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Abstract Hydrophobic polymeric membranes (PP, PTFE,
and PVDF) were efficiently applied in juice concentration
by osmotic membrane distillation process at room temper-
ature. The properties of applied membranes were character-
ized by the value of static contact angle, hysteresis of con-
tact angle, surface free energy, roughness, mean flow pore
size, maximum pore size or bubble point, and the pore size
distribution before and after their utilization in osmotic
membrane distillation (OMD). Furthermore, the mechani-
cal strength of the membranes was evaluated using the Mul-
len burst technique and characterization of fouling behavior
was done. The impact of stripping solutions, characterized
by different water activities (NaCl and CaCl,), type of
membrane materials, and membrane morphology, on the
transport properties in a dehydration process was evaluated.
Apple and beet juices with a high level of antioxidants were
chosen. The quality of juices has been assessed by determi-
nation of total polyphenols and antioxidant activity. In the
dehydration process, the most efficient were 0.45-um
PTFE and 0.45-um PVDF membranes (24 % improve-
ment). No loss of polyphenol content or reduction of anti-
oxidant activity was observed after the juice dehydration.
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Abbreviations

°Brix  Sugar content of an aqueous solution
AFM  Atomic force microscopy

Ay Water activity

CA Apparent contact angle

CAE  Caffeic acid equivalent

BP Maximum pore size or bubble point
ED Electrodialysis

HCA  Contact angle hysteresis

MD Membrane distillation

MF Microfiltration

MPD  Mean pore distribution

MPS  Mean flow pore size

NF Nanofiltration

OMD  Osmotic membrane distillation
PP Polypropylene

PSD Pore size distribution

PTFE  Polytetrafluoroethylene

PV Pervaporation

PVDF  Polyvinylidenedifluoride

RMS  Root mean square (nm)

RO Reverse osmosis

SEM  Scanning electron microscopy

SFE Surface free energy (N m ')

TEAC Trolox equivalent antioxidant capacity
TPC Total phenolic content

TSS Total suspended solids

UF Ultrafiltration
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Introduction

Membrane separation suited a significant process in the food
industry for the fractionation and concentration, as well as
purification, of juices and beverages additionally for wastewa-
ter treatment. The benefits of these processes, e.g., low-
temperature conditions, no need for special chemicals, possi-
bility of automation, and simple operation, make membrane
separation a great substitute to traditional methods for treat-
ment of liquid food (e.g., thermal pasteurization, high-
pressure homogenization, UV light sterilization) (Barbe
et al. 1998; El-Abbassi et al. 2013; van Reis and Zydney
2007; Warczok et al. 2007a; Warczok et al. 2007b; Kujawski
et al. 2013). As far as this, in the food industry, only pressure-
driven processes are extensively used. However, their features
restrained their utilization to diluted-solution treatment only.
As a consequence, membrane processes have to be linked
with traditional thermal treatments, resulting in aggravation
of aroma, color, and taste of the final product. As a result,
outcome a method to process concentrated juices is a difficult
task (Warczok et al. 2004; Warczok et al. 2007a; Warczok
et al. 2007b; Kujawski et al. 2013).

Membrane filtration methods like reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), microfiltration (MF),
membrane distillation (MD), osmotic membrane distillation
(OMD), pervaporation (PV), and, to a lesser extent, electrodi-
alysis (ED) have been commonly used in the bioprocess and
food industry (Daufin et al. 2001; Ghosh 2002; van Reis and
Zydney 2007; Li and Chen 2010; Claudio et al. 2009;
Onsekizoglu et al. 2010). Examples of typical food processes
include a combination of concentration of whey and milk as
well as fractionation of milk in the dairy industry; production
of soy protein concentrates and isolates; recovery of starches;
clarification of juice, vinegar, and wine in the beverage indus-
try; demineralization/decolorization/clarification of sugars
and sweeteners; and applications in vegetable oil processes
(Daufin et al. 2001; Ghosh 2002; van Reis and Zydney
2007; Li and Chen 2010; Claudio et al. 2009). MD and
OMD have been applied for juice concentration and
capsulation of aroma compounds, whereas PV has been uti-
lized for the creation of low-alcohol beer (Babu et al. 2006;
Bahgeci 2012; Barbe et al. 1998; Carlsen et al. 2010; Cassano
et al. 2011; van Reis and Zydney 2007; Warczok et al. 2004;
Kujawski et al. 2013). Additionally, various applications of
the membranes are related to the water treatment and recycling
within food process plants (Daufin et al. 2001).

OMD is a separation process in which a liquid mixture
containing a volatile component is in contact with a micropo-
rous, non-wettable membrane (e.g., PVDF, PTFE, and PP)
(Lalia et al. 2013; Warczok et al. 2004; Warczok et al.
2007a; Kujawski et al. 2013). During the process, both sides
of the porous membrane are in contact with two aqueous so-
lutions characterized by different water activities, e.g., a sugar

solution and a stripping solution. These differences in water
activity are directly related to the driving force (Warczok et al.
2004; Warczok et al. 2007a; Jiao et al. 2004; Koroknai et al.
2008; Zambra et al. 2015). As a stripping solution, organic
solvents (e.g., polyglycerol and glycerol) or inorganic salts
(e.g., CaCl,, NaCl, MgCl,, and MgSO,) can be applied (Babu
et al. 2006; Warczok et al. 2007a). The appropriate choice of
the stripping solution is essential for the process effectiveness;
bigger differences with water activity create a higher driving
force of the OMD process.

It is interesting to focus on the OMD process improvement
that is near commercialization for the concentration of bever-
ages and other liquid foodstuff. Moreover, OMD is evaluated
in terms of the concentration of aqueous solutions of thermally
labile pharmaceutical products (Kolniak-Ostek et al. 2013; El-
Abbeassi et al. 2013).

