flux during microfiltration and ultrafiltration 
of whey can be linked with the membrane fouling, including 
pore plugging, deposition or adsorption of proteins in the 
pores of the membrane (Rezaei et al. 2014), as well as with 
concentration polarization phenomenon.

In this work, the flux decline for ceramic membranes 
tested in microfiltration process of 12 wt% aqueous solu-
tion of whey was equal to 25.5% for pristine membrane and 
28.1% and 31.2% for C6 and FC6 membranes, respectively. 
However, in the case of the lactose solution, the flux decline 
was much lower and equal to about 5%. Moreover, the whey 
flux decline appeared to follow the growth of the fouling 
layer and increase the deposited amount of solids (Fig. 10). 
According to the scientific literature (Hausmann et al. 2013a, 
b), the flux under such conditions is controlled by the dif-
fusion resistance in the fouling layer, independently of its 
thickness (Hausmann et al. 2013a).

Flux recovery ratio values were in the range of 41–67% 
for ceramic membranes (Fig. 11). Taking into account the 
contacted feed mixtures, with an increase of lactose concen-
tration in the model solutions, diminution of FRR factors 
was observed. The best antifouling membrane performance 
has been found for the ceramic membrane modified by FC6 
(FRR = 66.8%, feed—5% lactose).

The creation of the foulant layer on the ceramic mem-
branes was related to the changes in contact angle values 
and their hysteresis (Table 1). Furthermore, an increase in 
surface free energy has been also observed. Subsequently, 
the higher contribution of polar part of SFE was linked to the 
presence of the organic layer on the surface sample (Fig. 10). 
Traces of fouling layer can be linked with the increase of 
surface roughness parameters (RMS) identified by AFM 
measurements. The changes in RMS parameters were found 

Fig. 9  Separation properties of polymeric membranes. Feed solution: 
5 wt% lactose (pure lactose)

Fig. 10  SEM images of ceramic membranes—pristine (a), C6 (b) and FC6 (c) after the microfiltration process with 5 wt% whey as a feed solu-
tion
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to be in the range of 20–24%, for pristine and FC6 samples, 
respectively.

The significant variations of the antifouling capability of 
membranes are related to the differences in the material and 
physicochemical properties of membrane surface: surface 
roughness and hydrophobicity level and surface free energy. 
Figure 12 presents the correlation between FRR, average 
roughness, and contact angle. Upon the increase of hydro-
phobicity level in the case of ceramic samples, FRR and 

CA values were improved. Subsequently, as a result of the 
grafting process with fluorinated compounds, reduction of 
RMS was noticed. A decrease of roughness generated sig-
nificant improvement in FRR factor due to the reduction of 
a tendency to protein accumulation on the surface heteroge-
neities. The material features become more important after 
application of membranes in separation process (Fig. 12) 
due to the permanent deposition of fouling layer.

Membrane distillation with polymeric membranes

The flux decline and fouling issues in MD process have been 
noticed and extensively studied by Hausmann et al. (2011, 
2013a, b, 2014). Authors highlighted that fouling phenom-
ena in the MD process are different from those occurred in 
pressure-driven processes such as reverse osmosis. Lower 
operating pressures in the membrane distillation process 
positively influence the fouling susceptibility, i.e., by a for-
mation of a less dense and more easily removed layer of fou-
lants. Moreover, in MD process only volatile compounds are 
transported across the membrane pores, and due to that the 
possibility of pores fouling is reduced. On the other hand, 
it was revealed that penetration of foulants into the mem-
brane structure could take place in some cases (Gryta 2008; 
Hausmann et al. 2013a, b). There is a necessity for a better 
understanding of how dairy components (e.g., skim milk, 
whey) interact with membranes and accumulate at the sur-
face of the membrane. As a result of better understanding of 
fouling, the possibility of better control and finally the reduc-
tion of fouling can be achieved. Hausmann and co-workers 

