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a b s t r a c t
Lemon juice was clariﬁed using membranes with different structural and textural properties. Membranes were prepared from 0, 5, 7 and 10 wt.% of PVP in PVDF and they were structurally and functionally characterized. Results
indicated that the addition of PVP produced both structural and surface textural changes in the membranes. These
textural changes resulted in an increase of apparent hydrophobicity in the membranes prepared from 5 and 7% of PVP
in the casting solution. Besides, the presence of residual PVP in the membrane favors hesperidin adsorption enhancing its retention. Analysis of the clariﬁed juice indicated that the membrane prepared with 5% of PVP possessed the
highest efﬁciency, combining high permeate ﬂux and high juice quality.
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Nomenclature
A
Jv
Lh
R
rpm
p
ε


1.

effective membrane area (m2 )
volumetric ﬂux (L m−2 h−1 )
hydraulic permeability (L m−2 h−1 bar−1 )
Wenzel roughness factor
mean pore radium (m)
transmembrane pressure (Pa)
porosity
contact angle (◦ )

Introduction

Results of epidemiologic studies (Kaur and Kapoor, 2001)
suggest that a high consumption of fruit reduces the risk
of suffering cardiovascular disease, cancer and neurological disorders. Lemon (Citrus lemon) is a rich source of
important chemical compounds, including citric acid, ascorbic acid, minerals and ﬂavonoids. Although their health
related properties have always been associated with their
high vitamin C content, it has recently been proved
that ﬂavonoids have several biological functions, including
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anti-inﬂammatory, anti-allergic, anti-viral, antiproliferative,
anti-mutagenic, anti-carcinogenic and anti-oxidant activities. The latter is due to a neutralization of free radicals,
responsible of aging and oxidative stress in cells (Middleton
and Kandaswami, 1992; Manthey and Grohmann, 1996;
Manthey, 2004; Benavente-García et al., 1997; BenaventeGarcía and Castillo, 2008; Del Río et al., 2004; Tripoli et al.,
2007).
The most abundant ﬂavonoids in lemon are hesperidin,
eriotricin and diosmin. Hesperidin, its main ﬂavanone, has
venotonic and vasoprotective properties (they reduce capilar
permeability and enhance its resistance). It also has analgesic,
antioxidant and antiinﬂammatory properties (Galati et al.,
1994; Monforte et al., 1995; Leuzzi et al., 2000; Vanaclocha and
Cañigueral, 2003; Del Río et al., 2004; González-Molina et al.,
2009).
Nowadays there is an increasing demand for obtaining citric juices with features typical of natural, additive free juices,
due to the fact that during industrial transformation, thermal
damage and chemical oxidation degrade the most sensitive
components of juices, reducing the quality of the ﬁnal product. This implies the research of new technologies capable of
improving the nutritional, sensory and microbiological quality
of citric juices.
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The use of membrane processes, such as microﬁltration
(MF) and ultra-ﬁltration (UF) in the clariﬁcation of citric juices
has lately gained importance over some conventional treatments including diatomaceous earth, paper ﬁlters, bentonite,
etc. (Jiao et al., 2004; Cassano et al., 2007). This is due to the fact
that membrane processes have the advantage that separation
occurs at room temperature (without loss of aromatic volatile
substances), high selectivity – implying the reduction of microbial load, no need of additives to boost separation and very
low electricity consumption. However, the major disadvantage of this process is membrane fouling during permeation
caused by the retention of some components over the surface
of the membrane, causing a rapid decrease of ﬂux (Mondor
et al., 2000; De Bruijn et al., 2002; Carneiro et al., 2002; Cassano
et al., 2003; Espamer et al., 2006). Flux and product quality are
two important aspects to consider when selecting the membrane clariﬁcation process. High ﬂux is essential for a practical
and economic ﬁltration. The quality of the product must reach
the level of at least other standard methods. The ﬂux through
the membrane and its selectivity are deﬁned by the physical
structure of the membranes and the kind of physicochemical
interaction between them and the lemon juice. Therefore, the
aim of this work was to prepare polymeric membranes with
the addition of different concentrations of polyvinylpyrrolidone (PVP) used as an additive. The addition of PVP to the
casting solution causes changes in the structural and textural properties of membranes. These changes are analyzed and
related to the efﬁciency of the lemon juice clariﬁcation process.

