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Abstract: The fruit juice industry is one of the food sectors that has invested the most in the
implementation of new technologies, such as non-thermal technologies. Among them, membrane
processes are considered today well-established separation techniques to support the production and
marketing of innovative fruit juices designed to exploit the sensory characteristics and nutritional
peculiarities of fresh fruits. Pressure-driven membrane operations, membrane distillation, osmotic
distillation and pervaporation have been widely investigated in the last few decades to replace
conventional technologies used in fruit juice processing industry (i.e., clarification, stabilization,
concentration and recovery of aroma compounds). This paper will review the significant progresses
on the use of membrane-based operations in fruit juice processing industry in the light of the growing
interest towards products with improved safety, quality and nutritional value and sustainable
processes characterized by low energy consumption and low environmental impact.

Keywords: fruit juices; clarification; concentration; pressure-driven membrane operations; aroma
recovery; membrane distillation; osmotic distillation; pervaporation; integrated membrane processes

1. Introduction

The consumption of fruit juices has significantly increased during last years and it is growing
remarkably, since consumers are interested in healthy products which are practical and ready to be
consumed. Thus, the global fruit and vegetable processing market was valued at USD 230.96 billion in
2016 and is projected to grow at a CAGR of 7.1% from 2017, to reach USD 346.05 billion by 2022 [1].

Fruit juices act as nutritional beverages and can play a significant part in a healthy diet because
they offer a chemical composition that are naturally found in fruits. In addition, to being rich in
nutrients with a wide range of vitamins, minerals, protein, and varied source of protective antioxidants,
fruit juices also have the ability to impart equivalent energy. This, coupled with the refreshing taste
and longer shelf-life of fruit juices, make them one of the most requested beverages.

In the design of fruit juice processing, safety and quality improvement, nutritional value, consumer
convenience and acceptance, product and process cost minimization have always been fundamental
aspects [2].

Conventional methods for the production of single strength or concentrated juices involve several
batch operations that are labour- and time-consuming. A typical flow sheet involves: (1) a mechanical
pressing of the juice from the fruit pulp; (2) the juice extraction; (3) the clarification of the juice by
centrifugation or filtration; (4) a concentration step by multistep vacuum evaporation (Figure 1).
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Figure 1. Scheme of conventional fruit juice processing.

Membrane technology is a valid approach for juice concentration and clarification offering several
advantages over traditional separation processes including high selectivity based on unique separation
mechanisms, no thermal stress of processed fluids due to moderate operating temperatures, no use
of chemical additives, easy scale-up, compact and modular design, low energy consumption [3].
In particular, pressure-driven membrane operations, including microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO) represent the state-of-the-art technology for juice
clarification, fractionation and concentration [4]. In the last years, other membrane operations such as
osmotic distillation (OD), membrane distillation (MD) and pervaporation (PV) have been used for
juice concentration and recovery of aroma compounds.

The application of membrane technologies for the production of fruit juices fits well with the
new strategies of sustainable food processing (SFP), based on the use of low energy and low impact
environmental processing schemes. Moreover, thanks to mild operating conditions, the membrane
treatment does not deteriorate the product quality as much as traditional thermal processing [5].

The global market of membrane technology for food and beverage processing is estimated to
reach about $8.26 billion by 2024, growing at a CAGR of 6.8% over the forecast period (2019-2024) [6].

The aim of this paper is to provide an overview of the recent developments of membrane operations
in the clarification, concentration and recovery of aroma compounds in fruit juice processing. Section 1
of the paper will provide an overview of the general principles of membrane processes; specific
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applications and related technological advances and improvements over conventional methodologies
will be analyzed and discussed in Section 2.

2. Fundamentals of Membrane Operations

2.1. Pressure-Driven Membrane Operations

Pressure-driven membrane operations are commonly classified into four categories in order of
increasing selectivity: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis
(RO). In these processes a semi-permeable barrier, named membrane, is used to enable the selective
separation of the compounds in the feed solution under a pressure gradient acting as driving force for
the mass transport through the membrane. As a result, the feed solution is separated into a filtrate or
permeate containing all particles or molecules which have permeated the membrane and a retentate
containing all compounds rejected by the membrane [7]. The degree of rejection depends on the
properties of the membrane such as the pore size, the charge and the surface properties. In particular, the
charge of the membrane is significant to membrane performance because charge affects the electrostatic
repulsion between the ions or charged molecules and the membrane surface [8]. Membranes can acquire
an electric charge when brought in contact with aqueous electrolyte solutions through dissociation of
functional groups, adsorption of ions, polyelectrolytes, ionic surfactants and charged macromolecules.
These surface charges have an influence on the distribution of ions in the solution due to the requirement
of the electroneutrality of the system.

MF membranes contain macropores with pore size range of 0.05-2 pm; they are primarily used
to separate particles and bacteria from other smaller solutes. Typical operating pressures are of the
order of 0.5-2 bar [9]. The UF process is based on the use of asymmetric membranes with pore sizes
in the skin layer of 2-10 nm. Typically, dissolved molecules or small particles not larger than 0.1 pm
in diameter are retained. UF membranes are characterized by the molecular weight cut-off (MWCO),
defined as the equivalent molecular weight of the smallest species that exhibit 90% rejection [10].
Typically, macromolecules in the range 103-106 Dalton are rejected. Operating pressures are of the order
of 1-10 bar.

NF membranes have separation capabilities intermediate between those of UF and RO membranes.
Membrane pore sizes are in the range 0.5-2 nm while operating pressures range between 5 and 40 bar.
NF is essentially used to achieve a separation between sugars, other organic molecules, and multivalent
salts on one hand and monovalent salts and water on the other. Indeed, most NF membranes are
electrically charged in aqueous media and their separation mechanisms involve not only steric effects
but also charge effects [11].

RO membranes are generally used to separate low molecular weight compounds from a relatively
pure solvent. The particle size range for RO applications is between 0.1 and 1 nm and solutes with
molecular weight greater than 300 Da are separated. The hydrostatic pressures to obtain significant
transmembrane flux can vary from 10 to 100 bar depending upon the osmotic pressure of the feed
mixture. The separation mechanism is affected by size and shape of molecules as well as ionic charge
and specific interactions between the species and the membrane [12].

The performance of pressure-driven membrane processes is mainly assessed through the
measurement of productivity (permeate flux) and degree of separation. The volumetric flux J, (L/m>h),

which is the throughput per unit area of membrane, is defined as:
Vi
= — 1
Jp At @

where V), is the volume of permeate (L) collected in a certain time ¢ (h) through the membrane surface
area A (m?).
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The membrane rejection (R) coefficient reflects the membrane selectivity and can be calculated for
each solute as:

CF’
R=(1-=-)100 2)
Cy
where C, is the solute concentration in the permeate and C; the solute concentration in the feed.
Rejection values are between 0% (for solutes having highest probability to pass through the membrane)
and 100% (when solutes are completely retained by the membrane).

Polymeric membranes dominate the industrial market of pressure-driven membrane operations.
They are relatively cheap, easy to manufacture and available in a wide range of pore sizes. The most
common polymeric membranes are manufactured from cellulose acetate (CA), polysulphone (PS),
polyethersulphone (PES), polytetrafluoroethylene (PTFE), polypropylene (PP), polyethylene (PE),
polyvinylidene fluoride (PVDE), polyacrylonitrile (PAN) and polyamide (PA). Ceramic membranes
are manufactured from inorganic materials (e.g., alumina, zirconia, titania, and silica). They exhibit a
strong tolerance to aggressive media (acids, alkalis, strong solvents) as well as high mechanical and
thermal stability. Although their production costs are higher than those of polymeric membranes they
are ecologically friendly, durable and have a longer lifetime [7,13].

For continuous membrane operations, membranes are installed in proper devices known as
membrane modules. On large industrial scale, membrane modules are available in five basic designs:
hollow fiber, spiral wound, tubular, plate and frame and capillary. They are quite different in their
design, mode of operation, production costs and energy requirement for pumping the feed solution
through the module. The membrane area available in these basic devices is in the range 1-800 m?.

Table 1 summarizes typical species retained by pressure-driven membrane operations in fruit
juice processing.

Table 1. Properties of pressure-driven membrane operations.

Process Pore Size Operating Pressure (bar) Species Retained
ME 0.1 ym 0.1-3.0 Bacterl'a, suspended solids, cells, cell walls,
fibers, crystals, starch, granules
UF 0'1;;?:_2 1-10 Polysaccharides, proteins, tannins
NF <2 nm 10-50 Sugars, organic acids, polyphenols,
aroma compounds, etc.
RO dense 10-100 Salts

2.2. Membrane Distillation and Osmotic Distillation

Membrane distillation (MD) and osmotic distillation (OD) have attracted considerable interest
in the concentration of thermo-sensitive solutions, such as fruit juices, since they operate under
atmospheric pressure and room temperature, thus avoiding thermal and mechanical damage of the
solutes [14,15].

These processes are based on a water vapor transfer promoted by a vapor pressure difference
generated between the two sides of a macroporous hydrophobic membrane. The water transport
through the membrane can be summarized in three steps: (1) evaporation of the water from the feed
side; (2) water transport, as a vapor, through the membrane’s pores; (3) condensation of permeated
water on the permeate side [16].

In the OD process the membrane separates two liquid phases at different solute concentration: a
dilute solution on one side and a hypertonic salt solution on the opposite side. As stripping solutions,
organic solvents (e.g., polyglycerol and glycerol) or inorganic salts (e.g., CaCly, NaCl, MgCl,, and
MgSQO;) can be applied [17].
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The hydrophobic nature of the membrane prevents penetration of the pores by aqueous solutions,
creating air gaps within the membrane. The difference in solute concentration, and consequently in
water activity of both solutions, generates, at the vapor-liquid interface, a vapor pressure gradient
across the membrane causing a water vapor transfer across the pores from the high-vapor pressure
phase to the low one (Figure 2).

Increasing water vapor pressure
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Figure 2. Osmotic distillation (OD) process. Scheme of water vapors transport through the membrane
from the feed solution to the stripping solution.

The water vapor pressures at the pore mouths are related to the temperature and activities
prevailing in the liquids facing the membrane by:

Py = P;,l'awl 3)

Py = P;,z'ﬂwz 4)
in which P*, represents the vapor pressure of pure water and aw the water activity in the solutions.
The driving force (AP, = Py — Pyp) for water transport is sustained by the activity difference Aay, =
w1 — Aw2.

The water transport that relates the mass flux (J) to the driving force is given by:
APy
Pair

J=K Q)
where p,;, is the mean pressure of air entrapped into pores and K the overall mass transfer coefficient
which accounts for all three resistances for water transport (feed, membrane and brine side) [18].

In MD the physical origin of the vapor pressure difference is a temperature gradient rather than
a concentration gradient: the feed is maintained at high temperature while cold water is used as a
stripping permeate. In these conditions a net pure water vapor flux from the warm side to the cold one
occurs [19].

The most common configuration of MD used for the concentration of liquid foods is the direct
contact membrane distillation (DCMD) in which both feed and the permeate liquid are in direct
contact with the membrane in their respective compartments. Volatile molecules evaporate at the
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hot liquid/vapor interface, cross the membrane pores in the vapor phase and condense on the cold
liquid/vapor interface inside the membrane module [20]. In the vacuum membrane distillation (VMD)
vacuum is applied on the permeate side of the membrane by means of a vacuum pump and condensation
takes place outside the membrane module [21].

Typical hydrophobic membranes for MD and OD applications are manufactured in PP, PE, PVDF
and PTFE with high porosity (70-80%) and a thickness of 10-300 pum.