Fig. 11  Summary of flux recovery ratio (FFR), reversible flux decline ratio (RDR), and irreversible flux decline ratio (IFDR) for ceramic mem-
branes tested in microfiltration process

Fig. 12  Correlation between antifouling properties (FRR) and mate-
rial features of the investigated ceramic membranes. Contact angle 
values and roughness parameters were determined before and after 
the separation process of 5% pure lactose model solution
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(Hausmann et al. 2013a, b) suggested that depending on 
the type of separated dairy products (e.g., skim milk, whey, 
lactose solutions) the fouling layer properties as well as the 
mechanism of fouling layer formation can be different.

Taking into account the polymeric membranes used in 
AGMD process, the measured flux decline was in the range 
of 37.5–42.3% for whey and between 23.2 and 26.5% for 
lactose solutions, respectively. Moreover, lactose solution 
did not indicate an important sign of fouling (Fig. 5), sug-
gesting that the flux reduction was more likely due to mem-
brane morphology changes (Hausmann et al. 2014, 2013a, 
b). These observations are in good accordance with the lit-
erature data and are also supported by the data established 
from the material analysis (Table 2). An insignificant coating 
of the membrane surface was noticed during the separation 
of lactose solutions (Fig. 3); however, in the case of whey 
the foulant layer was noticeable (Fig. 13). The highest  FDn 
was noticed for PTFE45 sample and the smallest one for 
PP10 membrane. The reason of observed the highest value 
for PTFE material is the negative charge of PTFE that can 

lead to the charge interactions with salts present in whey 
(Hausmann et  al. 2013a; Jucker et  al. 1996). When the 
protein layer accumulates, the proteins could interact with 
each other by salt bridges with various salts adsorbed on the 
surface of the membrane. Based on the literature data (de 
la Fuente et al. 2002), the whey proteins are able to accu-
mulate at a high concentration forming a layer close to the 
membrane surface. Furthermore, the possible mechanism of 
the presented fouling might be related to the whey protein 
aggregation in the course of experiment depending on the 
feed temperature and concentration (Karleskind et al. 1995; 
Kazmierski and Corredig 2003; Moro et al. 2001). Also, 
fouling is dominated by whey–protein–lactose–calcium 
interactions. In the case of lactose, it can interact directly 
with proteins by changing or disrupting their hydrogen 
bonding networks (Yorgun et al. 2008). The presence of 
sugars (i.e. lactose) causes the reduction of water activity 
which makes water–protein interaction less efficient; there-
fore, lactose can interact with proteins directly by hydro-
gen bonds. In Fig. 13, the thick fouling layer on the PP10 

Fig. 13  SEM images of polymeric membranes—PP10, PTFE20, and PTFE45 after AGMD process with 5 wt% whey as the feed solution



579Chemical Papers (2019) 73:565–582 

1 3

membrane can be seen. Furthermore, the presence of clean 
patches and randomly distributed nucleations was detected. 
The presented observations are revealed by the roughness 
parameters that changed significantly for this sample. RMS 
increased from 55 nm to 105 nm after utilization in AMGD. 
Also, the HCA increased from 36° to 54° (Tables 1 and 2). 
On the SEM images of PTFE20 membrane, a clear border 
between the clean patch and fouling layer was found. It was 
related to the higher hydrophobicity of the material. Nuclea-
tion sites (size ca. 2.3–2.7 µm) have been found on the nodes 
and between fibers of the polymer. The highest vulnerability 
to fouling was observed in the case of the most hydrophobic 
PTFE45 membrane  (FDn = 42.3%). In the SEM images, the 
randomly distributed nonfouled areas can be also observed 
(Fig. 13). The distinct separation line between fouling layers 
and clean areas can be related to the chemistry of the sample. 
The nucleation sites were bigger for PTFE45 membrane than 
for PTFE20 one and were in the range of 3.0–7.6 µm. These 
nucleation sites most likely reduced the hydrophobicity and 
promoted spreading of the foulants and subsequent fouling.