2.

Experimental

2.1.

Materials

Poly(vinylidene ﬂuoride) (PVDF) (High viscosity PVDF Solef®
1015) provided by Solvay Belgium was used as membrane
material. The solvent used was N,N-dimethylformamide
(DMF, analytical grade, Merck).
Polyvinylpyrrolidone (PVP K30 Mw = 40,000 Da) provided by
Fluka was used as an additive in the PVDF/DMF solution.
A polypropylene non-woven fabric (FO2430), 0.45 m thick,
kindly provided by Carl Freudenberg, Germany, was used as
support.
NaOH, methanol and isobutanol were supplied by Merck;
diethylene glycol and phenolphthalein by Sigma–Aldrich.
Lemon juice was obtained by squeezing fresh fruit and ﬁltering
it with a 50-mesh sieve.

Table 1 – Composition, in DMF, of casting solution used
to prepare the membranes.
Membrane

PVDF (wt.%)

M1
M2
M3
M4

18
18
18
18

–
5
7
10

2.3.

Membrane characterization

2.3.1.

Scanning electron microscopy (SEM)

Membrane morphology was analyzed using a scanning electron microscope (LEO 1450VP, Leo Electron Microscopy Ltd.).
The membranes samples to be examined by SEM were cut
out, soaked in isopropanol and freeze-fractured in liquid nitrogen. Membrane samples were sputtered with gold and the SEM
photographs of cross-sections were taken.

2.3.2. Pore size measurement by liquid–liquid
displacement porosimetry (LLDP)
Three liquids (mixture of isobutanol/methanol/water; 15/7/25,
v/v/v) (surface tension,  = 0.35 mN/m) were used to analyze
pores applying relatively low pressures (Calvo et al., 2004). The
procedure consists in soaking the membrane with a liquid (the
wetting liquid, aqueous phase) and then displacing it from the
pores with the organic phase, (isobutanol saturated with water
and methanol). Flux through the membrane is obtained by
using a syringe pump (ISCO 500D) to gradually increment the
ﬂux on the organic-phase side. Simultaneously, equilibrium
pressure is measured in each incremental stage using a pressure transducer (OMEGA DP200). A more detailed description
of the method is reported in elsewhere (Masuelli et al., 2012).
Once the pore size distribution for each membrane was determined, the mean pore radius of distribution was reported as
rpm . All experimental trials were repeated in three different
membrane samples.

2.3.3.

Hydraulic permeability

Determination of hydraulic permeability was carried out using
an ultraﬁltration device shown in Fig. 1. The Minitan-S by
Millipore Corp permeation cell is made of acrylic material
with nine rectangular ducts with a width 0.4 × 10−3 m, a
height 7 × 10−3 m and a length of 5.5 × 10−2 m each and the

9
3

1
2

2.2.

PVP (wt.%)

8

5

Membrane preparation
4

Membranes were prepared by phase inversion process
(Kesting, 1985). The FO 2430 support was adhered to a
20 cm × 30 cm glass plate. The polymeric solution was cast on
the support using a chromatographic extensor at 375 m wet
thickness. Then, the casting solution (nascent membrane) was
immersed in a bi-distilled water bath (4.5 L) 25 ◦ C. The membrane was stored in water bath until use. Details of the casting
solution composition for PVDF–PVP membrane preparation
are given in Table 1. Membrane preparation was carried out
in triplicate.