2.3. Pervaporation

Thanks to its ability in separating azeotropic mixtures, pervaporation (PV) has emerged as a
potential candidate for replacing conventional distillation. This selective membrane technology separates
specific target molecules from azeotropic multicomponent mixtures. Typically, the technique involves
separating the liquid mixture by its partial vaporization through a non-porous permselective membrane.
The high separation efficiency of PV is attributed to the specific features of the membrane used and the
type of mass transport across the membrane. A typical PV membrane should usually possess a dense
non-porous structure [22], in which the mass transport is well denoted by the so-called solution-diffusion
(5-D) mechanism, as represented in Figure 3. This mechanism depends on specific properties, such as
solubility and diffusivity, of the target compounds. In agreement with the S-D theory, the mass transfer
can be described by a three-step mechanism involving: (1) a preferential sorption of the molecules from
the feed mixture to the “selective” layer of the membrane according to the thermodynamic equilibrium
at the liquid-membrane interface; (2) the diffusion of the adsorbed molecules through the membrane as
a result of the concentration gradient; (3) the desorption of the molecules on the membrane/permeate
interface [23].

Feed Retentate

hi ¢
i) sorprion ‘
2

¥

5 2

o
membrane ii) diffusion ~ -

i) desorption 3 o . 3 4
2

Permeate

. @Compound 1 @ Compound 2

Figure 3. Mass transfer in pervaporation: description of solution-diffusion mechanism.

To carry out the separation, the feed mixture (in liquid state) needs to be in direct contact with the
“selective” layer of the membrane. By applying vacuum pressure as a driving force, a phase change
of the feed mixture from liquid to gas state occurs, and the compounds (in gas or vapor state) are
then transported across the membrane to the permeate side. The permeate will mainly contain the
permeating species which display a higher affinity to the membrane. PV membranes can be hydrophilic
or hydrophobic. For instance, hydrophilic membranes preferentially display higher affinity and thus
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preferential transport of polar molecules, including water. It is well known that water is a polar molecule
since possess bonds between hydrogen and oxygen; moreover, alcohols are also polar molecules due to
the plenty -OH groups, providing a slight negative charge. Generally, the polarity of different organics
has been denoted as: amide > acid > alcohol > ketone~aldehyde > amine > ester > ether > alkane [24].
On the other hand, when dealing with the use of hydrophobic membranes, they favor the preferential
transport of non-polar molecules (or less polar compounds).

The performance of the PV process is generally evaluated using basic parameters, including
permeate flux (/) and separation factor (). The term | represents the productivity of the process,
whereas the o one gives an input of the selective features of the membrane. The calculation of | is
generally performed as follows:

m
]:E (6)

where m is the mass amount of specific or total permeating molecules transported through a specific
membrane area A to the permeate stream and collected during certain time ¢ [25]. The permeate flux
(J;) of specific molecules (i) can be described by the following equation:

Ji=vyir] (7)

where y; is the molar fraction of the molecules.

Regarding the separation factor (a) it is calculated as the ratio between the concentration of the
molecules A and B in the permeate and retentate side, respectively. Its calculation is based on the
following Equation (8):

(Ca/Cpg) permeate (®)
XAB= —V/ =~~~
(CA /CB ) feed
where C represent the concentration of the specific component in the feed or permeate.
The corresponding enrichment factor (f) of a specific compound is defined as:
Ba = (Ca) permeate ©)
(CA ) fged

It is essential to mention that these basic parameters (i.e., J, o, ) are strongly depending on
the process and its operating conditions (e.g., feed concentration, pressure, temperature, among
others) [26].

3. Fruit Juice Clarification

Natural fruit juices are often opalescent. The indigenous turbidity is caused by the presence of
polysaccharides (cellulose, hemicellulose, lignin, pectin and starch), protein in colloidal suspension,
tannins and metals [27,28]. However, transparency and homogeneity are essential characteristics
for consumers.

Traditional methods of fruit juice clarification involve many steps, such as enzymatic treatment
(depectinization), cooling, flocculation (gelatin, silica sol, bentonite and diatomaceous), decantation
and filtration which labor and time consuming. In addition, these methods are based on the use of
large amounts of coadiuvants and additives with further drawbacks, such as the risk of dust inhalation
with consequent health problems caused by handling and disposal, environmental problems and
significant costs [29].

Pressure driven membrane processes such as MF and UF have been shown to be of great interest
for clarification of fruit juices and have become a commercial success. These processes represent a
valid alternative to traditional methods of fruit juice clarification and stabilization, resulting in saving
in labor and energy input, increased juice yield and avoidance of fining agents (gelatin, bentonite and
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silica sol) and filter aids [4]. The quantity of enzyme for hydrolysis of macromolecules can be reduced
and enzymes recycled and reused.

MEF and UF are very efficient in the preserving the juice freshness, aroma and nutritional value
while obtaining high-quality, natural fresh-tasting and additive-free products as the separation process
requires no heat application or the use of chemical agents [30]. In these processes the juice is separated
into a fibrous concentrated pulp (retentate) and a clarified fraction free of spoilage microorganisms
and totally stable (permeate). These membranes retain high molecular weight compounds (pectin or
proteins) and allow low molecular weight solutes (sucrose, acids, salts, aroma and flavor compounds)
to permeate through the membrane.

The selection of UF and MF membranes during fruit juice clarification should consider the viscosity
of the raw juice, the retention of specific compounds, the sterilization ability and the investment costs of
the membranes. For pulpy juices, with high solids content and viscosity, vibrating membrane systems,
plate and frame modules with large spacers or large-bore tubular modules, are preferred. However,
the tubular configuration is associated with low packing density and high membrane replacement
costs. Conversely, hollow fiber membranes present the advantage of high membrane area per volume
unit of module, low manufacturing costs and a simple handling in comparison with other membrane
configurations. This translates into space-savings, more productivity and reduction of costs also
connected to their maintenance, since these modules can be back-flushed [31]. The limit of using this
configuration is a clogging of particles in the narrow flow path of the hollow fiber module reducing
the permeate flow and interfering with subsequent chemical and mechanical cleaning. At this purpose,
the use of thin channel devices requires additional pre-treatments of the raw juice to reduce the overall
content of solids.

Different polymeric materials have been employed to produce membranes used in fruit juice
clarification. PS membranes have been extensively used for juice UF; they offer a greater resistance to
hypochlorites during periodic cleaning cycles in comparison with CA membranes. PVDF, PA and PP
have been also widely used for the clarification of different type of juices because they are inexpensive if
compared with ceramic membranes. However, the main drawback of polymeric membranes is their low
stability in drastic conditions of pH and consequently, limited shelf-life for juice processing applications.
On the other hand, ceramic membranes have greater resistance to chemical degradation, low tendency
of fouling, good cleanability and much longer shelf life making them suitable for many applications
for which polymeric membranes cannot be used; their disadvantage is the high cost if compared with
polymeric membranes [32].

Permeate fluxes and quality of clarified fruit juices are strongly affected by operating conditions,
such as cross-flow velocity (CFV), transmembrane pressure (TMP), temperature, volume reduction factor
(VRF) and membrane properties such as molecular weight cut-off (MWCO) or pore size and membrane
material. In particular, high permeate flux is necessary for filtration to be practical and economic, and
product quality should at least meet those obtained by the other standard clarification methods.

The optimization of operating conditions in the production of fruit juices has been investigated
by different authors. For instance, Cassano et al. [33] studied, at laboratory scale, the effect of TMP,
temperature and feed flowrate on permeate flux and quality during the ultrafiltration of kiwifruit juice
with a tubular PVDF membrane module (Series-Cor TM 166 HFM 25, Koch Membrane Systems, Inc.,
Wilmington, MA, USA) with a MWCO of 15 kDa. The highest permeate flux values were obtained at
a temperature of 25 °C, a TMP of 90 kDa and a feed flowrate of 700 L/h. In these conditions the UF
process permitted a good level of clarification reducing completely the suspended solids and producing
high quality clarified juice with only a 16% reduction of ascorbic acid with respect to the fresh juice; the
reduction of total antioxidant activity was lower than 8%. The recovery of biologically active compounds
in the juice clarified with a 30 kDa cellulose acetate membrane resulted dependent of the final VRF of
the process: an increase of the VRF produced an increase of glutamic, folic, ascorbic and citric acid in
the permeate fraction [34].
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Laorko et al. [35] studied the effect of operating conditions, pore size and MWCO during the
clarification of pineapple juice using MF (pore size of 0.1 and 0.2 um) and UF (MWCO of 30 and 100 kDa)
membranes. The obtained results showed that the 0.2 pm MF membrane, working at a TMP of 0.7 bar
and a CFV of 3.4 m/s, exhibited the highest permeate fluxes and highest recovery of phytochemical
compounds and antioxidant activity, if compared with other tested membranes.

Sagu et al. [36] investigated the effect of cross flowrate and TMP on permeate flux, quality and taste
of banana juice ultrafiltered with three different hollow fiber polymeric membranes with MWCO of 10,
27, and 44 kDa. The results indicated that the 27 kDa membrane was suitable for the treatment of banana
juice due to its highest permeate fluxes and lowest rejection towards physico-chemical compounds.
For this membrane, the increase of cross flow velocity from 10 to 20 L/h, did not affect the permeate
fluxes; on the other hand, a decline of permeate flux by increasing the operating pressure, was observed.
The variation of operating conditions, during the clarification process, did not affect the juice quality:
with the exclusion of alcohol insoluble solids, completely retained by the membrane, other nutritional
compounds (including proteins and polyphenols) were recovered in the UF permeate fraction. Results of
storage studies indicated that the clarified juice can be stored for 1 month under refrigerated conditions,
maintaining the nutritional qualities and taste without adding any preservative substance.

Hollow fiber membranes in PVDF and PS, produced in laboratory, have been also tested for the
clarification of pomegranate juice, in order to study the effect of membrane material on the functional
properties of the clarified juice [37]. Experimental results indicated that PVDF membranes presented a
lower retention towards healthy compounds, including flavonoids and anthocyanins, in comparison
to PS membranes. Consequently, the PVDF clarified juice exhibited greater antioxidant effects than the
juice clarified with PS membranes. In addition, the treatment with PVDF membranes enriched the juice
in a-amylase and a-glucosidase inhibitors. These results showed that the clarification of pomegranate
juice with hollow fiber membranes in PVDF could be a fast and efficient method to produce a clarified
juice enriched in health compounds suitable for the production of functional foods and beverages.

The influence of membrane material and MWCO on the quality, content of antioxidant compounds
and permeate flux in the clarification of depectinized Valencia orange juice have been studied by
Qaid et al. [30]. At this purpose, two flat sheet membranes with different MWCO (20 and 30 kDa) and
membrane material (PS and PES) were used. Both selected membranes retained suspended solids and
pectins preserving, at the same time, the chemical composition of natural fresh juice. However, in the
optimized operating conditions of TMP (2 bar), feed flowrate (228 L/h) and temperature (27 °C), PES
membranes showed higher permeate fluxes in comparison with PS membranes and lower rejection
(in the range 6.2-11.32%) towards antioxidant compounds.

Typical applications of MF and UF membranes in fruit juice clarification are summarized in
Table 2.
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Table 2. Fruit juice clarification by MF and UF processes.