Its principal benefit lies in its ability to concentrate solutes
to very high levels at low pressure and temperature, with min-
imal mechanical or thermal damage or loss of the solutes.
Low-alcohol-content beverages have been made in this man-
ner with negligible losses of volatile flavor and fragrance com-
ponents. Osmotic distillation promises to become an attractive
follow-up or substitute to other thermal or low-temperature
separation techniques such as reverse osmosis, ultrafiltration,
vacuum freeze-drying, and membrane technique—
pervaporation.

To the best of our knowledge, there is no report in the
scientific literature concerning the application of the OMD
process to the apple and beet juice concentration with addi-
tional membrane and quality juice characterization. For this
reason, we decided to fill this gap. In the scientific literature,
there are articles focused on the OMD process. However, the-
se works present only the impact of experimental conditions
(temperature, type of stripping solution, and type of the mem-
brane) on the OMD efficiency process. Simultaneously, these
articles do not pay attention on the quality of the products, but
this is crucial from the application point of view. For instance,
the comparison of the values of water fluxes for the experi-
ments performed at different temperatures and in the isother-
mal conditions was presented (Rodrigues et al. 2004). In the
concentration process of a model aqueous solution (6 wt% of
sucrose and 1.5 wt% of ascorbic acid) using CaCl,
4.0 mol L™" as a stripping solution, an increase of about
61 % in the average water flux value compared to isothermal
operation was confirmed when the temperature of the strip-
ping solution was decreased from 30 to 20 °C (Rodrigues et al.
2004). As another example (Bélafi-Bako and Koroknai 2006),
increases in the feed temperature of 10-20 °C resulted in in-
crements of 26—168 % in flux for pure water and two sucrose
solutions (20 and 45 wt%), when CaCl, (3.5 and 6.0 mol L")
at 25 °C was used as the stripping solution. Additionally,
experimental data showing a higher permeate flux for OMD
in the case of real juices are also presented (Bélafi-Bako and
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Koroknai 2006; Nagaraj et al. 2006; Hongvaleerat et al. 2008).
For a given activity and temperature difference, the driving
force in the OMD process is actually bigger than the sum of
the individual values related to osmotic dehydration and MD
alone, so the link leads to a synergistic effect (Bélafi-Bako and
Koroknai 2006; Courel et al. 2000). On the other hand, articles
which focused on the quality of the juices do not discuss the
influence of the experimental process conditions, e.g., type of
the membrane, temperature, or types of stripping solutions.
The recent studies on OMD for juice concentration highlight
the high quality of the achieved final product, linked with low
capital investment and low energy consumption (Celere and
Gostoli 2004). An integrated juice concentration process with
OMD as the final filtration step preceded by ultrafiltration and
reverse osmosis was presented (Jiao et al. 2004; Cassano et al.
2003). The final product was characterized by much better
quality than the product acquired in a traditional way of ther-
mal processes. Colors as well as aroma were alike to fresh
juice; additionally, the total antioxidant activity was sustained.
Very high juice concentration (from 20 up to 66 total
suspended solids—TSS/100 g) obtained during the OMD
was an additional improvement of the presented process
(Cassano et al. 2003). Furthermore, a comparison of the
OMD process with MD of orange juice was presented (Alves
and Coelhoso 2006). It was stated that over 50 % diminution
of water flux in the MD process was observed comparing to
the OMD one. It was related to the thermal polarization effects
during the MD process.

The presented article focused on the application of osmotic
membrane distillation with hydrophobic polymeric mem-
branes made from PTFE, PVDF, and PP characterized by
different pore sizes to the concentration process of apple and
beet juices. Additionally, in the current work, a comprehen-
sive characterization of the utilized membranes before and
after the OMD process was done to identify the best mem-
branes. The physicochemical characterization of the mem-
branes was done as well as the possibility of the fouling cre-
ation was checked. Furthermore, the impact of the OMD de-
hydration process on the selected quality parameters of the
resulting concentrated juice (e.g., an antioxidant activity—
TEAC—and total phenolic content—TPC) was obtained and
discussed.

Materials and Methods

Membranes

In this study, four types of commercially available polymeric
membranes (Table 1) were applied for apple and beet juice
concentration using the OMD process. The used membranes

were characterized by different pore sizes (0.10, 0.20, and
0.45 um) as well as were made of different materials (PTFE,
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PVDF, and PP). Membranes made of these materials were
chosen according to their hydrophobic character, required in
the OMD process. The membrane active area was equal to
1.20 x 10 m”.

Membrane Characterization

The presented methods and analysis were used in order to
perform extensive material characterization of the membranes
as well as to assess the impact of different parameters (e.g.,
different driving forces, type of membranes, type of feed so-
lution) on the transport properties in the OMD process. The
following parameters were evaluated: static contact angle
(CA), hysteresis of contact angle (HCA), surface free energy
(SFE), roughness, mean flow pore size (MPS), maximum pore
size or bubble point (BP), and the pore size distribution (PSD)
in order to characterize the physiochemical properties of the
membrane surface. Furthermore, the mechanical strength of
the membranes was evaluated by the Mullen burst technique.
Additionally, a characterization of the fouling behavior was
done.

For the CA and HCA measurements, a 5-pl drop of water
was placed on the membrane surface. The apparent static con-
tact angle values and HCA were determined by a software for
microscope image processing (Image J, NIH—freeware ver-
sion), with an accuracy of £2°. In the case of SFE calculation,
the Owens—Wendt method was used. In order to establish
surface free energy, contact angle values for two solvents of
different polarity and surface tension, i.e., water and glycerol,
were measured. The procedure of SFE determination by the
Owens—Wendt method for membrane samples was described
in detail in our previous work (Kujawa et al. 2014).