6,7

10
11

Fig. 1 – Permeability equipment: 1 – Liquid under study. 2 –
Thermostabilized reservoir. 3 – Thermostatic bath. 4 –
Peristaltic pump. 5 – Pressure gauge. 6 – Permeation cell
Minitan-S. 7 – Membrane. 8 – Needle valve. 9 – Flowmeter.
10 – Sampling glass. 11 – Analytical balance.
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transversal section of the channel is 2.8 × 10−6 m2 . The effective transfer area is 3 × 10−3 m2 .
The membrane was placed in the permeation cell and the
pure water was pumped through the membrane surface at
a constant feed ﬂow of 1.15 L/min. The experimental protocol was as follows: ﬁrst the membrane was compacted at a
transmembrane pressure of 1 bar for 30 min (Persson et al.,
1995). Then, the hydraulic permeability was determined from
measurements of pure-water ﬂuxes at different pressures
(0.2–1 bar) (Ochoa et al., 2006). Hydraulic permeability coefﬁcient (Lh ) was calculated with the following expression:
Lh =

Jv
p

(4)

where Jv is the permeate ﬂux (L m−2 h−1 ), and p is the transmembrane pressure (bar). All permeation trials were carried
out in triplicate.

2.5.2.

Contact angle measurement

The relative hydrophobicity of a membrane can be observed in
the analysis of the contact angle () between a membrane and
a ﬂuid in such a way that solid–liquid interface is characterized
by the value of . The higher the value of , more hydrophobic
the surface is.
The contact angle between water and membrane was measured using the sessile drop method, determining the angle of
contact from the proﬁle tangent of the drop after photographing it with a digital camera – Olympus SP-350. Using a 0.5 mL
syringe a water drop was placed on the membrane surface.
The values of the contact angle were measured in 5 different
positions over the each dry membrane and then averaged.

2.3.5.

Analysis of FT-IR

To determine the quasi-quantitatively PVP and PVDF concentration in the prepared membranes FT-IR analyses of
the samples were realized. FT-IR analyses were carried out
by a Varian 640-IR Spectrometer in the wavenumber range
400–4000 cm−1 using the ATR mode.

2.4.

Clariﬁcation process

For the experiences of lemon juice clariﬁcation, the same
permeation device shown in Fig. 1 was used. First membrane compaction was made with de-ionized water under
p = 0.6 bar for 30 min. Then, the juice was circulated through
the membrane unit using a peristaltic pump. Experimental
conditions were the following: feed temperature T = 20 ◦ C, feed
ﬂow Q = 1.15 L/min and transmembrane pressure p = 0.6 bar.
During permeation the retentate was fully recycled and the
clariﬁed solution was continuously collected. Permeate ﬂux
(Jv ) was determined from the mass collected. All experiments
were performed with three different samples of each membrane.

2.5.

Analysis of lemon juice quality

2.5.1.

Determination of suspended solids

For the determination of suspended solids 10 mL of sample
solution (feed or permeate) were weighed in a test tube, it
was centrifuged at 3300 rpm for 15 min. The supernatant was
drained placing the test tube face down for 10 min. Once dried
the precipitate was weighed again in order to obtain the value
of suspended solids.

Total acidity determination (pH)

For pH determination a pHmeter (Waterproof Combo, Hanna)
was used.

2.5.3.
(TA)

Determination of citric acid and trititable acidity

5 mL of sample material was poured in a 50 mL ﬂask and a
given volume (45 mL) of distilled water was added. A sample of 10 mL of the solution was taken and transferred to an
Erlenmeyer containing 70 mL of distilled water with 0.3 mL of
phenolphtalein. The trititable acidity was determined using
0.1 N NaOH.

2.5.4.

Determination of total soluble solids

The total soluble solids (TSS) were directly determined in
◦ Brix using a GPR 11–37 automatic refractometer (Index Instruments).

2.5.5.
2.3.4.
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Hesperidin (HSP) determination

Hesperidin concentration was determined with a spectrophotometer (U-2001, Hitachi) using the Davis method (Davis, 1947;
Ting and Roseff, 1986). This method consists of placing 10 mL
of diethylene glycol (90%) in a 25 mL ﬂask and then adding
1.2 mL of sample material and 1.2 mL of NaOH 4 N. Then,
the components were mixed and settled for approximately
10 min. After that, the absorbance was measured at 360 nm.