10 of 39

Fruit Juice Process Membrane Type Operating Conditions Ref.
Apple UF Tubular, ZrO,, 15, 50 kDa, 0.0225 m? (Carbosep, Rhodia Orelis, Miribel, France) TMP, 1.54 bar; CFV, 2-7 m/s; T, 50-55 °C [38]
Apple UF Flat-sheet, cellulose regenerate, 100 kDa, 32 x 102 m? (Merck Millipore Pvt. Ltd., Bangalore, India) TMP, 2.7-6.0 bar; stirrer speed, 600-1200 rpm; T, 20-50 °C [39]
Banana UF Hollow fiber, PS, 10, 27, and 44 kDa, 0.026 m> TMP, 3.5, 5.2, 6.9, 10.4 bar; Qy, 10, 15,20 L/h, T, 25 °C [36]
Black currant MF Tubular, ceramic, 0.45 pm, 0.125 m? TMP, 3.9 bar; Q¢, 500 L/h; T, 25 °C [40]
Bergamot UF Hollow fiber, PS, 100 kDa, 0.16 m?, (DCQ 1I-006C-PS100, Blue Star Membrane Technology, Beijing, China) TMP, 0.7 bar; Qg, 114 L/h; T, 24 °C [41]

Hollow fiber, PS, 50 kDa, 0.16 m? (DCQ II-006C-PS50, Blue Star Membrane Technology) TMP, 0.5 bar; Qg, 140 L/h; T, 20 °C
Blood orange UF Hollow fiber, PS, 100 kDa, 0.16 m2, (DCQ II-006C-PS100, Blue Star Membrane Technology, Beijing, China) TMP, 0.5 bar; Q, 140 L/h; T, 20 °C 1421
Hollow fiber, PAN, 50 KDa, 0.16 m?, (DCQ II-006C-PANS50, Blue Star Membrane Technology, Beijing, China) TMP, 0.5 bar; Qf, 140 L/h; T, 20 °C
Blood orange UF Flat-sheet, PES 30, 50 and 100 kDa (Sartorius Stedim Biotech, Géttingen, Germany) TMP, 1.5 bar; T, 24 °C [43]
Cactus pear MF Flat sheet, PVDF, 0.2 um, 11.33 cm? (MV020, Microdyn-Nadir, Wiesbaden, Germany) TMP, 2.2 bar; Qg, 500 L/h; T, 25 °C [44]
UF Flat sheet, PVDF, 200 kDa, 11.33 cm? (Microdyn-Nadir, Wiesbaden, Germany) TMP, 2.2 bar; Qg, 500 L/h; T, 25 °C
Carrot MF Multitubular, ZrO,/TiO,, 0.2 um, 0.056 m? (Kerasep, Orelis, Miribel, France) TMP, 1.8 bar, Q¢, 171 L/h; T, 25 °C [45]
Kiwifruit UF Tubular, PVDF, 15 kDa, 0.23 m? (HFM 251, Koch Series-CorTM, Koch-Glitsch Italia S.r.l., Milan, Ttaly) TMP, 0.9 bar; Qg, 700 L/h; T, 25 °C [33]
Kiwifruit MF Fly-ash-based ceramic membranes TMP, 1.5 bar [46]
Kiwifruit UF Flat-sheet, cellulose, 30 kDa, 38.4 cm? (C030 FM, Microdyn-Nadir, Wiesbaden, Germany) TMP, 0.65 bar; Qf, 933 mL/min; T, 30 °C [34]
Orange MF f];;_j:‘?gg%;;;’ig;é?g; 1)7 cm? (Anopore Membrane Disc, Whatman, Germany); flat-sheet, glass fiber, 1.2 um, 17 cm? TMP, 1.5 bar; T, 25 °C [47]
Blood orange UF Tubular, PVDF, 15 kDa, 0.23 m? (HFM 251, Koch Series-CorTM, Koch-Glitsch Italia S.r.l., Milan, Italy) TMP, 0.85 bar; Qf, 800 L/h; T, 25 °C [48]
Red plum MF Flat-sheet, PVDF, 0.22 pum, 0.0209 m? (Millipore, Billerica, MA, USA) TMP, 0.5-2.9 bar; T, 2040 °C; CFV, 0.2-0.8 m/s [49]
MF Flat-sheet, MCE, 0.22, 0.1 and 0.025 pm, 0.0209 m? (Millipore Billerica, MA, USA) TMP, 0.5-2.9 bar; T, 2040 °C; CFV, 0.2-0.8 m/s
Orange UF E\l/a[\lt;slslfghfesc,h 22 (l)(ia(\),r(;.t(i)(l)i,nli r(‘I:S V?[i:’Séeer;ech Corporation, Kent, WA, USA);Flat-sheet, PES, 30 kDa, 0.014 m? TMP, 2 bar, Qg 228 Ljh; T, 27 °C 130]
Orange MF Flat-sheet, MCE, 0.45 um, 0.0209 m? (Millipore, Billerica, MA, USA) TMP, 0.3-0.9 bar; CFV, 0.3-1.2 m/s [50]
Lemon MF Flat-sheet, PVDF (prepared in laboratory), 0.0069 m? TMP, 0.6 bar; CFV, 1.0 m/s; T, 20 °C [51]
Passion fruit MF Tubular, a-Al,03/TiO,, 0.3 um, 0.005 m? TMP, 0.5 bar; Qg, 500 L/h; T, 25 °C 152]
Hollow fiber, PA, 0.3 pm, 0.0158 m? (PAM Membranas Seletivas LTDA, Brazil) TMP 1.0 bar; Qg, 325 L/h; T, 25 °C
Passion fruit MF Hollow fiber, polieterimide, 0.40 um, 0.056 m? (PAM Membranas Seletivas LTDA, Brazil) TMP, 1.0 bar; T, 25 °C [53]
Pineapple MF Hollow fiber, PS, 0.2 um, 0.011 m? (Amersham Biosciences, Little Chalfont, UK) TMP, 0.7 bar; CFV, 3.4 m/s, T, 20 + 2 °C [35]
Pineapple MF Hollow fiber, PS, 0.2um, 0.011 m? (Amersham Biosciences, Little Chalfont, UK)) TMP, 1.0 bar; CFV, 1.2 m/s; T, 20 + 2 °C [54]
Pineapple UF Tubular, a-Al;O3/TiO,, 0.01 um, 0.005 m? TMP, 2.0-6.0 bar; CFV, 4.17 m/s; T, 30-50 °C [55]

Hollow fiber, PS, 100 kDa, 0.12 m? (A/G Technology Corporation, Needham, MA, USA)

TMP, 0.2-2.0 bar; CFV, 1.19 m/s; T, 20-40 °C
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Fruit Juice Process Membrane Type Operating Conditions Ref.
Pomegranate MF Flat-sheet, PVDF, 0.22 um and 0.45 pm, 137.5044 x 10™* m? (Millipore, Billerica, MA, USA) TMP, 0.5 bar; T, 25 °C [56]
Pomegranate MF Hollow fiber, PVDF (prepared in laboratory), 0.13 um TMP, 0.6 bar; Qf, 30 L/h; T, 25 °C [37]

MF Hollow fiber, PS (prepared in laboratory), 0.13 um TMP, 0.6 bar; Q¢, 30 L/h; T, 25 °C
Pomegranate UF Hollow fiber, cellulose triacetate, 150 kDa, 0.26 m? (FUC 1582, Microdyn-Nadir, Wiesbaden, Germany) TMP, 0.6 bar, Qy, 400 L/h; T, 25 °C [57]
Pomegranate MF Flat-sheet, MCE, 0.45 um, 78 cm? (Millipore, Billerica, MA, USA) Ultrasonic treatment; TMP, 0.5 bar; Qg, 17 mL/s [58]
Pomegranate MF Flat-sheet, MCE, 0.22 um, 0.0209 m? (Millipore, Billerica, MA, USA) Not reported 59]
UF Flat-sheet, MCE, 0.025 pum, 0.0209 m? (Millipore, Billerica, MA, USA) Not reported
Pomegranate UF Flat-sheet, PVDF, 30 kDa, 0.0155 m? (GE Osmonics, Minnetonka, MN, USA) TMP, 3 bar; Qy, 700 L/h; T, 25 + 1 °C [60]
Watermelon MF Flat-sheet, CA, 0.2 um, 15 cm? (Sartorious India Ltd., Kolkata, India) :ﬁpiéofﬁgﬁfag% 1726 })Calr; stirring speeds, 1200, 1400 [61]
Apple UF Tubular, ZrO, /TiO5, 300, 50, 30 kDa, 42.4 cm? (Carbosep M8, M9 and M7, Tech-Sep, Miribel, France) TMP, 1-4 bar; Qy, 100-900 mL/min; T, 20-55 °C [62]
Apple UF Flat-sheet, oxygen plasma modified PS, 0.0140 m? TMP, 2.5 bar; Qg, 210 L/h [63]
Flat-sheet, PS, 100 kDa, 0.0140 m2 (US100, Microdyn-Nadir, Wiesbaden, Germany)
Apple UF Flat-sheet, PES, 50 kDa, 0.0140 m? (UHO050, Microdyn-Nadir, Wiesbaden, Germany) TMP, 2.5 bar; Qf, 210 L/h; T, 25 £ 1 °C [64]
Flat-sheet, RC, 30 kDa, 0.0140 m? (UC30, Microdyn-Nadir, Wiesbaden, Germany)
UF Hollow fiber, PS, 30 kDa, 1.8 m? (Ultraﬂux®AV 1000S, Fresenius Medical Care, Germany) TMP, 1 bar; Qf, 1 L/min; T, 22 °C
Rasberry UF Multitubular, ZrO, /TiO,, 300, 50, 30 kDa, 42.4 cm? (Carbosep M8, M9 and M7, Tech-Sep, Miribel, France) TMP, 1 bar; Qy, 1 L/min; T, 22 °C [65]
MF Multitubular, 0.2 um, 644 cm? (Kerasep W5, Tech-Sep, Miribel, France) TMP, 0.5-3 bar; T, 22-25 °C

Legend: MF, microfiltration; UF, ultrafiltration; PS, polysulphone; PES, polyethersulphone; PVDEF, polyvinylidene fluoride; PAN, polyacrylonitrile; cellulose acetate, CA; RC, regenerated

cellulose; MCE, mixed cellulose ester; TMP, transmembrane pressure; Qy, feed flowrate; CFV, cross-flow velocity; T, temperature).
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Membrane Fouling

Despite the enormous benefits of MF and UF in the clarification of fruit juices, a major limiting
factor that affect the performance of these operations is the decline of permeate flux with time. This
phenomenon is caused by the accumulation of macromolecular or colloidal species (such as pectins and
proteins) on the membrane surface (concentration polarization and gel layer) or by physico-chemical
interactions with the membrane such as adsorption on the membrane pore walls and pore plugging
(membrane fouling) [33,66]. Membrane fouling decreases not only permeate flux, but affect also,
membrane longevity; therefore, it is a key factor affecting the economic and commercial viability of
a membrane system [67]. Several approaches have been proposed to minimize membrane fouling
mechanisms including the optimization of operating conditions, the pretreatment of the feed solution,
membrane surface modification and the selection of appropriate membranes (in terms of molecular
weight cut-off, morphology, and hydrophobicity/hydrophilicity).

The use of high shear stress at the membrane surface is a common feature to reduce particle
deposition on the membrane. At this purpose several dynamic shear-enhanced filtration modules, which
create a high shear rate on the membrane by using a rotating disk, or by rotating or vibrating the
membranes are commercially available [68]. However, high permeate flux resulting from high shear can
build up a cake layer because of additional convective transport of particles towards the membrane.
In addition, this approach is highly energy consuming due to the intensive pumping required to circulate
the juice at high velocities [69]. Therefore, the identification of optimum permeate flux (or TMP) is a
critical issue in high-shear membrane filtration systems. Several flux concepts have been proposed to
drive permeate flux selection, including limiting, critical, sustainable and threshold fluxes [70,71].