Additionally, scanning electron microscopy (SEM) and
atomic force microscopy (AFM) techniques were applied for
more detailed characterization of the utilized samples
(Alloisio et al. 2004). SEM and AFM were used to examine
the morphology and roughness of the membrane surfaces,
respectively. Images were acquired using a tapping mode in
air for both pristine and used membranes in the OMD process.
The scan size was equal to 1 x 1 um for all examined mem-
branes. From the scanned images, the root mean square
(RMYS) roughness values were obtained. SEM analysis was
performed using a Quanta 3D FEG equipment. Surface anal-
ysis was carried out using AFM equipment with a
NanoScopeMultiMode SPM System and
NanoScopelllaiQuadrex controller (Veeco, Digital Instru-
ment, UK).

The MPS, maximum pore size or BP, and the PSD were
measured using a capillary flow porometer (CFP, Porous Ma-
terials Inc., Ithaca, USA). The membrane’s total porosity was
calculated experimentally using a low-surface-tension liquid
(Silwick®, provided by PMI, Ithaca, NY, USA) of known
density. Finally, the mechanical strength of the membranes
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Table 1  Characteristics of applied commercial membranes—parameters provided by manufacturers

Membrane material Pore diameter (pm) Thickness (pm) Porosity (%) Manufacturer

PP (polypropylene) 0.10 170 75 Celgard (USA)

PTFE (polytetrafluoroethylene) 0.20 65 62 Sartorius Stedim (Germany)
0.45 80 80

PVDF (polyvinylidenedifluoride) 0.45 125 75 Durapore Merck (Germany)

was assessed by using the Mullen burst technique which mea-
sures the pressure required to break the membrane. Details
about these characterization techniques can be found in Lalia
et al. (2013). According to these analyses, it was possible to
evaluate the impact of the OMD process on the membrane
morphology.

Osmotic Membrane Distillation

OMD experiments were performed using a laboratory setup,
schematically depicted in Fig. 1. The OMD module consists
of two compartments. The volume of each compartment is
150 cm?. The stripping solutions (NaCl or CaCl,) and the feed
juice solution (apple or beet juice) are separated by the hydro-
phobic flat membranes (Table 1). The raw juices were used
without any additives or preservatives. Apple juice was pur-
chased from “Marwit Sp. z 0.0.” (Poland) company, and beet
juice from by “Piotr i Pawel” (Poland) company. NaCl and
CaCl, were purchased from Avantor Performance Materials
Poland S.A. The stripping compartment was hermetically
sealed, so the volume measured by the pipette is equal to the
volume of water transported across the membrane from the
juice solution to the stripping solution (Fig. 1). Both solutions
were constantly stirred. All experiments were done at a con-
stant temperature of 20 °C. The choice of room temperature
aimed to show the efficiency of dewatering juices without
requiring an elevated temperature. However, the following
experimental conditions were varied: the duration of the ex-
periment (from 3 to 11 h), different stripping solutions (satu-
rated NaCl—25 % w/w—and CaCl,—50 % w/w), and differ-
ent feed solutions (apple and beet juices). Moreover, the ex-
periments were done for all purchased membranes (Table 1).
Deionized water (0 °Brix) and fresh juices (apple and beet) of
initial concentration (~11 °Brix) were used as feed solutions.
Juices were pre-filtrated to remove the fruit pulp before the
OMD process. This procedure was required, because raw
juices, containing a lot of pulp that could clog the pores of
membranes, were utilized. The pre-filtration process was con-
ducted under low pressure with application of 2-pum filter
papers. It was found that the pre-treatment step had no impact
on the quality of the juices subsequently processed by the
OMD process.

Each OMD experiment was run in batch mode using a new
membrane sample, fresh feed, and stripping solution. Every
single experiment was repeated three times.

Analytical Methods

In order to assess the performance of the OMD system, the
following parameters were taken into account: the flux
through the membrane and the juice concentration at the be-
ginning and at the end of the process. The flux was measured
by collecting and weighing the permeate in a given period of
time. The initial and final concentrations of the apple and beet
juices and stripping solutions (CaCl, and NaCl) were mea-
sured by using an Abbe refractometer (PZO-RL1, Warsaw,
Poland). The refractive index is linearly dependent on the
concentration of salts in solution. Therefore, the water activi-
ties of CaCl, and NaCl solutions could be determined from
their respective refractive indexes and calibration curve relat-
ing water activity and salt concentration (Chirife and Resnik
1984; Sereno et al. 2001).

The quality of the juices was evaluated following presented
methods. The TPC of both apple and beet juices was deter-
mined using the Folin—Ciocalteu method described elsewhere
(Rozek et al. 2007). The antioxidant capacity was determined
as the Trolox equivalent antioxidant capacity (TEAC) assay.
The 2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)

Transport of water
a,, feed a,, stripping
solution | solution
1 2 3
7/
{

L

R =*
\Y7d

Fig.1 Scheme of the OMD experimental setup. / feed solution chamber,
2 hydrophobic membrane, 3 stripping solution chamber, 4 calibrated
pipette, 5 magnetic stirrers
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diammonium salt (ABTS) was chosen as a molecule deter-
mining the activity of both lipophilic and hydrophilic antiox-
idants. The procedure in detail was presented elsewhere
(Zielinska et al. 2007). In order to evaluate the possibility of
degradation of applied juices, the stripping solutions were also
analyzed.

Results

Surface Characterization of Commercially Available
Membranes (PP, PTFE, PVDF)

Before OMD Process

Surface properties have a great impact on the membrane per-
formance. For this reason, wide characterization of the phys-
icochemical properties of the surface was done.

The morphology of the applied membranes is presented in
Fig. 2. Based on these SEM images, it can be seen that all
membranes are characterized by different morphologies. PP
and PVDF membranes possessed higher porosity and thick-
ness. PTFE membranes with a smaller pore size were charac-
terized by lower values of thickness (65 um) and porosity
(62 %) (Table 1). The porosity and thickness for 0.45-pm
PTFE membranes were equal to 80 % and 80 um, respective-
ly. Polypropylene (PP) membrane has a fiber-like structure as
it can be observed in the cross section image (Fig. 2(I)).

