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Abstract: Nanofiltration and reverse osmosis are used in the concentration of grape musts in wine-
making. Both technologies offer an effective way to concentrate the grape musts, reducing the
volume and the solids content to achieve desired characteristics in the final wine. The choice be-
tween nanofiltration and reverse osmosis depends on the specific needs of the winemaker and the
desired characteristics. It is important to carefully consider the properties of the grape musts and
the performance of the selected membranes to optimize the concentration process and ensure the
desired outcome. Herein, we present a novel approach that allows us to choose a suitable mem-
brane for an optimal industrial process for the concentration of musts, both in reverse osmosis and
nanofiltration. The proposed method consists of combining the fitting equations of laboratory results
with the balance equations on the industrial plant. Specifically, a full-scale plant has been designed
and assembled with which grape musts of Trebbiano, Verdeca, Black Bombino, and White Bombino
varieties have been concentrated through the selected best-performing membranes. Results of the
proposed approach show that grape musts with sugar content commercially appreciated when the
membranes work at high pressure can be obtained.

Keywords: fouling membrane; nanofiltration; reverse osmosis; sugars

1. Introduction

When the atmospheric conditions do not allow a perfect ripening of the grapes, the re-
sulting musts have low sugar content, making a table wine of inferior quality and insufficient
alcohol content to meet legal requirements (Regulation (EU) 2019/33). Since alcohol gives a
direct sensory perception of sweetness, bitterness, and a certain heat perception, increasing
ethanol is a common practice in many wine regions worldwide, especially in Europe, where
the traditional practice is to add sucrose [1]. In addition, concentrated grape must or rectified
grape must concentrate can be used to enhance the alcohol content [2]. A very attractive
alternative method to increase the alcohol content is to concentrate the must by partly
extracting water. Such water extraction is usually performed by nanofiltration (NF) [3] or
reverse osmosis (RO) [4] membranes. Unfortunately, due to the high volumes pumped
and high viscosity of musts, membrane fouling severely limits the lifetime and accuracy
of the process [5,6]. As a result, there has been considerable research in recent years into
the factors that connect membrane operation to the final product quality [7–9]. Tests for the
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amelioration of must, carried out on a pilot plant with RO membranes, suggest that at fixed
transmembrane pressure (60 bar), the membrane performance is a function of the feed flow
rate [10]. Measurements concentration by RO filtration of different musts on an industrial
plant showed that it could be used without altering the sensory properties of the wine [2].
Furthermore, an integrated ultrafiltration/reverse osmosis system was also investigated
for the bilge water treatment [11]. In order to determine the membrane to use for sugar
enrichment of some Italian grape juices, a mini-plant with NF or RO membranes was set up.
The study revealed that the key parameter for having a quality wine is the transmembrane
pressure [12]. Although many studies, both on the membrane fouling mechanism [1,7,8,13],
and the sugar enrichment of musts [14], have been undertaken, the underlying physical and
chemical phenomena involved in the control are not fully understood. This can be attributed
to the complexity of the membrane-filtration mechanisms. For instance, in applications
involving polysaccharides or proteins, the membrane is decoupled from the substrate using
a biocompatible lipid bilayer [15,16]. More importantly, developing strategies to control
fouling need to be investigated in order to guarantee the long-term operation of the system.
Herein we present research concerning the sugar enrichment of Black Bombino, White
Bombino, Verdeca, and Trebbiano musts by means of several NF and RO membranes. Black
Bombino, also known as Bombino Nero, is a black grape variety that is also grown in
Southern Italy. It tends to have a higher sugar content than White Bombino and is known
for producing wines with soft tannins and a fruity character. White Bombino, also known as
Bombino Bianco, is a white grape variety that is primarily grown in Southern Italy, particu-
larly in the Puglia region. It typically has a low to moderate sugar content and is known for
its high acidity. Verdeca is a white grape variety that is primarily grown in the Puglia region
of southern Italy. Verdeca must refers to the freshly pressed juice of the Verdeca grapes,
which is the first step in the winemaking process. Trebbiano is a white grape variety that
is widely used in winemaking, particularly in Italy. Trebbiano must refers to the freshly
pressed juice of the Trebbiano grapes, which is the first step in the winemaking process.
The aim of the article is to show how the experimental results can be conveniently used,
on completely different types of musts, to derive the parameters of a suitable fouling model.
Furthermore, the parameters combined with the balance equations of the industrial process
provide data for the optimal design of the plant and inform the choice of the most suitable
membrane for the particular must concentration process. In short, the proposed operational
approach provides a useful tool for assembling an oenological plant to produce a wine with
the desired qualities, regardless [17,18] of the type of must.