Permeate flux increases with the TMP, but the relation between them is only linear when the feed
is pure water. At the higher pressure, the flux becomes independent of the pressure the system being
in the mass-transfer-controlled region. According to the gel polarization model, the existence of a
limiting flux is related to the concentration polarization phenomenon that arises as the feed solution
is convected towards the membrane where the separation of suspended and soluble solids from the
bulk solution takes place. The formation of a viscous and gelatinous-type layer is responsible for an
additional resistance to the permeate flux in addition to that of the membrane [42,72].

Cassano et al. [73] investigated the effects of TMP and CFV on permeate flux, membrane fouling
and quality of pomegranate juice clarified with modified poly(ether ether ketone) (PEEK-WC) and PS
hollow fiber membranes prepared in laboratory. For both investigated membranes an increase of axial
velocities reduced concentration polarization, enhanced the mass transfer coefficient and increased
the steady-state permeate flux. However, an increase in pressure was not efficient in terms of flux
improvement, for both selected membranes, due to the thickening or compression of the deposited
layer onto the membrane surface and adsorption in the membrane pores. A limiting flux was reached
when the TMP was increased up to a specific value; after that any further increase determined no
significant increase of the permeate flux. By comparing the investigated membranes, PS membranes
exhibited higher productivity, lower indexing of fouling and lower rejection towards biologically
active compounds (flavonoids and total phenols) in comparison to PEEK-WC membranes (Table 3).
Therefore, PS membranes were more appropriate for preserving the antioxidant properties and quality
in the clarification of pomegranate juice.

Table 3. Physico-chemical characteristics of fresh and clarified pomegranate juice with PEEK-WC and
PS membranes.

Membrane Sample Polyphenols Flavonoids Total Soluble Solids ~ Suspended Solids
Type P (g/L) (mg/L) (°Brix) (%wfw)
Feed 1.576 + 0.03 708 + 14.1 16.0 £ 0.10 4.9 +0.09
PEEKWC Permeate 1.062 + 0.02 471+94 154 +£0.25 n.d.
S Feed 1.571 + 0.03 741 + 14.8 16.0 +0.28 4.9 +0.09

Permeate 1.177 £ 0.02 562 +11.2 15.4 £ 0.09 n.d.
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Critical flux is defined as being the flux below which TMP remains strictly constant. Critical flux
is generally low and its determination is time consuming limiting its industrial application. On the
other hand, the concept of threshold flux, defined as the flux at which the rate of fouling increases
significantly, is more applicable since it requires less time for its determination and generally matches
with acceptable value of fluxes.

Laorko et al. [74] studied the effect of cross flow velocity (CFV) and gas sparging on critical flux,
limiting flux, and quality during clarification of pineapple juice with a 0.2 pm hollow fiber microfiltration
membrane. Results showed that the critical and limiting flux increased as the CFV or shear stress
number increased. The use of gas sparging led to a remarkable improvement in both the critical and
limiting flux but it was more effective at the lower CFV (1.5 m/s), compared to those at higher CFV (2.0
and 2.5 m/s). The use of gas sparging, permitted also the reduction of reversible fouling and external
irreversible fouling rather than internal irreversible fouling. In addition, CFV and gas sparging did not
affect the physicochemical properties of clarified juice: the content of total polyphenols, total soluble
solids and antioxidant capacity were preserved during the MF process. According with Authors, the
use of gas sparging at low CFV, is an effective method for fouling reduction and flux enhancement
preserving at the same time, the quality of the juice.

Several mathematical models have been proposed to analyze and predict the flux decline behavior
during filtration of fruit juices. Empirical mechanistic models are based on a modified form of the
equation developed by Hérmia for non-Newtonian fluids [75]:

d?t dat \"
2 5(@) (10)

where V is the cumulative volume of filtrate, t the time of operation and § a constant.

Field et al. [76] modified classical constant pressure dead-end filtration equations incorporating
the effects of external turbulence leading to a steady state flux. The flux decline for different fouling
mechanisms is expressed as:

d] *\ 7(2—n

7 =—K(g-1)/e (1)
where [* is the steady state flux, t is time and K is a constant whose dimensions depends on the values
of n. nis a general index which assumes different values depending on fouling mechanisms.

The various modes of pore blocking are a function of the solid/solute size and shape in relation to
the membrane pore size distribution. In the complete pore blocking (n = 2) it is assumed that particles
are larger than pore size and a complete pore obstruction is obtained. the intermediate pore blocking
(n =1) is a dynamic situation in which particles may bridge a pore by obstructing the entrance but
not completely blocking it. In standard pore blocking (n = 1.5; J* = 0) particles are much less than the
membrane pore diameter so can enter the pores reducing the pore volume. The cake filtration (n = 0)
occurs when particles are larger than the membrane pores diameter and a cake layer is formed on the
membrane surface (Figure 4).

These blocking models have been used to analyze the decline in permeate flux observed in
the MF and UF of several fruit juices including kiwifruit [34,46], pomegranate [77], red plum [49],
orange [48,50], watermelon [61] tomato [78] and passion fruit [53] juices.

Under selected operating conditions of TMP and temperature, the fouling mechanism in the UF of
blood orange juice evolved from a partial to a complete pore blocking condition in dependence of the
axial velocity [48]. The cake formation was the dominant mechanism in the clarification of pomegranate
juice [50,77] and watermelon juice [61] with MF membranes. Similar results were found in the UF of
kiwifruit juice with a cellulose acetate membrane of 30 kDa [34]. A cake filtration mechanism resulted
also to control the UF of pineapple juice with hollow fiber membranes; on the other hand, a pore
blocking fouling mechanism was predominant in ceramic tubular membranes [55].
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Figure 4. Scheme of fouling mechanism: complete pore blocking (a); partial pore blocking (b); cake

filtration (c); internal pore blocking (d).

Membrane fouling can be also related to the flux decline resulting from an increase in flow
resistances according to the resistance in series model [79,80]. According to this model the permeate
flux (Jp) for is usually written in terms of TMP and total resistance:

| TmP
=R

(12)

where |, is the permeate flux (m/s), TMP is the transmembrane pressure (kPa), u the fluid viscosity
(Pa s) and R; the total resistance (m~') expressed as:

Ry =R+ Rp,re + pr,ir + Rf (13)

in which Ry, is the membrane resistance; Ry, r is the resistance of the reversible polarized layer consisting
of the concentration polarization layer plus a precipitated gel resulting from the limit of solubility of
macromolecules (it can be removed by rinsing with water at low flowrate); R, ;; is a semi-reversible
polarized layer loosely bound to the fouling layer (it can be removed by rinsing with water at high
flowrate); Ry is the fouling resistance due to an irreversible adsorbed layer which can be removed only
by chemical cleaning. All these resistances can be calculated by measuring the water flux through
the membrane after cleaning with water and specific detergents. A schematic representation of the
resistance-in-series model is shown in Figure 5.

According to the results obtained by Tasselli et al. [81] in the UF of kiwifruit juice with modified
poly(ether ether ketone) (PEEK WC) hollow fibre membranes, R;; controlled the permeate flux at TMP
values lower than 0.3 bar, while at higher TMP the permeate flux was controlled by Rf. Rf was also the
major resistance to the permeate flux over the whole range of flowrate investigated.

Nourbakhsh et al. [82] found that the total resistance decreased by about 45% when the feed
velocity was increased during the clarification of red plum juice (a juice without colloid particles) with
PVDF membranes due to change in cake resistance. In addition, an increasing of the juice temperature
from 20 to 30 °C decreased the total fouling resistance by about 9% due to the decrease of irreversible
and reversible fouling resistances. On the other hand, for watermelon juice (a juice containing colloid
particles) the increasing of feed velocity led to an increase of the cake resistance. Mixed cellulose
ester (MCE) membranes had a lower cake resistance compared to PVDF membrane due to their
hydrophilic character.



Beverages 2020, 6, 18 15 of 39

<

permeate

membrane

Figure 5. Schematic representation of the resistance-in-series model (R, membrane resistance; R¢,
fouling resistance; Rp re, resistance of the reversible polarized layer; Rp,irr resistance of the semi-reversible
polarized layer; cg, gel concentration; ¢, bulk concentration).

A decrease of both total and fouling resistance with the increasing of feed flowrate was also
observed by Vladisavljevi¢ et al. [62] in the clarification of depectinized apple juice with ceramic UF
membranes. As expected, an increase in flowrate enhanced mass transfer coefficient and reduced
concentration polarization and accumulation of retained solutes on the membrane surface. On the other
hand, the fouling resistance increased with TMP. In particular, for small TMP values (e.g., 1 bar) the
fouling resistance significantly decreased with increasing the feed flowrate, due to a higher rate of solute
back-transfer. For higher TMP values (above 3 bar) the fouling resistance was virtually independent on
the feed flowrate.

UF membranes with pore size of 0.025 pm exhibited a greater fouling resistance when compared
to MF membranes of 0.22 um in the clarification of pomegranate juice [59]. The evaluation of fouling
resistance showed that the removal of large particles with the MF membrane decreased this resistance
significantly. Permeate flux in MF resulted higher than that measured for UF membranes. Therefore,
MF was recommended for juice clarification at reduced process cost in comparison to the UF process.

Recently, Gulecetal. [64] evaluated the effect of membrane pore size, roughness, and hydrophobicity
on permeate flux and fouling of three different polymeric UF membranes used to clarify apple juice. The
reversible fouling became the major resistance for membranes with greater pore size and hydrophobicity;
on the other hand, cake formation was more prominent for membranes with narrower pore size. The
quality of the juice was better preserved by using membranes with higher resistance to fouling.

Sharifanfar et al. [83] evaluated the effect of canal height (in the range 0.4-2 cm) on the fouling
mechanism in the clarification of pomegranate juice with a flat-sheet membrane having a pore size of
0.22 um. Results indicated that both total and irreversible fouling resistances increased by increasing
the canal height duo to the increase of the feed volume on the membrane surface.

As previously reported, in order to control and reduce membrane fouling, pre-treatments are
usually used prior the clarification process, with the aim to decrease the content of macromolecules
that are able to accumulate in the membrane surface or in the membrane pores. The pre-treatments
include mainly the application of pectolic enzymes, fining agents, chitosan or centrifugation [32,84].
Rai et al. [85] studied the influence of different pre-treatment methods (fining by gelatine, bentonite,
fining by bentonite followed by gelatine, centrifugation, enzymatic treatment followed by centrifugation,
and enzymatic treatment followed by fining with bentonite) on the quality of mosambi juice clarified
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by UFE. The combination of enzymatic treatment and subsequent adsorption with bentonite produced a
clear juice with high quality and the highest permeate flux.

A combination of centrifugation, clarification with chitosan and enzymatic treatment, before
passion juice MF and its influence on the physical-chemical characteristics of the clarified juice was
investigated by Domingues et al. [53]. The addition of chitosan or enzyme reduced the viscosity of
the passion juice. All the proposed pre-treatments presented a positive effect on the permeate flux,
although the highest values were obtained with chitosan. The pre-treatment did not affect the quality
of the clarified juice, except for the absence of total soluble solids. The MF process allowed to reduce
the turbidity of the passion juice producing a clear juice. An influence of the applied pre-treatment on
membrane fouling, was observed. In particular, centrifugation and enzymatic pre-treatments showed
cake formation as major limiting factor, while internal pore blocking was dominant during the MF of
the juice pretreated with chitosan. Therefore, the pre-treament with chitosan allowed to remove large
particles minimizing the cake and gel layer formation during the MF of passion fruit juice.