PTFE membranes are expanded-film membranes made of
polytetrafluoroethylene by the uniaxial or biaxial stretching
process resulting in an interconnected pore structure
(Kujawski et al. 2013; Warczok et al. 2007b). SEM images
of'the PTFE membranes shown in Fig. 2(Il and III) indicated a
very similar skin structure of the 0.20- and 0.45-pm mem-
branes. However, it is possible to observe a relatively more
open pore structure of the 0.45-pum membrane than that of the
0.20-pwm membrane. These observations are consistent with
the pore size distribution obtained by the capillary flow
porometry technique (Fig. 3). The polyvinylidenedifluoride
(PVDF) membrane was characterized by a sponge-like struc-
ture (Fig. 2(IV)). Additionally, compared to the rest of the
membranes, PVDF 0.45 has a very broad PSD (ranging from
0.8 to 0.25 um) and the largest BP (0.800 = 0.002 pum) that
represented quite a large amount of the total pores (~3 %).
PTFE membranes showed both narrower PSDs (both with a
span of ~0.2 um) and different BPs, being that of the PTFE
0.2 (0.40 um) almost half of the PTFE 0.45
(0.729 £+ 0.014 pum). PP had the narrowest PSD and the
smallest BP (0.088 +0.001 um). A summary of the membrane
characterization prior to the OMD process is shown in Table 2.

All investigated membranes were characterized by contact
angle values higher than 90°, which corresponds to their hy-
drophobic behavior (Table 2). Membrane materials have a
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clear impact on the hydrophobicity. The most hydrophobic
membranes were made from PTFE. However, the lowest hy-
drophobicity level was observed for PP membranes (i.e.,
CA~113°). HCA values were strongly associated with mem-
brane materials and pore size of the tested membranes. It can
be seen (Table 2) that for a more smooth material (PVDF),
characterized by a lower value of RMS (50 + 2 nm), the
contact angle hysteresis is lower (28° + 1°). SFE values were
in the range 0f 38.0 x 10> t0 51.2 x 10> N'm"'. This param-
eter (SFE) is directly related to the hydrophobicity. For that
reason, the lowest value of SFE was noticed for the membrane
characterized by the highest CA value (PTFE 0.45). Surface
free energy for the examined membranes depends on the
membrane materials as well as on the pore size. The highest
value of SFE was observed for the PP membrane (i.e., RMS
125 + 3 nm) and was associated with the morphology of the
membrane, a fiber-like structure (Fig. 2.I). On the other hand,
the lowest SFE value was determined for the 0.45-um PTFE
membrane (i.e., RMS 65 + 2 nm). Roughness of the mem-
brane surface (RMS) was associated with the HCA value, and
for more rough samples, a higher value of contact angle hys-
teresis was observed (Table 2). Furthermore, it should be
highlighted that the roughness correlates well with the mem-
brane materials. According to that, the utilized membranes
should be classified into three groups and considered as PP,
PTFE, and PVDF membranes. Based on that assumption, it
can be stated that for more rough samples, higher values of
SFE are observed. The RMS values are well correlated with
CA and SFE values.

Afier the OMD Process

In order to investigate the impact of the OMD process on the
membrane properties, an extensive characterization of the
membrane was done. During the OMD, different membranes
(PP 0.10 pm, PTFE 0.2 and 0.45 um, PVDF 0.45 pum) and
stripping solutions (NaCl and CaCl,) as well as feed solutions
(water, beet and apple juices) were applied. After the OMD
process, differences in physicochemical properties of the
membranes were observed.

The hydrophobicity level of the polymeric membranes was
changed. It was associated with the organic layer created on
the membrane surface remaining after cleaning the mem-
branes. Depending on the experimental conditions and applied
juices, it was possible to notice a layer on the whole surface or
on only a part of the membrane (Fig.4).

The obtained values of the contact angle for the membranes
after the OMD process were lower than those for native sam-
ples (Table 2). The differences between CA values before and
after the OMD processes were equal to about 8°—13°. The
largest difference was observed for the 0.45-um PTFE mem-
brane from 133° £ 1° to 120° + 1°, however the smallest for
PVDF and PP membranes from 120° + 1° to 112° + 1° and
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Fig. 2 SEM images of used |- PP-0.10
polymeric membranes: PP

0.10 pm (7), PTFE 0.20 pum (1)
and 0.45 pum (/I]), and PVDF
(IV). O obverse and R reverse
sides of the membranes.
Magnitude 200, 2000x, and
10000

Il - PTFE-0.20 um

Il - PTFE-0.45 pm

from 113° £ 1° to 105° & 1°, respectively (Table 2). Membranes =~ HCA and were more rough (RMS) comparing with the unused
utilized in the OMD process demonstrated a higher value of =~ membranes. This behavior is related to the deposition of

Fig. 3 Pore size distribution 7T
(PSD) of the studied membranes . —a— PVDF0.45
25 —ae— PTFE0.45
7] A— PTFE0.2
—y— PP
20 |  Membrane MPD (um) BP (um)
PVDF 0.45 0.434+0.072 0.800+0.002
< 15 |
S PTFE 0.45 0.446+0.025 0.729+0.014
o
& PTFE 0.2 0.246+0.009  0.400+0.003
10 4 1 PP 0.080+0.001  0.088+0.001
5 _'.L -
: }
5| e e iundy .t |
T T T T