2. Material and Methods
2.1. Materials

Experiments were carried out with grape musts from the 2020 vintage. Three different
grape musts, Black Bombino, Verdeca, White Bombino, and Trebbiano, from the Italian
region of Apulia were obtained by “Antica Cantina” (S. Severo Figgia, Italy). Fourier-
transform infrared spectroscopy (FTIR) was used according to OIV/OENO Resolution
390/2010 (International Organization of Vine and Wine, 2010) using FOSS WineScan FT 120
FT-MIR (FOSS, Padua, Italy) to determine sugar content (◦Bx), dry extract (gdm−3), density
(kgm−3), and potential alcohol gradation (vol %). All tests were in triplicate. The main
chemical-physical characteristics of the musts investigated are collected in Table 1.

Table 1. Main chemical-physical characteristic of musts used in tests (data expressed as means of
three replicates ± standard deviation).

Musts
Density
kgm−3

Sugars
◦Bx

Dry Extract
gL−1

Black Bombino (lab. and industrial tests) 1088 ± 1 18.9 ± 0.1 181 ± 3
Verdeca (lab. and industrial tests) 1079 ± 1 19.7 ± 0.1 191 ± 2

Trebbiano (industrial tests) 1062 ± 1 15.8 ± 0.1 159 ± 4
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2.2. Membrane Lab-Scale Plants

To determine the characteristics of the membranes, three laboratory-scale plants were
set up by ITEST s.r.l. (Corato, Italy) at the Antica Cantina winery in S. Severo Foggia, Italy,
during the 2020 vintage. All the plants operated in batches with a 100 L tank loaded with
Apulian grape musts, i.e., Verdeca and Black Bombino, and the temperature was kept at
25 ◦C with a spiral heat exchanger.

Pretretment

A plant loaded with a ceramic membrane (TAMI) and operating at 1.5 bar was
used for pretreating musts in order to reduce the concentration of coarse solids and the
bacterial load.

Nanofiltration membranes

A portion of the prefiltered musts was fed to the lab-scale plant fitted with NF mem-
branes. Four commercial NF membranes were investigated, i.e., DK4040F1020 (NF1),
VINOPRO4040C30D (Osmonics) (NF2), TFC-S4(Koch) (NF3), and NF2704040 (Filmtech)
(NF4), all operating at 40 bar. For each membrane, three tests were carried out.

Reverse osmosis membranes

Another portion of the prefiltered musts was fed to a lab-scale plant operating with
reverse osmosis (RO) membranes.

Industrial-scale plant fitted with NF or RO membranes

Based on the laboratory results, a plant with recirculating batch-flow for the treatment
of 8000 L of must was designed according to the flowchart of Figure 1.

Figure 1. Flowchart of the industrial scale plant to concentrate musts with either NF or RO membranes.

Table 2 collects the operating parameters of the plant.

Table 2. Main technical characteristics of the designed industrial plant.

Permeate Diameter Pipes
Dp (cm)

Retentate Diameter Pipes
Dc

Features Centrifugal Pump Features Volumetric Pump
Total Membrane Area

m2

1.74 3
Flow: Qr up to 520 Lmin−1

Pressure: Pmax= 3.0 bar
Power: W = 3.0 kW

Flow: Qr up to 42 Lmin−1

Pressure: Pmax = 150 bar
Power: W = 11 kW

55
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2.3. Fouling Mechanisms

According to Hermans and Bredée the constant-pressure filtration process can be
described by the differential equation [7]:

d2t
dV2

P
= k

(
dt

dVP

)n

(1)

where dt/dVP = 1/V̇P is the resistance of the membrane, VP is the permeate volume at
time t, n defines the mode of filtration occurring, and k acts as an empirical constant, which,
for a particular mode of filtration, depends on the system, the filter medium and conditions
of filtration. This equation states that the rate of change of membrane resistance depends
on the mode of filtration.

The general solution of Equation (1) is found to be

V̇P = V̇P0

(
1 + (2− n)

t
τs

) 1
2−n

(2)

with
1
τn

= kV̇2−n
P0 (3)

where V̇P0 is the initial volume flow rates and τn is a mean lifetime of the filtration process [19].
Integration of Equation (2) results in

VP = V̇P0τn

[
1−

(
1− (n− 2)

t
τ

) n−1
n−2
]

(4)

Generally speaking Equation (1) is suitable for describing any filtration process, on as-
sumption of separate physical mechanisms of pore plugging. Indeed, n = 0 describes the
cake mode filtration, n = 1 the intermediate blocking mode, n = 1.5 the standard blocking
mode, and n = 2 the complete blocking mode of filtration. Furthermore, we notice that
the parameter τn depends both on the operating conditions of the membrane via V̇P0 and
on the system via k. Interestingly, for n = 2, τ2 = 1/k becomes independent of the initial
conditions, and the flow rate assumes an exponential form

V̇P = V̇P0e−
t

τ2 (5)

A further integration of Equation (5), with the initial condition VP(0) = 0, gives

VP(t) = V̇P0τ2

(
1− e

−t
τ2

)
(6)