2.5.5.1. HSP static adsorption (primary adsorption). Due to the
importance of HSP as a high nutraceutical component in
lemon juice, the interaction between membranes and this
compound was analyzed. Samples of the prepared membranes (area of 5 cm2 ) were contacted with lemon juice (10 mL).
The remaining HSP in the solution was determined according
with the Davis method. All adsorption assays were replicated
three times.

3.

Results and discussion

3.1.

Membrane characteristics

Fig. 2 shows cross sections of the membranes fractured in
liquid N2 . An increase in membrane thickness with PVP contents similar to that reported by Curcio et al. (2006) can be
observed. General structures were very similar, consisting of
a skin layer on top and below an intermediate layer with a
ﬁnger-like structure.
The PVP content in the casting solution was chosen as the
independent variable to study the determination of the statistical signiﬁcance of the obtained results. Mean pore, porosity,
contact angle and hydraulic permeability (Lh ) of membranes
were chosen as dependent variables (or evaluated responses).
Data were analyzed using software Statgraphics plus version
5.1. The signiﬁcance of each model was tested by Analysis
of Variance (ANOVA). Signiﬁcant differences (P-values < 0.05)
were found between structural membrane parameters for different PVP ratios.
Table 2 summarizes the main structural properties of the
skin layer, rpm and ε, from LLDP measurements of the different PVDF-PVP prepared membranes. The membrane hydraulic
permeabilities were also included. These results show that a
minimum pore radius (rpm = 15 ± 1 nm) is obtained for 5% PVP
membrane with a relatively high Lh (250 ± 16 L m−2 h−1 bar−1 ).
This high Lh can in part be attributed to the high membrane
surface porosity (ε = 0.34 ± 0.07). The membrane with 10% PVP
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Fig. 2 – SEM micrographs of the transversal section of: (a) M1; (b) M2; (c) M3; and (d) M4.
had the highest value in Lh (360 ± 50 L m−2 h−1 bar−1 ) as a consequence of its high mean pore radius (rpm = 420 ± 70 nm).
Thermodynamic and rheological data obtained in several
studies (Tam et al., 1993; Han and Nam, 2002; Tarboush et al.,
2008) suggest that phase separation in the casting solution
is inﬂuenced by the complex correlation between thermodynamic enhancement and rheological hindrance that can
be attributed to PVP addition. As a nonsolvent additive, PVP
produces two opposite effects. It reduces the miscibility of
the casting solution with water (used as nonsolvent during
the phase inversion), which causes thermodynamic enhancement of the phase separation. At the same time, it increases
the viscosity of the solution (rheological factor), which causes
kinetic hindrance against phase separation. Depending on the
PVP content, thermodynamic or rheological factors will have a

more important impact on the morphology and performance
of the membrane (Wang et al., 1999). In 15 wt.% polysulfone
(PSf) membrane series reported by others authors (Tam et al.,
1993; Han and Nam, 2002) ﬂux increases about nine times as
5% PVP is added in casting solution. Beyond 5%, more PVP
in the casting solution produces less ﬂux (Lafrenière et al.,
1987). Several authors have studied the effect of PVP on Lh and
they have found a maximum value at different PVP polymer
ratios (Lafrenière et al., 1987; Jacobs et al., 1992; TorrestianaSanchez et al., 2007). It is considered that differences in ratios
with maximum Lh value are due to variations in other processing variables, e.g., solvent evaporation time and gelation
temperature.
In Table 2 the apparent contact angle values (*) determined
in this study are also shown. PVDF is a polymer with very

Table 2 – Structural, textural and functional properties of membranes.
Membrane

rpm (nm)

M1
M2
M3
M4

48
15
290
420

±
±
±
±

4
1
42
70

ε
0.20
0.34
0.001
0.002

±
±
±
±

*
0.02
0.07
1.1 × 10−4
1.3 × 10−4

52
64
65
59

±
±
±
±

Lh (L m−2 h−1 bar−1 )