T T T T
00 01 02 03 04 05 06 07 08 09
Pore Diameter (um)
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Table 2  Surface properties of membranes before and after application PVDIF 0.4 PTFIIE 0.45 PTFF 0.20 P:D 80
in the OMD process (feed solutions: apple and beet juices; stripping i )
solution: CaCl,) 2 Porosity (Before)
: 2 45 — @ Porosity (After) — 70
J A Mullen Burst (Before)
Membrane CA(°) HCA (°) SFE(10>Nm ') RMS (nm) 45 ® A Mulen Burst (Aften) |
Pristine membranes = 7
Pass-{ @ ® {50 —
PP 0.10 um 1M3+1 36+1 512+ 04 125+3 = i o) ® R
PTFE 0.20 um 121 +1 34+1 423 +03 70 £2 § 30 — ® 40 ?
PTFE 045 um 133 +1 33 +1 38.0+0.3 65+£2 s E 4 g
PVDF 045 um 120+1 28+1 41.6 £ 0.3 50 +£2 g 25 — —30 &
Membrane after the OMD process ]
p 20 — 4 E.| & 20
PP 0.10 um 1051 54+1 593+04 150 £ 4 i
PTFE0.20 um 1111 52+1 57.9+04 120 £ 3 15 & 10
PTFE 045 um 120 £1 40+ 1 43703 103 +3 1 = 4
PVDF 045 pum 112+1 50+1 55.0+04 60 +2 10 T T T T 0

organic residues from the juices on the membrane surfaces
(Fig. 4). Taking into consideration the SFE, it can be seen that
after the membrane application in the OMD process, these
values slightly increased (Table 2). This fact can be associated
with the small changes in the membrane resistance and me-
chanical strength after the OMD process, especially in the case
of the 0.45-pum PTFE membrane. For this sample, changes with
mechanical strength were the most visible.

Porosity and mechanical strength (Mullen burst test) results
for the membranes before and after the OMD concentration
process have been represented in Fig. 5.

Regarding the porosity values, PTFE membranes showed
higher values (60.3 and 51 % for PTFE 0.45 and PTFE 0.2,

Fig. 4 The 0.45-um PTFE membrane after the OMD processes in the

following systems: /a NaCl/apple juice, /b CaCly/apple juice, 2a NaCl/
beet juice, 2b CaCl,/beet juice

@ Springer

PVDF 0.45 PTFE 0.45 PTFEO0.20 PP

Fig. 5 Porosity and mechanical strength (Mullen burst test) results for
the studied membranes before and after their application in the OMD
process (feed solutions: apple and beet juices; stripping solution: CaCl,)

respectively) followed by PVDF 0.45 (50 %). PTFE mem-
branes due to their open structure show high porosities in
general; as for the PVDF 0.45, its relatively big and broad
PSD is also reflected in big porosity values. PP showed a
remarkably lower porosity (21 %), most probably due to its
relatively smaller PSD. Also, as revealed by the SEM images,
the PP membrane showed a much less porous surface wher-
ever the imprints of its particular backer material were located.
However, it was related to the fact that the PP membrane
possesses a support on the backer side (Fig. 2(I)). After the
OMD process, a general reduction of the porosity in the tested
membranes was observed (Fig. 5). The PVDF 0.45 seemed to
be the least affected (7 % reduction) while the PP showed the
biggest decrease (37 %). The other two membranes, PTFE
0.45 and PTFE 0.2, showed a porosity reduction of 26 and
15 %, respectively. Most probably, the bigger thickness and
more open structure of the PVDF membrane result from a
sponge-like structure, when compared to its counterparts. This
could prevent the porosity reduction after the OMD process.
Mullen burst tests did not reveal an important influence of the
fouled condition in the mechanical strength of the studied
membranes (Fig. 5). Amongst the studied membranes, PP
showed the highest burst pressure probably due to its support
(27.8 PSI). In general, all the membranes had similar or slight-
ly smaller burst pressure post OMD application with the only
exception of the PTFE 45 which showed a higher value, and
that might have been due to a comparatively greater fouling
layer accumulated in that particular sample. The fouled mem-
branes were also studied under SEM (Fig. 6).

The PVDF membrane has a sponge-like structure with a
very high surface porosity consisting of big pores (>1 pm)
randomly distributed on the surface (Fig. 3) combined with
the less hydrophobic nature of the PVDF comparing with
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Fig. 6 SEM pictures of the
studied membranes after their
application in the OMD process. a
PVDF 0.45 membrane (surface);
b PVDF 0.45 membrane (cross
section); ¢, d PTFE 0.45 mem-
brane (surface); e, f PTFE 0.2
membrane (surface); g, h PP
membrane (surface). OMD con-
ditions: feed solution: apple juice;
stripping solution: CaCl,

PTFE that makes this membrane prone to fouling. The SEM
images showed an almost continuous fouling layer on top of
the PVDF membrane. Moreover, the cross section images
(Fig. 6b) revealed the presence of scattered internal deposits.
However, the depth (<10 um) and occurrence of the internal
deposits when compared to the thickness of the membrane
(123 um—Table 1) did not have a great impact on its porosity
as shown in Fig. 5. In the case of the PTFE membranes, SEM
images showed randomly distributed clean membrane patches
that remained uncovered by the fouling layer (Fig. 6c, ¢) with
clear boundaries between the fouling layer and the clean mem-
brane. The images also show clearly the identified nucleation
sites where the fouling process started (i.e., the nodes in be-
tween the PTFE fibers) as shown in Fig. 6d. Those nucleation
sites would most likely reduce the hydrophobicity of the ac-
tive surface (Table 2) of the membrane and promote the
spreading of the fouling layer. Finally, the PP membrane im-
ages showed a quite thick fouling layer similar to that found
on the PVDF one, but in this case, some clean membrane
patches remain clean; however, the separation between the
clean membrane and the fouling layer was less clear
(Fig. 6g) than in the PTFE membranes. There was also a much
bigger population of nucleation sites (Fig. 6g) but apparently
randomly distributed. The images revealed also apparent
cracks in the membrane/fouling layer next to the fouling
patches. However, the Mullen burst test (Fig. 5) did not reflect
the presence of the cracks (a lower burst pressure for the
fouled condition would be expected from the presence of the
cracks) most probably because of the masking effect of the
backer material.