The flux recovery ratio, reversible flux decline ratio, and 
irreversible flux decline ratio were calculated to achieve 
better description of the fouling capability for polymeric 
membranes tested in AGMD process (Fig. 14). Consider-
ing the polymeric membranes investigated, the best one was 
PTFE20 (FRR = 82.6%, feed—5% lactose). The reversible 
fouling aroused from the reversible protein adsorption and 
it can be removed by a simple hydraulic cleaning. However, 

the reversible fouling is carried by rigid adsorption of protein 
molecules on the surface or entrapment of protein molecules 
in pores (Plisko et al. 2018; Safarpour et al. 2016). For that 
reason, the significant impact of the type of feed solution 
was noticed. At higher concentration of lactose an increase 
of RDR and IRDR was found. For ceramic membranes and 
microfiltration experiments, RDR values were in the range of 
27–47% whereas IRDR values were in the range of 36–58%. 
Taking into account one type of the feed solution, it was seen 
that pristine membrane possessed the highest value of RDR 
and IRDR parameters (Fig. 14). For polymeric membranes, 
much smaller RDR and IRDR factors were obtained. RDR 
were found in the range of 14–41%; however, IRDR were 
in the range of 18–45%. A slight impact of the membrane 
material was also noticed, namely for PP10 higher values 
of evaluated parameters were observed. On the other hand, 
the pore size of the PTFE membrane has no influence on the 
antifouling properties.

Similarly, to the ceramic samples, in the case of poly-
meric ones, an important impact of material and physico-
chemical features of membrane surface on fouling ability has 
been noticed (Fig. 15). However, the mentioned influence 
was not such significant like for the ceramic membranes 
tested in microfiltration process. Substantial diminution in 
CA and RMS was found after separation processes. This 
observation was supported by the determined higher value 
of irreversible flux decline for the pristine membrane in the 
case of the ceramic sample and PP10 in the case of poly-
meric ones (Figs. 11 and 12). For these samples, the biggest 
reduction of CA and RMS was also noticed.

Fig. 14  Comparison of flux recovery ratio (FFR), reversible flux decline ratio (RDR), and irreversible flux decline ratio (IFDR) for polymeric 
membranes tested in AGMD
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Conclusions

Separation processes, like MF and AGMD, were found to 
be feasible to concentrate dairy products—model aqueous 
solutions of lactose and whey. The single component studies 
revealed a complex set of interactions between the material 
properties of the membranes, separated systems, and mem-
brane-based separation effectiveness. The most important 
outcomes include the observation that the retention coef-
ficient was independent of the type of separated system and 
was above 99% for AGMD with polymeric membranes. No 
membrane wetting was noticed in any case that was proved 
additionally by determination of spreading pressure param-
eter that was negative for all investigated membranes. In the 
case of the microfiltration process with ceramic membranes, 
a significant impact on membrane character (hydrophobic-
ity level) has been reported. Retention coefficient of lac-
tose with pristine hydrophilic membranes was only 80%. 
However, as an effect of hydrophobization that parameter 
increased to 90%. The slight impact of the type of grafting 
agent on the separation efficiency was observed. Better per-
formance was found for membrane modified with a fluori-
nated compound. An extensive material characterization was 
a source of important data. For instance, measured high val-
ues of contact angle hysteresis were related to the heteroge-
neity of the membrane surface (high roughness parameter), 
which explained also the potentially greater susceptibility 
to fouling. Moreover, the tendency to fouling was associ-
ated with the higher contribution of polar part of the surface 
free energy (29% of the polar part of SFE for PTFE45). On 
the other hand, the lower value of normalized flux decline 

was observed for PP10 membrane. In the case of PP10, the 
abovementioned remark was linked to the following mate-
rial features: smallest contribution of polar interaction in 
SFE, the lowest value of roughness parameter, and HCA, 
especially after the separation process.
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