R
2
2
3
1

11.76
1.69
1.23
1.09

±
±
±
±

4
0.1
0.2
0.05

22
250
180
360

±
±
±
±

2
16
14
50
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Fig. 3 – FT-IR spectrums of prepared membranes.
little hydrophilicity; its contact angle has been reported to be
between 80◦ and 90◦ by other authors (Liu et al., 2011; Gryta and
Barancewicz, 2010). Discrepancies with the values reported in
this paper can be attributed to the effect that surface texture
has on the values of the contact angle. Wenzel’s relation
(Wenzel, 1949) establishes that the cosine of the apparent
contact angle increases linearly with the cosine of the angle
of a ﬂat surface () of the same chemical composition, which
can be represented in the following equation:
cos  ∗ = R cos 

(9)

where R is the surface roughness factor (or Wenzel roughness
factor). The former indicates that rough surfaces improve
moistening in the case of hydrophilic surfaces ( < /2). To
observe this behavior a non-porous PVDF thick ﬁlm from a
solution of 5% in DMF, evaporating the solvent at 60 ◦ C, was
prepared and its contact angle measured. The obtained value
of contact angle was  = 87◦ ± 3◦ .
Generally the PVP amount present in the PVDF–PVP cast
membrane was different than the original casting solution.
It is well known that PVP is dissolved and dragged in part
by the nonsolvent (water) in the process of phase inversion
and it remains entangled in part within PVDF. Thus, the concentration of PVP remaining in membranes M2, M3 and M4
can be established quasi-quantitatively by measuring the relationship of intensities between a characteristic PVP band and
a characteristic PVDF band by FTIR. For that purpose, the
1660 cm−1 PVP band and the 1405 cm−1 PVDF band (see Fig. 3)
were selected. The band intensity relations allowed the establishment of a concentration of 2.22% of PVP remaining in the
M2, 3.26% for M3 and 4.65% for M4. Therefore, dense ﬁlms
were prepared with these concentrations and their contact
angles were measured ﬁnding  = 74 ± 3◦ for M2,  = 71 ± 3◦ for
M3 and  = 62 ± 2◦ for M4. Considering Wenzel’s equation it
can be observed that these membranes have a texture, where
the measured contact angle is smaller than the contact angle
of a ﬂat surface with the same chemical composition. The
roughness factor values indicated in Table 2 show that the
membrane surface texture also varies with the addition of PVP.
A decrease of R occurs when the PVP concentration increases,
a behavior that is similar to that informed in a previous study
(Ochoa et al., 2001). Also, it is important to highlight that M2
and M3 have the least hydrophilic character of the series due
to their surface texture and chemical composition.

3.2.

Lemon juice clariﬁcation assays

From the results obtained in clariﬁcation assays (Fig. 4) it
can be observed that when lemon juice is incorporated in
the feed stream, a marked continuous decline in permeate
ﬂuxes was observed within the ﬁrst 6–8 min. Afterwards, the
permeate ﬂuxes started to be stabilized reaching the pseudo
steady state (J*). This behavior could be attributed to several simultaneous coexisting phenomena involved during the
permeate ﬂux decay such as: solute adsorption onto the membrane surface, pore blocking, concentration polarization and
cake layer formation. When the PVP addition was analyzed,
an increase in the pseudo steady state ﬂux (J* measured at
t = 60 min) is observed. The J* values were 7 ± 0.4; 23 ± 3; 22 ± 3
and 27 ± 3 L m−2 h−1 for M1, M2, M3 and M4, respectively. The
membrane without PVP (M1) presented the lowest ﬂux value.
Table 3 shows the quality parameters values obtained from
the analytical determinations performed in feed and permeate during lemon juice clariﬁcation. Percentage values in
permeates are compared to the values determined in the feed.
The suspended solids were completely removed from the juice
for all the membranes tested. In all cases a totally clariﬁed
juice was obtained.
It is desirable that the clariﬁed juice has the same relation
of nutraceuticals and sugar as the original feed juice, i.e. the
relation (CHSP /TSS)P in the permeate should be as similar

Fig. 4 – Juice permeate decay curves.
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Table 3 – Quality parameters of lemon juice.
Membrane
Feed
M1 perm.
M2 perm.
M3 perm.
M4 perm.