Transport Properties
OMD with Pure Water
During the OMD experiments, two osmotic agents (NaCl and

CaCl,) with different water activities (~0.80 for NaCl and
~0.20 for CaCl,) were employed. For this reason, it was

possible to evaluate the impact of the driving force on the
transport properties of the investigated membranes.

The characteristic time evolution of water flux in OMD for
the PP membrane is presented in Fig. 7. The experiment was
done for pure water as a feed and CaCl, solution as a stripping
solution. It can be noticed that at the beginning of the OMD
experiment, the water permeate flux rapidly decreased. A sim-
ilar initial behavior of the system was caused by the geometry
of the experimental cell and by the way of filling of the com-
partments of the cell. At the beginning of each experiment, the
membrane sample marginally changed its geometry causing
the rapid removal of the excess solution from the stripping
compartment. Such behavior is always observed at the begin-
ning of the OMD experiment (Warczok et al. 2007b; Kujawski
et al. 2013).This initial part of the experiments was not taken
into account. After 45-60 min of the experiment, the system
achieved a pseudo-stationary state (Warczok et al. 2007b;
Kujawski et al. 2013).

In Fig. 8, the results are presented for the OMD experi-
ments with pure water as a feed and NaCl or CaCl, as a
stripping solution. During these experiments, membranes
characterized by different pore sizes and made of different
materials were used. In the case of the application of sodium
chloride as a stripping solution, water permeate fluxes obtain-
ed for all investigated membranes were smaller than those for
experiments with CaCl, as a stripping solution. This observa-
tion was related to a higher driving force obtained for CaCl,
applied as a stripping solution (Babu et al. 2006; Warczok
et al. 2007b; Kujawski et al. 2013). For the system with NaCl,
the driving force expressed by a difference of water activity is
much smaller than in the case of the CaCl, solution. Generally,
water permeate fluxes obtained in the OMD experiment with
CaCl, as a stripping solution were 1.5 times higher than for
experiments with NaCl (Warczok et al. 2007b; Kujawski et al.
2013). This behavior can be noticed for PVDF and both PTFE
membranes. For the PP membrane, the water permeate flux
increased 2.7 times. It can be correlated with the different
membrane morphology of the PP membrane (fiber-like
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Fig. 7 Water permeate flux vs. time of experiments for the 0.1-um PP
membrane. System: H,O/CaCl, at room temperature

structure, pore size, and thickness) in comparison with the other
ones (Fig. 1). Polypropylene membranes possessed the smallest
pore size (Fig. 3) and are characterized by the highest thickness
(Table 1). Additionally, because of the fiber-like structure, these
membranes have a small pore area (Fig. 1). Regardless of the
investigated systems, the highest water permeate values were
obtained for the 0.45-um PTFE membrane. This behavior can
be associated with the highest porosity (80 %) and with a rel-
atively small thickness (80 pm) of the 0.45-um PTFE mem-
branes (Table 1). The lowest water permeate flux was observed
for PP membranes in both OMD experiments with different
stripping solutions (Fig. 8). This fact, similar to the 0.45-pm
PTFE, is directly related to the morphology of the membrane
(Table 1 and Fig. 2). The PP membrane was characterized by
the lowest value of pore diameter (0.10 pm) and by the biggest
thickness (170 um). Moreover, it can be noticed that the ob-
tained permeate fluxes for the 0.20-um PTFE and the 0.45-um

PVDF are very similar. Summarizing, the following factors:
morphology of the membranes and type of membrane material,
have an important impact on the transport properties of the
tested membranes (Table 3 and Fig. 8). Moreover, the experi-
mental conditions of the OMD process influence on the effi-
ciency of the water transport across the utilized membranes.
The most effective membrane, characterized by the best trans-
port properties expressed by the highest value of the permeate
flux, was the 0.45-pum PTFE. The diminution of transport prop-
erties was observed during the process with membranes char-
acterized by a bigger pore size independently of the stripping
solutions (Fig. 8).

Application of OMD in the Concentration of Juices

After the OMD experiments with pure water, the transport and
selective properties of the hydrophobic polymeric membranes
were evaluated in the OMD process with juices. Two types of
juices were utilized as feed solutions—apple and beet juice.

These juices were chosen because they are valuable for the
human health (Zhao et al. 2013; Al-Sheraji et al. 2013) and
possess high level of antioxidants (polyphenol and flavo-
noids) (Le Marchand et al. 2000; Boyer and Liu 2004). For
this reason, it is very important to protect these valuable in-
gredients against the removal or degradation during the dehy-
dration juice process. The degradation of the antioxidants is a
disadvantage of the thermal method applied for the beverage
dehydration process (Altamirano et al. 1992; Jiratanan and Liu
2004). For these reasons, the OMD process performed at room
temperature has an important predominance for juice
dehydration.

The permeate fluxes obtained during the OMD process
with the 0.45-um PTFE membranes are presented in Fig. 9.
According to the obtained results, it can be seen that the type
of stripping solution has an important influence on the

Fig. 8 Water flux vs. time of A,_ H,0 / NaCl B,_ HiDlaaaL,
experiments for 0.10-pm PP, A 04umPP > 0.2umPTFE A 04 umPP > 0.2umPTFE
0.20-um PTFE, 0.45-um PTFE, 4| A 045,;mPVDF 4 045,umPTFE | 4| A 045,mPVDF <« 0.45.mPTFE
and 0.45-um PVDF. Systems: TR - o
water/NaCl (a) and water/CaCl, 3 — 3 e R R EL 1 43
(b) at room temperature 5 5 A AR 1%
E E | RN AL
)y 4 3 I = - + kR
i 4 4444 44 4 1 %« i A
%27 x 27 A XA
2 » = Y S ALR4
= v RAA o = A A
g - I AT L
= = i =
s 1
4 223%3 ] A A &
O T I T I T I T I T I O T | T | T | T | T |
0 1 2 3 4 5 0 1 2 3 4 5