Bagci [60] evaluated the effects of various pre-clarification treatments utilizing gelatin, bentonite
and polyvinyl polypyrrolidone (PVPP) on the performance of the UF membranes in the clarification of
pomegranate juice. A combination of PVPP and bentonite resulted the best pre-clarification treatment
to enhance the permeate flux and improve the clarity of the juice. Quality attributes of pomegranate
juice were well preserved in comparison to conventional clarification procedures.

The use of ultrasounds has been also investigated to reduce membrane fouling in the clarification
of fruit juices. Aghdam et al. [86] evaluated the effect of ultrasonic treatment on different fouling
mechanisms during clarification of pomegranate juice with a MCE membrane with a pore size of 0.45
um. Results showed that cake formation is a dominant mechanism in both ultrasonic treatment and
non-ultrasonic one; however, the intensity of cake formation in the absence of ultrasound waves was
much more than its value in the presence of ultrasound. Permeate flux increased with the ultrasonic
treatment; on the other hand, the ultrasonic treatment reduced the antioxidant activity and total soluble
solids of the juice as it increased the feed temperature [58].

Characteristics of membrane material, including surface charge, hydrophobicity and roughness,
play a key role on membrane fouling of MF and UF membranes. Hydrophilic membranes exhibit
lower fouling tendency due to lower adsorption of organic particles [87]. Membranes with smoother
surfaces also decrease adsorption phenomenon, limiting cake formation [88]. The modification of
surface structure of hydrophobic polymeric membranes through chemical and physical treatments is
an interesting approach to reduce membrane fouling of UF membranes.

The surface modification technique of UF membranes by gas plasma treatment has been recently
investigated by Gulec et al. [63]. Raw apple juice was clarified through commercial PS membranes
modified by low-pressure oxygen plasma treatment. The plasma action resulted in higher hydrophilicity
and lower surface roughness and, consequently, in improved antifouling behavior in comparison to
untreated membranes. The long-term gradual flux decline was still predominant in the treatment with
plasma treated membranes but the rapid decrease in the initial permeate flux was successfully prevented
by plasma action due to the charge repulsion between the modified membrane and the foulant particles.

Recently, the use of immersed membranes has been investigated as an interesting alternative to
cross-flow filtration systems for the clarification of fruit-based suspensions [89]. In this configuration,
plane or hollow fiber membranes are immersed in the suspension and the filtration is generally
ensured by permeate suction at constant flux. Optimal permeate fluxes of hollow fiber immersed MF
membranes in the treatment of grape juice were found to be around 5-7 L/m?h. These values resulted
lower than those measured for cross-flow filtration; on the other hand, the quality of the clarified juice
was similar to that of conventional cross-flow filtration. Thanks to their compactness, easy handling
and mobility, low investment and operational costs, immersed membranes could be a viable approach
for small production units of fruit juices.
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4. Fruit Juice Concentration

Concentration of fruit juices includes a series of advantages such as weight and volume reduction,
with a consequent reduction of packaging, transport, handling and storage costs. An enhancement of
the product stability due to the reduction of the water activity is also reached. Finally, the concentration
step allows a better product preparation for a final drying treatment. Most of the marketed juices
are produced from fresh juices concentrated by thermal evaporation up to 90 °C. This process is
characterized by several drawbacks such as large amount of energy for the removal of water, foam
formation, loss of aroma and antioxidant compounds, induction of cooked odor due to furfural formation
and coloring due to Maillard reactions [90,91]. Membrane processes, including NF, RO, MD and OD
allow to concentrate juices at mild low-temperature conditions so reducing energy consumption and
preserving aroma, nutritional and bioactive compounds. These processes can be combined with other
membrane operations such as, UF, MF and PV for designing fully integrated membrane systems for
producing high quality juices through clarification, concentration and aroma recovery steps within
the process intensification strategy [15]. This strategy aims at redesign the conventional industrial
production processes through the implementation of new technologies leading to drastic improvements
in manufacturing and processing, substantially decreasing the equipment-size/production-capacity ratio,
energy consumption and waste production and resulting in cheaper and more sustainable solutions [92].

4.1. Nanofiltration

The NF process offers specific advantages over RO in fruit juice concentration mainly due to the
lower operating pressures of the process which allow to reduce the energy consumption (21% lower
than RO) and improve the juice quality which can be damaged when high pressures are used. NF
membranes in tubular and flat-sheet configuration were used to concentrate both apple and pear juices
at low operating pressures [93]. Among the selected membranes, the Desal-5DK (from GE Osmonics,
Minnetonka, MN, USA), in flat-sheet configuration, produced higher permeate fluxes and higher
concentration degree (1.06 against 1.01 of MPT-34 membrane). The decrease in permeate flux resulted
significantly greater in juice solutions than in fructose solutions due to the complex composition
of juices.

Average permeate fluxes of about 20 L/m?h were obtained in the concentration of blackcurrant
juice with a NF flat-sheet membrane in selected operating conditions (pressure, 20 bar; temperature,
30 °C; feed flowrate, 400 L/h). At VCR of 2.23 the retention of total extract was of 96.72% [94].

Arend et al. [95] evaluated the performance of a PVDF ND membrane of 150-300 Da (from GE
Osmonics) in the concentration of bioactive compounds from microfiltered and natural strawberry
juice. Higher permeate fluxes (4.0 L/m?h) were measured for the untreated juice in comparison to the
clarified juice (3.0 L/m?h); however, a less pronounced reduction of permeate flux was observed
for the microfiltered juice due to the absence of suspended solids. The antioxidant activity of
concentrated samples at VCR of 2.0 presented an increase of 99% and 51% for the untreated and
clarified juice, respectively.

The NF process is a viable approach to increase the sugar content of grape must in wine production
as alternative to other subtractive techniques including RO and cryoconcentration. Indeed, the use
of RO membranes is characterized by some drawbacks such as high energy consumption and severe
membrane fouling as well as the concentration of natural components of must other than sugars
(i.e., malic acid) that may emphasize the lack of wine sensory balance.

Commercial NF membranes used for grape must concentration and fractionation were characterized
by permeation fluxes from 8 to 80 kg/m?h upon the variation of the membrane characteristics and the
operating conditions with a preferential permeation of the organic acids with respect to sugars [96].
Similarly, polyamide NF membranes in spiral-wound configuration (DK and DS, from GE Osmonics,
Minnetonka, MN, USA) provided a high rejection of sugars (range 77-97%) and polyphenols (range
70-94%), whereas the malic acid was retained to a low extent (range 2-14%). A two-stage NF process
of grape must removed a permeate volume of 14%, thus allowed concentration of the sugars, i.e.,
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the potential alcohol, to ca. 16%. [97]. Permeate flux of spiral-wound NF membranes (VINOPRO
4040C-30D and NF270-4040, both from GE Osmonics, Minnetonka, MN, USA) resulted higher than
those observed for RO membranes in the concentration of musts deriving from red and white grapes [98].
An increase of about 10 and 9% in dry extract was observed in wines obtained by RO and NF-treated
musts, respectively, suggesting an increase of wine body and roundness.

4.2. Reverse Osmosis

The advantages of RO over conventional concentration techniques are in terms of low thermal
damage of the product, reduction of energy consumption and lower capital investments as the process
is carried out at low temperatures and it does not involve phase change for water removal. The first
application of RO in fruit juice processing was developed for the concentration of orange juice with the
use of PA composite membranes showing an excellent retention of juice constituents including sugars,
acids and aromatic compounds [99]. The preferential sorption-capillary flow model was used to predict
the rejection of the most hydrophilic aroma compounds (isopentyl acetate, isobutanol, isopentanol and
ethyl-2-methyl butanoate) in the concentration of apple juice with these membranes; higher rejections
than the experimental ones were predicted for the least hydrophilic compounds (hexanal, hexanol,
hexyl acetate, ethyl butanoate and butanol) [100].

The concentration of fruit juices by RO is affected by operating parameters including feed
pressure, temperature and flowrate. Permeate fluxes generally increase by increasing TMP (at a constant
concentration). High permeate fluxes can be obtained at high feed velocities; on the other hand, permeate
flux decrease by increasing the concentration of soluble solids due to the increase of juice osmotic
pressure and viscosity [101]. For apple juice concentration, the average processing capacity increases of
about 3-4% for every 1 °C increase at operating temperature between 20 and 60 °C [102].

Jesus et al. [103] compared the sensory characteristics of orange juice concentrated by RO (in a
plate and frame pilot plant with 0.72 m? of filtration area) and thermal evaporation. The RO concentrate
had a more acid taste but it best preserved the characteristic aroma of the juice, differing significantly
from the juice concentrated by thermal evaporation. Initial permeate flux values in RO were of about
28 I/m?h at a TMP of 60 bar. In these conditions the vitamin C content of the single-strength juice at
8.2 °Brix increased from 29.3 mg ascorbic acid/100 g (single strength juice) to 101.1 mg/100 g in the
concentrated juice (final concentration 35.7 °Brix).

Echavarria et al. [104] applied RO preceded by enzymatic treatment and ultrafiltration to
concentrate peach, pear, apple and mandarin juices in a pilot plan scale. Permeate flux in RO decreased
as the concentration factor increased, due to concentration polarization and fouling, in addition to
the increase of osmotic pressure and the viscosity of the juice. Higher TMP values allowed a faster
concentration of the clarified juices as well as higher concentration levels. The highest total soluble
solids content of 30.5 Brix was reached for the peach juice at a TMP of 40 bar. Both TMP and cross-flow
velocity showed a positive effect on the permeate flux.

In spite of the high selectivity and solute retention capacity of RO membranes, this process has
a significant drawback. The osmotic pressure and viscosity of fruit juices increase rapidly with the
increasing of the sugar concentration. For cellulosic and non-cellulosic membranes, the most efficient
flux and solute recovery were obtained at a concentration lower than 30 °Brix [99]. Therefore, in several
applications RO has been employed as a pre-concentration step before a final concentration with other
technologies such as freeze concentration, thermal evaporation, MD and OD. An integrated membrane
process for producing concentrated apple juice including RO as preconcentration step was developed by
Alvarez et al. [105]. The process involved a clarification step through an enzymatic membrane reactor,
preconcentration by RO, aroma compounds recovery by PV and final concentration up to 72 °Brix by
thermal evaporation. These operations were tested in both laboratory and pilot plant units. Permeate
flow between 75 and 110 L/h and concentrations of apple juice between 25.5 and 26.6 °Brix were
obtained in the RO step and rejection of aroma compounds exceeded 90% for most of the considered
compounds. On the basis of an economic evaluation of conventional and membrane-based processes,
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the total capital investment of the integrated membrane process resulted 14% lower than that of the
conventional process. Total manufacturing costs decreased by 8% when concentrating the apple juice
by membranes mainly because less energy is required to concentrate the juice. Net profit and return on
investment were estimated to be about 16% and 34% higher than conventional ones, respectively.

4.3. Membrane Distillation

MD has received a great attention as technique for concentrating fruit juices since it can be carried
out at atmospheric pressure and at a temperature which can be much lower than the boiling point of
the feed solution. Evaporation fluxes are influenced by several parameters including membrane type,
total soluble solids content and operating conditions (i.e., temperature and flowrate of both feed and
distillate streams) [106].