TA
981
570
884
878
910

±
±
±
±
±

% citric acid
7
6
11
10
13

6.25
3.56
5.62
5.58
5.75

±
±
±
±
±

0.3
0.2 (57%)
0.5 (90%)
0.4 (89.23%)
0.6 (92%)

pH
2.54
2.6
2.58
2.55
2.52

±
±
±
±
±

0.2
0.01
0.02
0.02
0.03

TSS (◦ Brix)
8.20
5.16
7.62
7.72
7.88

±
±
±
±
±

as possible to (CHSP /TSS)F in the feed. Table 3 shows that
M1 and M2 possessed the similar nutraceuticals/sugar ratio
as the feed juice; while clariﬁed permeate juices obtained
using membranes with 7% and 10% PVP were reduced in
quality. M3 and M4 retain HSP even though having bigger
pore sizes. To analyze this behavior, HSP static adsorption
on different prepared membranes was measured. The data
obtained are shown in Fig. 5. M1 and M2 presented the lowest
solute–membrane interactions. An increase in PVP content
favored the adsorption of HSP, hindering the transmission
of the ﬂavonoid to the permeate side. Previous studies
(Borneman et al., 2001; Zhao et al., 2008) indicated that
PVP interaction with different polyphenols is mediated by
hydrogen bonds. This type of solute membrane interactions
seems to be present in these experiences, so by increasing
the PVP content, HSP decreases in the permeate. A HPS mass
balance up to 120 min of operational time in UF conditions
was performed and the results were compared with static
adsorption. For M4 (more adsorptive membrane) the HSP
adsorbed mass (3.7 mg) was ﬁve times higher than the HPS
permeated mass (0.7 mg). To summarize, PVP not only affects
the structural and textural properties of membranes, but also
generates interactions which inﬂuence the transmission of
ﬂavonoids toward the permeate side.
Evans and Bird (2006) reported that a moderate hydrophobic character in the prepared membranes present deﬁnite
advantages over more hydrophilic materials for the processing of tea solutions. This also seems to be the case in this
study where a lemon juice with high permeate ﬂux and the
same characteristics as natural juice was obtained using
100
M1
M2
M3

80

M4

% HSP

60

40

20

0

0

50

100

150

200

250

time (min)

Fig. 5 – Static adsorption of HSP is expressed as percentage
of HPS adsorbed respect to initial juice HSP concentration.
Error bars represent standard deviation.

0.6
0.4 (62.92%)
0.6 (93%)
0.4 (94.14%)
0.9 (96.10%)

CHSP (×104 M)
2.52
1.66
2.11
0.4
0.07

±
±
±
±
±

0.07
0.3 (66%)
0.2 (84%)
0.03 (15.8%)
0.01 (2.77%)

(CHSP /TSS)P /
(CHSP /TSS)F
1.04
0.86
0.16
0.03

±
±
±
±

0.17
0.12
0.07
0.0012

J* (L m−2 h−1 )

7
23
22
27

±
±
±
±

0.4
3
3
3

a membrane with a small pore size (M2) and a moderate
hydrophobic character-inﬂuenced by its texture. Thus, the
adsorption of hydrophilic species present in the lemon juice
was avoided.

4.

Conclusions

Lemon juice clariﬁcation was studied using PVDF based membranes with different PVP ratios. Results indicated that PVP
produced changes in the membrane structures as well as
textural changes in their surfaces. These textural changes
resulted in membranes prepared from 5 and 7% PVP in the
casting solution (M2 and M3 respectively) being relatively
more hydrophilic. Besides, the presence of residual PVP in the
membrane generated interactions that favored HSP adsorption hindering its transmission to the permeate side. Analysis
of quality parameters of the clariﬁed juices indicated the
membrane prepared with 5% of PVP (M2) showed the highest
efﬁciency for lemon juice clariﬁcation with high both clariﬁed lemon juice quality and permeate ﬂux. Membranes with
relatively low hydrophilicity allow clariﬁed lemon juice to be
obtained with the same quality of natural juice.
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