Time of experiment [h]
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Table 3  Efficiency of the juice concentration process by OMD (time of OMD experiment = 8 h)

TEAC TEAC

TPC

Aconc. TPC

Concentration
after OMD

(°Brix)

Concentration
before OMD

(°Brix)

System and membrane

before OMD after OMD before OMD after OMD

(mg CEA L™

(°Brix)

(mM Trolox L™

(mM Trolox L™

(mg CEA L™

2.10 + 0.05
2.43 +0.06
2.00 + 0.05

1.30 + 0.03
1.52 £ 0.03
0.80 + 0.02
1.30 + 0.03
1.20 + 0.02
1.20 + 0.02

46.00 +2.92

46.00 +2.92

58.20 £ 3.16

1.70 + 0.04
1.70 + 0.04
1.65 + 0.04
1.50 + 0.04
1.50 + 0.04
18.00 + 0.45
17.60 + 0.44

20.00 + 0.50

42.90 + 2.85

38.00 + 2.76

125.00 + 4.12

2.12 +0.19
241 +0.18
2.57+£0.19
2.63 +0.18

12.82 £ 0.15
13.51 £0.13
1291 £ 0.15
13.38 +0.13

12.00 + 0.15

10.70 + 0.13

0.10-pm PP, apple juice/CaCl,
0.20-um PTFE, apple juice/CaCl,
0.45-pm PTFE, apple juice/CaCl,
0.45-pum PVDF, apple juice/CaCl,

120.30 + 3.70

11.10 £ 0.12
10.34 +£0.13

119.50 + 3.94
131.40 + 4.33

10.75 £ 0.12
10.85 £ 0.13

130.00 + 4.29

1.15+0.19
2.07 £0.18

0.10-um PP, apple juice/NaCl
0.20-pm PTFE, apple juice/NaCl
0.45-um PTFE, apple juice/NaCl
0.45-pum PVDE, apple juice/NaCl

132.00 + 2.64

121.00 + 3.99

12.73 £ 0.14
1247 +0.14
1221 £0.13
14.33 +£0.15
14.10 £ 0.15
14.56 + 0.14
14.56 + 0.15

10.66 + 0.14

1.00 + 0.02
1.20 + 0.02
13.50 + 0.27

123.60 + 2.47

100.20 + 3.30

1.52 +0.18
1.66 + 0.18
223 +0.19
2.54 +£0.21
236 +0.18
2.31 +0.19

10.95 +0.12
10.55 £ 0.12
12.10 £ 0.13
11.56 £ 0.15
12.20 £ 0.14
12.25 +£0.13
12.00 + 0.14
11.56 £ 0.14
12.30 £ 0.15
12.10 £ 0.14

119.30 £ 2.38
986.00 + 19.72

110.60 + 3.64
865.00 + 28.54
830.00 + 27.39

869.90 + 28.71

0.10-pum PP, beet juice/CaCl,
0.20-um PTFE, beet juice/CaCl,
0.45-pm PTFE, beet juice/CaCl,
0.45-pum PVDF, beet juice/CaCl,

12.00 + 0.24
13.60 + 0.27
14.00 + 0.28
13.20 + 0.26
12.30 £ 0.25

975.00 £ 19.50

1076.50 + 21.53

19.50 + 0.49
15.70 + 0.39
15.80 + 0.40
16.62 + 0.42
16.20 + 0.41

1060.00 + 21.20

885.20 +29.21

930.00 + 18.60

1.40 £ 0.18 840.00 + 27.72

1.94 £ 0.21

13.40 £ 0.13

0.10-pm PP, beet juice/NaCl
0.20-pum PTFE, beet juice/NaCl

930.00 + 18.60

825.00 + 27.25
872.00 + 28.77

13.50 + 0.16
13.74 £ 0.15

14.00 + 0.28
13.80 £ 0.28

991.00 + 19.82

1.44 £ 0.19

0.45-pm PTFE, beet juice/NaCl
0.45-um PVDEF, beet juice/NaCl

850.00 + 28.05 956.00 £+ 19.12

1.45+0.18

13.55 +£0.14

transport properties. This behavior was directly associated
with the different water activities for NaCl (a,, = 0.8) and
CaCl, (aw = 0.2). The presented results were consistent with
results obtained for pure water as a feed (Fig. 8). On the other
hand, the type of juice has no influence on the transport
properties. This fact is related to the similar sugar content
(11.4 £ 0.6 °Brix) and water activity of the applied juices
(0.990 £ 0.002). Moreover, it can be observed that permeate
fluxes decrease during the course of experiments (Fig. 9).
This reduction of the permeate flux during the experiments
is associated with the decrease of driving force. The decrease
of the driving force is explained by diminution of salt con-
centration during the process due to dehydration of juice. As
aresult of reduction of the stripping solution, concentration is
the increase of water activity for salt and thus decrease of
driving force for the dehydration process. The highest reduc-
tion equal to around 30 % was observed for the PVDF mem-
brane tested with the system beet juice as a feed and CaCl, as
a stripping solution (Fig. 10). Moreover, the smallest reduc-
tion in the permeate flux was noticed for the PTFE 0.45
membrane (12 %) (Fig. 9).

Additionally, it can be seen that the type of membrane
material has very little influence on the transport properties
in OMD of juices (Fig. 10). Permeate fluxes for mem-
branes with smaller pore sizes of 0.10 and 0.20 um were
slightly higher than for membranes with a bigger pore size
of 0.45 um; however, the differences are marginal. This
phenomenon was also described in the literature (Hwang
et al. 2008). For membranes with a smaller pore size, the
permeate fluxes were marginally higher which can show
lower surface fouling and pore blocking than in the case of
the membranes with a higher pore size (Fig. 6). The
suspended particles, bigger than 0.2 um, can block pores
of 0.45-um membranes leading to flux decrease. In the
literature, it was highlighted that membranes with a bigger
pore size are more vulnerable to fouling (Hwang et al.
2008; Kujawski et al. 2013). Alike results were obtained
by Kujawski et al. (2013). The authors investigated PTFE
membranes with different pore sizes of 0.20, 0.45, and
1.20 pm. These membranes were applied in the OMD pro-
cess with red grape juice (Kujawski et al. 2013).