PVDF membranes used for the concentration of orange juice showed a total rejection for total
soluble solids, sugars and organic acids [107]. The reduction of vitamin C (of about 42.1%) was
associated with high temperature and oxidation. In addition, the best retention of volatile compounds
for a given amount of water removal in MD was provided by membranes having an open fibrous
structure rather than small pores.

MD resulted a viable method to concentrate black-currant juice up to a high solid content
(58.2 °Brix) preventing the juice from deterioration [108]. Evaporation fluxes slowly decreased till the
end of the process due to a decrease in the driving force and the Re number of the concentrate. Density,
total acid content and anthocyanins increased proportionally to the increase of the TSS content.

Quist-Jensen et al. [109] evaluated the potential of DCMD for the concentration of clarified orange
juice by using a laboratory bench plant equipped with two polypropylene hollow fiber membrane
modules (ENKA MD-020-2N-CP, Microdyn-Nadir, Wiesbaden, Germany) having a nominal pore size
of 0.2 um and a membrane surface area of 0.1 m2. The clarified juice was pumped through the fibre
lumens side of the membrane module at a temperature of 24 °C while pure water was recirculated in
the shell side, in a countercurrent mode, at a temperature of about 17 °C. The clarified juice, with an
initial total soluble solids (TSS) content of about 9.5 °Brix, was concentrated up to 65 °Brix through a
two-step DCMD process. The juice viscosity resulted almost constant in the pre-concentration step
when the TSS content was raised from 9 to 24 °Brix. In this range the flux decay (from 0.6 to 0.4 kg/m?h)
was attributed to the inherent temperature polarization phenomena. A more rapid decline of the
evaporation flux due to the strong increase in juice viscosity was observed in the second step confirming
that at a higher TSS content the flux decay mainly depends on juice viscosity and, consequently, on
juice concentration and temperature [110,111]. In addition, membrane fouling phenomena occur as a
result of specific interactions between the membrane and sugars offering an additional resistance to
mass transfer and heat transfer [112]. The content of phenolic compounds in the clarified juice was
well preserved in both subsequent concentration steps. Accordingly, the final concentrated sample
showed a TAA similar to that of the UF permeate, confirming the particular mildness of the treatment.
Small crystals with a low coefficient of variation were detected in the concentrated juice at 65 °Brix.

Evaporation flux of about 1 kg/m?h were obtained in the concentration of apple juice with a
polypropylene hollow fiber membrane module (ENKA MD-020-2N-CP, Microdyn-Nadir, Wiesbaden,
Germany) having a tube and shell configuration. The trans-membrane driving force decreased with
increasing extra-fiber temperature but increased with higher feed and distillate flowrates in the intra- and
extra-fiber volumes, respectively [113]. The juice viscosity at high concentration induced severe polarization
phenomena. However, temperature polarization resulted higher than concentration polarization.

Sotoft et al. [114] proposed a conceptual process design for the concentration of blackcurrant
juice and aroma recovery through a combination of membrane processes including VMD, for aroma
recovery, and RO, NF and DCMD for water removal (Figure 6). The membrane area estimated for a
production of 17,283 ton of concentrated juice per year was of 810 m? for VMD, 4250 m? for DCMD,
630 m? for RO and 170 m? for NF. The estimated production cost, about 0.40 €/kg juice concentrate
at 66 °Brix, resulted 43% lower than that of a conventional thermal evaporation if considering for
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membrane lifetime of one year. According to industrial sources, this cost is comparable to that of
traditionally produced concentrates. If the membrane lifetime increases to 2 or 3 years the calculated
production costs of the concentrate are reduced to 0.30 and 0.27 €/kg juice concentrate, respectively.
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Figure 6. Process layout for aroma recovery and juice concentration based on membrane processes
(adapted from [114]).

4.4. Osmotic Distillation

OD has attracted considerable interest for the concentration of fruit juices since it allows to reach
high levels of total soluble solids (up to 65-70 °Brix) operating at low temperature and pressure, thereby
maintaining original organoleptic and sensorial characteristics of the raw material. The process has
been implemented on both laboratory and pilot scale for several fruit juices including kiwifruit [115,116]
pineapple [117-119], grape [120,121], passion fruit [111], noni [122], orange [123,124], apple [121,124],
bergamot [125] and pomegranate juices [126,127]. In most of these applications the juice has been
previously clarified due to the geometrical limitations of commercially available membranes and
modules. At this purpose, the clarification of the raw juice with MF or UF membranes result
in appreciable OD flux improvements due to the reduction in the viscosity of the concentrated
juice-membrane boundary layer where the solute concentration is the highest [128].

The evaporation fluxes in OD depend strongly on the osmotic pressure difference between the
stripping solution and the juice. Other operating factors which enhance the performance of the OD
process are the use of higher temperature than ambient (to increase the driving force and decrease
the juice viscosity) and improvement of the cell hydrodynamic conditions in the OD module [17].
The solute content of both stripping and feed solutions was identified as the most influencing variable
on mass transfer in the concentration of sucrose solutions by OD [110].

The most well-known membrane module designed for OD is the Liqui-Cel membrane contactor
manufactured by 3M (Charlotte, NC, USA; formerly Hoechst Celanese) containing macroporous PP
hollow fibers with an average pore diameter of 0.2 um. Figure 7 shows the performance of the module
in the concentration of clarified pomegranate juice (recirculate in the shell side) at 25 °C by using
calcium chloride dehydrate as stripping solution (recirculated in the fiber lumen) [126].
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Figure 7. Concentration of pomegranate juice by OD. Time evolution of (a) evaporation flux and total
soluble solids (TSS); (b) concentration of stripping solution and juice viscosity (adapted from [126]).

The initial evaporation flux, of about 0.85 kg/m?h decreased gradually up to a final value of
0.38 kg/m?h when the TSS content of the concentrated juice was 52.0 °Brix (Figure 7a). The dilution
of the brine solution led to a decrease in vapor pressure of the osmotic agent and, consequently, to
the decrease of driving force for water transport from the juice through the membrane (Figure 7b); in
addition, the increase in TSS content of the juice resulted in an exponential increase in juice viscosity
contributed to determine a polarization effect leading to a lower driving force.

Pore blocking phenomena of PP hollow fiber membranes used to concentrate clarified pomegranate
juice were identified by Rehman et al. [127]. Authors found also that the hydrophobicity of PVDF
membranes declined by 29% after juice concentration, as opposed to 6% with PTFE membranes,
indicating that these membranes are much prone to wetting [129]. Coating of hydrophobic hollow
fiber PVDF membranes with chitosan provided protection against wetting and flavor loss in the OD
process maintaining stable flux [130].

Rodrigues et al. [131] evaluated the performance (flux and concentration factor) of RO and OD in
the concentration of camu-camu juice. RO allowed to reach a maximum TSS content 25 °Brix at a TMP
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of 60 bar and 22 °C with an average permeate flux of 50 kg/m?h and a loss of ascorbic acid of 8%. High
concentration levels (60 °Brix) were reached by OD with average evaporation fluxes of 10 kg/m?h.
Concentrated juice presented nutritional quality very similar to that of the original juice regarding
vitamin C content (losses below 5%).

Recently, Roozitalab et al. [132] evaluated the performance of OD in the concentration of
pomegranate juice by using a nanofibrous polyether-block-amid (PEBA) membrane prepared by the
electrospinning technique and calcium chloride dehydrate as stripping solution. The OD concentrate
had better quality than the thermally evaporated product in terms of aroma and phenolic compounds
retention. The economic analyses, based on the estimation of investment and operating costs (Table 4),
revealed that both OD and thermal evaporation are economically feasible for the concentration of
pomegranate juice. The profit of the OD process resulted lower than the evaporation due to the higher
equipment costs of the OD process (a total membrane surface area of 328 m? was estimated). Moreover,
the break-even point of the OD process was higher than that of the evaporation process.

Table 4. Economic analyses of pomegranate juice concentration by OD and thermal evaporation [132].

Economic Index Osmotic Distillation Thermal Evaporation
Equipment costs ($) 74,446 34,499
Fixed costs ($) 481,057 221,378.0
Working capital ($) 10,019,053 9,920,708
Total investment costs ($) 10,572,276 10,175,205
Production costs ($) 12,172,070 11,901,000
Gross profit from operations ($) 61,499,774 61,615,771
Payback period (Year) 2 2
Internal rate of return on investment (IRR) (%) 66.47 68.09
Break-even point (%) 294 23.2

Dincer et al. [133] compared the quality parameters of black mulberry juice concentrated by
both OD and thermal evaporation after reconstitution with different storage times and temperatures.
Heat-sensitive components of the OD concentrated juice were better preserved in comparison to the
thermally concentrated juice. In addition, the tested quality parameters of the OD concentrate resulted
still favorable during storage at low temperature. Phenolic compounds of cranberry juice were also well
preserved during juice concentration by OD at temperatures between 30 and 40 °C. [134]. Evaporation
fluxes ranged between 0.25 and 1.21 L/m?h. A mass transfer model was also proposed to predict the
water transfer through the membrane obtaining an estimation of this value with a maximum deviation
of 32%.

PTFE membranes with pore size of 0.45 and 0.20 um produced higher evaporation fluxes (of the
order of 2-3 kg/m?h) and higher final juice concentrations (up to 23.4 °Brix) when compared to 0.10 pm
PP membranes in the concentration of cactus pear juice by OD [135]. PTFE membranes with different
pore size (0.20, 0.45 and 1.2 um) were also used for the concentration of red grape juice. Experimental
results indicated that membrane porosity did not affect the transmembrane water flux and the final
concentration of the processed juice [136].

The use of OD as a direct process to concentrate fruit juices is difficult to implement at industrial
scale, since the large amount of water present in the initial juice promotes a fast brine dilution, which
negatively affects the productivity of the process. In this context, the coupling of RO and OD can be
considered a promising alternative, since it results in products with similar solid content than those
obtained by conventional methods (such as vacuum evaporation), with less pronounced effects on the
juice’s quality [137].

RO was used as a pre-concentration step to concentrate clarified orange and carrot juices up to
15-20 °Brix before a final concentration by OD. A little decrease of the antioxidant activity of orange
juice was observed in the RO process in comparison with the clarified juice, probably on account of the
high pressure (50 bar) experienced by the juice during this treatment [138]. Anthocyanins were also
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slightly affected by the RO process, decreasing of about 23%; on the contrary, no significant variations
were observed for hydroxycinnamic acids and for flavanones, which appeared to be very stable under
the selected operating conditions of the RO process [139].

Highly concentrated black currant juice was produced by a multi-step membrane process including
OD as final concentration step on both laboratory and large scale [40]. On large scale the microfiltered
and preconcentrated juice (by RO) was concentrated up to 63 °Brix at an average evaporation flux of
0.6 kg/m?h. Its anthocyanin content was more than three times higher than that of the raw juice.

An integrated process for the production of high quality apple juice concentrate was proposed
by Aguiar et al. [140]. The enzymatically treated juice was clarified by MF, preconcentrated by RO
(up to 29 °Brix) and then concentrated by OD (up to 53 °Brix). The OD fluxes resulted significantly
lower than those obtained in the RO process, ranging from 1.55 I/m?h to 0.01 L/m?h. Reductions of
phenolic compounds and antioxidant activity of 8% and 22%, respectively, were detected in the OD
concentrates due to the occurrence of oxidative reactions during the concentration process.