It was found that after 8 h of experiment, the concentration
of juices increased by about 1.44-2.63 °Brix depending on
the conditions of experiments and the applied membrane
(Table 3). The highest improvement of juice concentration
was observed for the system apple juice/CaCl, and the
0.45-pum PVDF membrane (~20 % higher concentration after
8 h of experiment). A strong impact of the type of stripping
solution on the final concentration of juices was observed
(Table 3). In general, lower final juice concentration values
were found for NaCl as a stripping solution (Table 3). This
behavior was related to the lower driving force for the NaCl
solution.
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Fig. 9 Permeate flux vs. time of A 4— B 4 —
experiments for the 0.45-um [ 0.45 um PTFE - apple juice / CaCl, B 0.45 um PTFE - beet juice / CaCl,
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apple juice/NaCl and apple juice/
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5= As it can be seen in Fig. 10, the decrease of the permeate
B 045mm/PTFE - beet juice./ CaCl, flux is linear during OMD. Subsequently, the final juice con-
€9 0.20 mm PTFE - beet juice / CaCl, . . . .. .
1| @ 0.45mm PVDF - beet juice / Cacl, centration was proportional to the initial juice concentration
. and the time of the dehydration process (Fig. 11). In Fig. 11,
‘Z‘ the evolution of juice concentration during the dehydration
= A ;%i process is presented. After a long-term process (10 h), it can
—;-’ [] % be seen that the apple juice was concentrated about 24 % and
% 25 ggg beet juice about 20 %. Taking into consideration a small sur-
© face area of applied membranes (1.20 x 10 m?), the dehy-
ST pp > y
% dration process was very efficient. In the case of industrial
&1 scale and application membrane with a 1-m?” area, the same
result of dehydration will be obtained after less than 1 min.
0 T T T T T T T T T T 1 Quality of the Juices
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RS GEOND.Sparment ) The OMD processes applied for the juice concentration
should not have an impact on the quality parameters of the
4.— | W 045 um PTFE:bestluicel/CaCl, processed juices, such as turbidity, color, antioxidant activity
@ 0.20 um PTFE - beet juice / CaCl, K ’
|| ® 045 umPVDF -beetjuice / Cacl, (TEAC equivalent), or total polyphenols (TPC) (Roézek et al.
A 0.10 yum PP - bestjuice / CaCl, 2007; Zielinska et al. 2007; Kujawski et al. 2013).
3 The suitability of the OMD process for the juice concen-
_iE tration process was also assessed by evaluation of the juice
i 1 quality parameters. For that purpose, TEAC and TPC content
X 5 before and after the OMD processes were determined. The
P correlation between the final juice concentrations achieved
© . . .
g during the OMD process and the TPC is presented in Table 3.
8 ; It can be noticed that the TPC content increased with increas-
ing final juice concentration, which indicates that during the
4 OMD dehydration process, the concentrated juice did not lose
polyphenol content. The antioxidant activity of the concentrat-
B —T1 *®# [ ©* T * T Tt T ! ed juices is also shown in Table 3. It can be seen that the OMD
0 2 4 6 8 10

Time of OMD experiment [h]

Fig. 10 Permeate flux vs. time of experiments for the 0.20- and 0.45-um
PTFE and 0.45-um PVDF membranes. System: beet juice/CaCl, at room
temperature
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process does not affect the antioxidant activity as the TEAC
index increased with the juice concentration, which is a very
important advantage of this type of process. In the other pro-
cesses utilized for beverage dehydration, like during the
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Fig. 11 The impact of duration of
the process on final juice
concentrations. a 0.45-um PTFE
and b 0.45-um PVDF membranes
(time of OMD experiment = 10 h)
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thermal technique, the diminution of TPC and antioxidant
activity is often observed (Altamirano et al. 1992; Jiratanan
and Liu 2004). Moreover, from the presented results, it can be
concluded that beet juice is a more valuable product because
of its higher antioxidant content.

Conclusions

Hydrophobic polymeric membranes were efficiently applied
for juice concentration by an osmotic membrane distillation
process. The factor with the strongest impact on the final juice
concentration is the type of stripping solution used in the pro-
cess. For this reason, higher final juice concentrations were
found for experiments with CaCl, as a stripping solution. This
fact was related to the driving force of the OMD process
correlated with water activity of stripping solutions (NaCl
and CaCly). Whereas, the membrane material, its pore size,
and the type of juice have apparently less impact on the dehy-
dration efficiency. However, membrane materials and their
pore size have an impact on the transport properties. The
higher fluxes were observed for the 0.45-um PTFE
membrane.

The highest improvement of juice concentration was ob-
served for the system apple juice/CaCl, and the 0.45-um
PVDF membrane (~20 % higher concentration after 8 h of
experiment). The valuable parameters of juices (total polyphe-
nol content and antioxidant activity) were not deteriorated.

The OMD process has an impact on the physicochemical
properties of polymeric membrane surfaces (e.g., contact an-
gle, surface free energy, porosity, roughness). After the OMD
process, a reduction of CA and an increase of HCA, SFE, and
roughness were observed. The values of CA decrease by
about 8 %. However, the changes of the roughness (RMS)
were related to the created fouled layer of juice residue. The
highest impact on the roughness was observed for 0.20-um
PTFE membranes (RMS increase from 125 £ 3 to 150 + 3).

Time of experiment [h]

Thanks to the application of OMD, it is possible to create
concentrated juices characterized by a low level of water and a
high level of valuable compounds (polyphenol content and
antioxidant activity). This type of process can be applied for
modification and preparation of beverages classified as a func-
tional food.
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