The industrial application of OD is still limited by the low productivity of the process and the
management of the diluted stripping solution generated during the process. Membrane processes,
including PV and OD, as well as atmospheric evaporation and direct contact evaporation with flue
gas, have been proposed to regenerate spent solutions from the osmotic food dehydration [141-143].
However, this approach precludes the use of calcium chloride as the osmotic agent due to formation
of calcium carbonate due to the presence of carbon dioxide in combustion gases. Recently, the use
of potassium pyrophosphate has been proposed as alternative to the use of calcium chloride [144].
Orange juice was concentrated up to 27 °Brix without affecting its physicochemical characteristics.
Losses of volatile compounds were no larger than 62%, while 100% of the aroma compounds were lost
during thermal concentration. Typical applications of OD in fruit juice concentration are summarized in
Table 5.
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Table 5. Concentration of fruit juices by osmotic distillation.
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Fruit Juice Osmotic Agent Membrane Type Average Flux (kg/m?h) Ref.
Grape (clarified by UF) CaCl, 40% wjw hollow fiber, PP (Liqui—Cel®, Hoechst-Celanese Wiesbaden, Germany) 2 [128]
Pineapple (clarified by MF) CaCl, 4.6 m hollow fiber, PP nr. [119]
Citrus and carrot (clarified by UF and o hollow fiber, PP (Liqui—Cel® Extra-Flow 2.5 X 8-in. membrane contactor, Hoechst-Celanese, L .
preconcentrated by RO) CaCl, x 2H,0 60-66% w/w Wiesbaden, Germany) 0.8 (carrot juice); 0.8 (blood orange juice) [138]
. e e1® R P ]
Kiwifruit (clarified by UF) CaCly x 2H,0 60% wjw hgllow fiber, PP (Liqui-Cel® Extra-Flow 2.5 x 8-in. membrane contactor, Hoechst-Celanese, 05 [116]
Wiesbaden, Germany)
~ o " plate and frame, thin PTFE layer sealed on a PP supporting net (TF200 Pall-Gelman,
Camu-camu (clarified by MF) CaCl, 4.0-52M Washington, NYY, USA) 10 [131]
Grape Glycerol 70%uw/w plate and frame, thin PTFE layer sealed on a PP supporting net (Pall-Gelman, Washington, 1.9 [120]
NY, USA)
Melon (clarified by MF) CaCl, 5.3-5.6 M hollow fiber, PP 0.6 [145]
Orange (clarified by MF) CaCl, 55 M hollow fiber, PP 0.65 [123]
Orange, sucrose CaCl, x 2H,049M Hollow fiber, PP (Accurel® PP Q/32, Membrana GmbH, Wuppertal, Germany) 0.9 (orange juice); 1.1 (sucrose) [91]
. e e1® R - _
Kiwifruit (clarified by UF) CaCly x 2H,0 60% 1w/ hgllow fiber, PP (Liqui-Cel® Extra-Flow 2.5 x 8-in. membrane contactor, Hoechst-Celanese, 08 [115]
Wiesbaden, Germany)
Cactus pear (clarified by UF 5 hollow fiber, PP (Liqui—Cel® Extra-Flow 2.5 X 8-in. membrane contactor, Hoechst-Celanese, .
preconcentrated by RO) CaCly x 2H,0 60% wfw Wiesbaden, Germany) 06 1461
Blackcurrant (clarified by MF and (Claabcc}lzrafongcOz;lg; (]:3;?:(1 capillary, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) (laboratory scale); 0.7 (laboratory scale); 0.6 (large scale) [40]
preconcentrated by RO) ot y ! 2 capillary, polypropylene (MD 150 CS 2N, Microdyn-Nadir, Wiesbaden, Germany) (large scale) ’ y a &
60.7°Brix (large scale)
Pineapple (single strength and CaCl, 5.5-6 M flat-sheet, thin PTFE layer sealed on a PP supporting net (TF200 Pall-Gelman, Washington, 10.5 (single strength juice); (18]
clarified by MF) 2> NY, USA) 11 (microfiltered juice)
Noni (Morinda citrifolia) CaCl, 6 M hollow fiber, PP (Liqui Cel® minimodule 1.7 X 5.5 in., Wiesbaden, Germany) 0.09 [122]
Apple (clarified by UF) CaCl, x 2H,0 65% w/w capillary, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) nr. [147]
Roselle extract, apple and grape CaCl, 5.5-6 M hollow fiber, PP 1.05-1.2 [121]
.- . o ® _ = iy
Pomegranate (clarified by UF) CaCly X 2H,0 102 M holllow fiber, PP (Liqui-Cel® Extra-Flow 2.5 x 8-in. membrane contactor, Hoechst-Celanese, 05 [126]
Wiesbaden, Germany)
Apple (clarified by UF and flat-sheet, thin PTFE layer sealed on a PP supporting net (TF200 Pall-Gelman, Washington, .
preconcentrated by RO) CaCl; 55M NY, USA) 075 (140]
. - A® R P 3
Bergamot (clarified by UF) CaCly X 2H,0 102 M holllow fiber, PP (Liqui-Cel® Extra-Flow 2.5 x 8-in. membrane contactor, Hoechst-Celanese, 0.9 [125]
Wiesbaden, Germany)
Passion fruit (clarified by UF) CaCl, 45%w/v capillary, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) 0.52 [148]
Chalupa (Passiflora maliformis) CaCl, 45%w/v capillary, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) 0.65 [149]

(clarified by UF)
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Table 5. Cont.

Fruit Juice Osmotic Agent Membrane Type Average Flux (kg/m?h) Ref.

Pomegranate (clarified by UF) CaCl, x 2H,0 65% w/w hollow fiber, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) 1.1 [150]
0.35 (sucrose, feed temperature 35 °C);

Sucrose, apple and orange CaCl, 5M hollow fiber, PP (Liqui Cel® contactor module X-50, Membrana, Charlotte, NC, USA) 0.18 (apple, feed temperature 30 °C); [124]
0.081 (orange, feed temperature 30 °C)

Pomegranate (clarified by UF) CaCl, 6 M hollow fiber, PP (Liqui Cel® minimodule 1.7 x 5.5 in., Membrana, Charlotte, NC, USA) 0.62 [127]

Pomegranate . . . 0.7 (PVDF); 1.5 (PTFE)

(clarified by PP spun filter) CaCl, x 2H,O 6 M flat-sheet, PTFE and PVDF (TS Filter, Hangzhou, China) [129]

Pomegranate (clarified by UF, o . . R . .

preconcentrated by RO) CaCl, x 2H,0 65% w/w capillary, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) 0.65 [151]

Pomegranate CaCl, x 2H,O flat-sheet, nanofibous PEBA 0.5 [132]

Black mulberry CaCl, x 2H,0 65% w/w capillary, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) nr. [133]

Cranberry CaCl, 30, 40 and 50% w/w hollow fiber, PP (Liqui Cel® minimodule 1.7 x 5.5 in., Membrana, Charlotte, NC, USA) 0.25-1.21 [134]

Cactus pear (filtered through CaCl, 43% wfw Flat-sheet, PTFE, 0.45 um and 0.20 um (Sartorius Stedim, Germany); flat-sheet, 3 (PTFE 0.45 um); 2 (PTFE 0.2 um); [135]

a sieve <1 mm) 2270 PP, 0.10 um (Celgard, USA) 1 (PP 0.10 pm)

o PTFE, 0.20 um (PTFE 11807, Sartorius, Germany); PTFE, 0.45 um (PTFE 11806, Sartorius, ;
Red grape CaClp 50% wfw Germany); PTFE, 1.20 um (PTFE 11802, Sartorius, Germany) 6 [13e]
Orange potassium pyrophosphate capillary, PP (MD 020 CP 2N, Microdyn-Nadir, Wiesbaden, Germany) 0.3 [144]

solution 1291 g/L
Legend: PP, polypropylene; PTFE, polytetrafluoroethylene; PVDF, polyvinylidene fluoride; PEBA, polyether-block-amide; n.r. not reported.
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4.5. Osmotic Membrane Distillation

Evaporation fluxes in OD can be significantly improved through a combination of OD and MD
processes: the resulting process named as osmotic membrane distillation (OMD) results more effective
than MD and OD alone [152,153]. Onsekizoglu et al. [147] compared the performance of different
processes such as MD, OD, OMD and thermal evaporation in the concentration of clarified apple
juice. Phenolic compounds, organic acids and sugars resulted very stable against all concentration
processes, including thermal evaporation. Thermally evaporated samples showed the most significant
color loss in comparison with clarified juice; on the other hand, the colors of samples concentrated
by membrane-based processes were almost completely preserved, indicating the absence of Maillard
reactions, as confirmed by subsequent analysis of 5-hydroxymethylfurfural. The OMD operation
reduced significantly trans-2-hexenal losses resulting as the most promising alternative to conventional
thermal evaporation technique.

OMD was also used to concentrate red fruits juices such as chokeberry, redcurrant and cherry
up to 62-65 °Brix after a preliminary clarification by UF [154]. Juices were concentrated by using a
membrane module equipped with 34 PP tubular membranes (Microdyn-Nadir, Wiesbaden, Germany)
with a total effective internal area of 51 cm?; calcium chloride dehydrate 6M was used as stripping
solution while bulk temperatures of feed and osmotic sides were fixed at 35 and 22°C, respectively.
In these conditions, average evaporation fluxes for clarified chokeberry juice were of about 4 kg/m?h.
For all red fruit juices the TAA was very well preserved in spite of relatively long operation time due
to the low active membrane surface available. According to the experimental results the UF-OMD
sequence was suggested as an outstanding approach of treating fruit juices of prominent dietary value.

5. Recovery of Aroma Compounds

Today, there is an increasing demand for manufacturing of flavor and fragrance ingredients which
are involved within the food, cosmetic and pharmaceutical industries [155]. Flavors and fragrances
imply a wide range of chemical compounds, including several molecules such as short-chain n-alkanes
and alkenes, alcohols, aldehydes, ketones, esters, lactones, thiols and among other organic acids.
Specially, there is a particular interest towards terpenes, which are recognized as the most abundant
category of chemicals in nature, being responsible for primary odours in plants (flowers) and several
fruits [156]. Aroma compounds are employed with the manufacturing processes of several processed
foods (e.g., beverages, candies, dairy products), feedstocks, personal care, perfumes, and household
products [157,158]. However, to satisfy such a demand of aromas, industries are using aroma molecules
manufactured via chemical synthesis, which are a result of multiple reaction steps, requiring costly
chiral educts and catalysts. Importantly, based on increasing consumers” *’
big demand in replacing such chemically synthetized aromas with natural aromas [159]. In this way,
there are two possible ways to naturally produce the aromas: (i) biosynthetic production [160], and (ii)
conventional extraction from natural sources [161].

The conventional extraction is recognized as the most recommended way since aromas are
contained in several agro-food products, including vegetables, herbals, fruits, processed foods, and
their by-products. In general, the extraction can imply either chemical or physical separation techniques
considering distillation, supercritical fluid technique, adsorption, microwave-assisted process, solvent
extraction and membrane processes (e.g., pervaporation).

Regardless of all these techniques, there is an important issue to be considered since most of
the aromas present reactivity (e.g., radical or oxidative) and low stability (e.g., thermal degradation
and hydrolysis) when using either aqueous or solvent phases [162,163], producing limited recovery
efficiencies and yields. Therefore, the aroma recovery depends primarily on the stability of targeted
molecules. PV is currently a promising tool for the recovery of aroma compounds from fruit juices
since it does not use temperature or any additional phases to carry out the extraction. Moreover, the
lack of chemical agents in the extraction process contributes positively to the preservation of the flavor
and aroma compounds’ functional properties, minimizing the risk of possible contamination.

chemophobia”, there is a
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The potential of pervaporation for recovering aroma compounds has been clearly demonstrated
in the literature by a considerable amount of experimental work on laboratory scale. Almost 70
different components have already been tested and selectively recovered with the aid of this membrane
technique [164].

Bengtsson et al. [165] reported high extraction efficiencies of organic compounds, such as alcohols
(49-76%), trans-2-hexenal (63%) and esters (85-100%), from apple juice. The authors proposed the
use of an organophilic polydimethylsiloxane (PDMS) membrane, which exhibited considerably high
enrichment factors (from 44 up to 125) toward the organic molecules. Similarly, using similar PDMS
membranes, Baudot and Marin [166] recovered specific ester like ethyl acetate, achiving 3 values in
the range of 230-280.

Cassano et al. [167] extracted selectively aroma solutes from kiwifruit juice using a commercial
Pervap 1060 membrane (based on PDMS polymer). Such membrane had a preferential selective property
towards methyl butanoate (3 = 120) and ethyl butanoate (3 = 100). In addition, the commercial membrane
also exhibited a good separation (3 = 20-50) for 1-hexen-1-ol, (E)-2-hexen-1-0l, and 1-hexanol. Lately,
the extracted aromas were used to fulfil the organoleptic quality properties of a concentrated kiwifruit
juice. However, the successful recovery was due to right integrated membrane process developed by
the authors. Such a process comprised the implementation of a ultrafiltration step as a pre-clarification
of the kiwi juice and subsequently a osmotic distillation stage for the concentration of kiwi juice.

Rafia et al. [168] evaluated the recovery of characteristic aromas of lemon juice from using a
commercial hydrophobic poly(octylmethylsiloxane) (POMS) membrane. This organophilic membrane
revealed selective properties for cyclic terpenes, such as «-pinene, 3-pinene and limonene. Interestingly,
an increase in feed temperature promoted the increase of water permeation rate more significantly
than the aroma recovery rate, which resulted in a reduction of the recovery efficiency. According to the
applied operating temperature (between 25-60 °C), the activation energy for the aroma compounds
is lower than water. This analysis indicated that the permeation of aromas across POMS membrane
was less temperature dependent compared to water. In this context, it is likely that the commercial
membrane is suggested for the separation of these specific molecules (i.e., x-pinene, 3-pinene and
limonene) since lower temperatures minimize the thermal degradation of thermolabile substances.

Raisi and Aroujalian [169] separated organic aromas such as 3-methyl butanal, isopentyl butanal,
n-hexanol, isopentyl acetate, x—lonone from pomegranate juice by using composite membranes.
Especially, membranes based on PDMS-PVDEF-PP and POMS-PVDE-PP selective composite layers were
applied. The composites demonstrated total permeate fluxes between 0.300-0.350 kg/m?h. While the
most highly selective membrane was the POMS-based composite membrane, showing higher affinity
(B = 55) towards isopentyl butanal than the composite based on PDMS (p = 20).

One of the main sources of aroma compounds is definitely the coffee, which has been a target of
aromas extraction for their possible use in beverages. Coffee is likely the most known for its characteristic
scent notes associated to several molecules, including 2-methylbutanoic acid, 2-methylpropanal,
hexanal and (E)-2-nonenal. To the date, more than 65 different types of odorant molecules have been
identified in coffee [170]. Towards the extraction of its aromas, Weschenfelder et al. [171] recovered and
concentrated 2,3-butanedione and 2-5-dimethyl pyrazine molecules from an industrial coffee solution.
These compounds are recognized for their basic scent notes, e.g., creamy, buttery, sweet, milky and
nutty-like smells. The molecules were extracted using commercially available organophilic PDMS-based
Pervatech BV membrane which exhibited high selective properties towards 2-5-dimethyl pyrazine
and 2,3-butanedione, providing a (3 value between 42—45. The membranes also exhibited relatively
high organic permeate fluxes of ~0.432 kg/m?h. Comparing to other membrane-based technologies,
it is likely PV finds its main drawback in the low permeate rates. Nevertheless, a rise in operating
temperature tends to provoke an increase permeation flux in polymer membranes according to the free
volume theory [22], but a negative impact on the membrane separation efficiency could be expected.
It has been documented that operating temperature increase results in higher polymeric chain motions,
promoting an easier transport of larger molecules and consequently decrease the selective membrane
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properties [26]. This is because the free volume increase facilitates the diffusion transport of larger
molecules resulting in a loss in selectivity [22,172].

Finally, a current trend in aroma recovery also deals with the use of derivatives from fruit processing
industries as a new feedstock, in which the recovered aromas could be re-used in the preparation of
new foods and formulations. Bergamot peel oils have been examined as a feedstock for aroma recovery.
Figoli et al. [173] developed an enzyme-assisted process for the extraction of typical aroma molecules
of citric natural products, such as linalool, bergapten, linalyl acetate, and most relevantly, limonene;
a cyclic terpene which gives the main characteristic essence of bergamot fruits. The authors also
stated the successful extraction of linalool and linalyl acetate using PDMS-based polymer membranes
from bergamot by-product [174], in which the membranes displayed 3 value enhancements with
increasing temperature.

In a different approach, the concentration of natural aroma compounds (mainly pentan-1-ol, hexanal,
butyl acetate, heptan-1-ol) from different fruit juice hydrolates (such as plum, apple, blackcurrant and
cherry) has been proposed [175]. By performing the optimization, aromas in the permeates concentrated
approximately 11, 9, 57 times compared to their concentration in the feed solution for apple, cherry
and blackcurrant hydrolate, respectively. Very recently, Galiano et al. [176] performed the extraction
of limonene, linalool and linalyl acetate from the same bergamot by-product, however, for a better
extraction, the product was preliminary assisted by enzymatic treatment. Experimentally, at 25 °C, both
commercial membranes, like POMS-PEI and PDMS-1070, showed no significant differences in terms of
B values independently from the pre-treatment. However, the separation efficiency was higher when
enzymes were used (at 40 °C).

Recently, Podstawczyk et al. [177] presented an economic analysis of the production of concentrated
apple juice hydrolates through PV membranes. The investment costs for a continuous process (feed
flowrate of raw material of 1000 kg/h) resulted significantly smaller (€285 370.5) than operating costs
(€712 120.94). The unitary cost of the final product was estimated to be 9.43 €/kg; therefore, a product
price of 15.00 €/kg gave a margin of 37%. According to the economic analysis results, PV is a profitable
and feasible option for aroma recovery from fruit hydrolates. Typical aroma compounds recovered by
PV from fruit juices are summarized in Table 6.
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Table 6. Recovery of aromas and fruit juice processing via PV technology.

. . . Operating Permeate Flux Enrichment Factor
Aromas Original Source Membrane Material Conditions (kg/m?h) ) Reference
Ethyl acetate . 0.077 124
Ethyl butanoate Tropical fruit juice Eo;r;zne}ll‘(c)lbailcl)ervap 1070, 25 °C, 3.9 mbar 0.077 410 [178]
Ethyl hexanoate ydrop 0.055 213
Methyl butyrate Commercial Pervap 1070, 0.25 90
trawb . °
Ethyl butyrate Strawberry hydrophobic 50°C, 4 mbar 0.15 55 [179]
Methyl butanoate e e . 120
1-hexen-1-ol iliacrelﬁed Kiwifruit Eoggn‘igﬁlfewap 1060, 59 °¢, 5 mbar 0.13 20 [167]
(E)-2-hexen-1-o0l J ydrop 20
(E)-2-hexenal 70
(E)-2-hexen-1-ol e SBS composite, o 55
L-octen-2-ol Kiwifruit juice hydrophobic 20 °C, 5 mbar 0.001 0 [180]
1-hexanol 80
Ethyl acetate 0.0001 11
E;le;fallltyrate Orange juice PDMS, hydrophobic 50 °C, 1 mbar 88881 2 [181]
Limonene 0.0035 12
Linalool . . Commercial Pervap 1070, o 0.20 28
Linalyl acetate Bergamot essential oil hydrophobic 40°C, T mbar 0.25 55 [174]
3-methyl butanal 0.140 23
Isopentyl acetate P te iui PDMS. hvdrophobi o 0.200 21
n-Hexanol omegranate juice S, hydrophobic 30 °C, 0 mbar 0.050 19 [182]
a-lonone 0.040 9
3-methyl butanal 0.0005 15
Isopentyl acetate 0.0005 16
n-Hexanol 0.0004 15
«-Tonone Pomegranate juice PDMS, hydrophobic 30 °C, 0 mbar 0.0002 6 [169]
Isobutanol 2.5
Isoamyl alcohol 3.0

Ethyl acetate 8.2
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. . . Operating Permeate Flux Enrichment Factor
Aromas Original Source Membrane Material Conditions (kg/m?h) ) Reference

«-Pinene POMS 0.0004 22
-Pinene Lemon Juice hvdro ’hobic Jorganophilic 30 °C, 0 mbar 0.0003 18 [168]
Limonene yarop ganop 0.0009 16
Isoamyl alcohol . 0.0002 75
Methyl 2-methylbutanoate Pineapple juice g:sgeecrﬁlgl\})?\gio hobic 50 °C, sweeping-gas 0.002 80 [183]
Methy! hexanoate - ydrop 0.0002 25
2,3-butanedione 45
2,3-pentanedione Commercial PDMS 7
3-methylbutanal Soluble coffee extract ~ Pervatech BV, 20 °C, 2.5 mbar 0.432 8 [171]
Benzaldehyde hydrophobic/organophilic 4
Acetaldehyde 5
]fe;nzaldei\yde lalcohol Commercial PDMS

-hexanol1soamylalcono Grape must Pervatech BV, 16 °C, 60 mbar 0.100 1-2 [184]
hexanal benzylalcohol h . o

ydrophobic/organophilic

2-phenylethanol
Pentan-1-ol, Plum, apple 5800
Hexanal blackcurrant and Commercial Perva.p ECO 60 °C, 3000 mbar 0.008 3678 [175]
Butyl acetate cherrv hvdrolvsates  CC1BP hydrophobic 8602
Heptan-1-ol Yy 1131
Linalyl acetate Bergamot peel oil PDMS-1070, hydrophobic 40 °C, 3 mbar 1.100 45 [176]

Legend: PDMS, polydimethylsiloxane; POMS, poly(octylmethylsiloxane).
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6. Conclusions

Membrane-based operations have proven to be attractive alternatives to the conventional
clarification and concentration methodologies of fruit juices from both economic and qualitative
point of view. In particular, MF and UF operations allow to substitute the fining step of the traditional
step with significant advantages in terms of low energy requirements and costs, reduction of thermal
damage, simpler process design, reduction of waste products and enzymes, increased juice yield, easy
cleaning and maintenance of the equipment. RO, MD and OD represent useful alternatives to the use
of thermal evaporation in fruit juice concentration. By applying RO concentration levels of 20-25 °Brix
can be achieved with energy saving of 60-75% compared to direct evaporation. Highest concentration
levels (up to 65-70 °Brix) can be achieved by MD and OD operating at low temperature and pressure,
thereby maintaining original organoleptic and sensorial characteristics of the fresh juice. Finally,
the pervaporative recovery or concentration of aroma compounds from fruit juices is a promising
alternative to the conventional use of distillation, partial condensation and their combination.

Well-developed process engineering, including pre-treatment, selection of appropriate membrane
modules and membrane materials, optimization of operating and fluid-dynamic conditions appear as
key factors to overcome intrinsic limitations related to fouling and short lifespan of the membranes.
Further developments are expected in this area through the combination of conventional processes
with membrane technology as well as the development of integrated membrane systems as clearly
demonstrated by several applications on laboratory and semi-industrial scale.
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