However, it must be pointed out that when the hypothesis of independence of the physical
processes fails, the above models are no longer suitable for describing the membrane
filtration process. Therefore, Ho and Zydney developed a model for dead-end filtration
combining cake filtration modes of fouling [7]. They showed that the open and blocked
pores of a membrane offer different resistances to flow, accordingly the total flow through
the membrane is the sum of two contributions, i.e.,

V̇P = V̇P0

[
e−

t
τm +

Rm

Rm + RP

(
1− e−

t
τm

)]
(7)

where τm is the lifetime of the open pore membrane, and Rp is the resistence from
cake formation.
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2.4. Industrial Plant Modeling

The flow chart of the industrial plant used to concentrate the musts is shown in
Figure 1. The continuity equation applied to the overall process is given by

dVT
dt

= −V̇P (8)

where VT is the tank volume and V̇P is the volume flow rate of the permeate.
The solution of this differential equation for which VT(0) = VT0 and VP(0) = 0 is

VT(t) = VT0 −VP(t) (9)

Similarly, a overall material balance provides

dVTCT
dt

= −V̇PCP (10)

where CT and CP are the must concentration in the tank and permeate, respectively.
Making use of the continuity equation (Equation (8)), Equation (10) can be rewritten as

d ln VT
dt

=
1

CT − CP

dCT
dt

(11)

Equation (11) gives the desired result derived from rigorous balance relations. To proceed
further, it is necessary to make assumptions concerning the CT dependence of the permeate
concentration. We assume, in agreement with the experimental evidence, that CP is an
analytical function of CT . Thus, we can write

CP = CP0 + α1(CT − CT0) +
∞

∑
k=2

αk(CT − CT0)
k (12)

where

αi =

(
diCP

dCi
T

)
CT=CT0

(13)

are constants. Now, we define the permeate concentration at CT = 0 as

C0
P = CP0 − α1CT0 +

∞

∑
k=2

(−1)kαkCk
T0 (14)

Equation (12) establishes a functional relationship between CP and CT which makes
Equation (11) integrable.

The evaluation of the integral of Equation (11) according to the assumption αk = 0 for
k ≥ 2 yields

(α1 − 1)CT(t) = [C0
P + (α1 − 1)CT0]

(
VT(t)
VT0

)(α1−1)

(15)

This equation can be rearranged into a more computationally friendly form

CT
CT0

= 1− γ

[
1−

(
1− VP

VT0

)1−α1]
for α1 6= 1 (16)

where
γ =

1− p
1− α1

, p = C0
P/CT0 (17)
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We note that for α1 = 1, Equation (8) becomes

CP − CT = CP0 − CT0 = constant (18)

Therefore, Equation (11) can be integrated directly to give

CT
CT0

= 1 + (p− 1) ln
(

1− VP
VT0

)
(19)

Equation (16) (or Equation (19)) is the result of a plant’s overall balance, which expresses
the tank concentration as a function of the permeate volume. However, membrane perfor-
mances are more commonly monitored by measuring the tank concentration as a function
of time. This can be done provided that the fouling mechanism of the membrane is known.
A general expression for CT(t), valid for any fouling mechanism, is obtained by introducing
Equation (2) into Equation (16).

Here, we explicitly consider the complete blocking mechanism (n = 2). Then substitu-
tion of Equation (5) into Equation (16) yields

CT
CT0

= 1− γ

[
1−

[
1− V̇P0τ2

VT0

(
1− e−

t
τ2

)]1−α1]
(20)

Finally, in order to relate the measured concentration to the transmembrane pressure drop,
we assume that Darcy’s law is initially valid, i.e.

V̇P0 = AKP(−∆P0) (21)

where A is the surface developed by the membrane, KP is an empirical constant that takes
into account the membrane permeability, and ∆P0 is the pressure drop initially present on
the sides of the membrane. Equations (20) and (21) state that the higher the pressure drop,
the greater the tank concentration, which will be reached much faster.

3. Results and Discussion
3.1. Test Selection of Membranes
3.1.1. Nanofiltration

The nanofiltration experiments were focused on testing of filtration properties of four
different membranes. Since the performance of a membrane also depends on the initial
flow conditions, the experimental results of V̇P(t) were normalized to their initial value.
In order to establish the filtration mode, experimental values were fitted to Equation (8) for
n = 0, 1, 1.5, and 2. Using the Levenberg–Marquardt nonlinear least squares procedure for
each n-value, the root mean squared error (RMSE) of the observed compared to the predict
was computed [20]. The n-value corresponding to the smallest RMSE is considered to be
the filtration mode.

Nanofiltration results of Bombino and Verdeca musts, by NF1, NF2, NF3, and NF4
membranes, are displayed in Figures 2 and 3 where the quantity V̇P/V̇P0 is plotted versus
the filtration time. It is remarkable that the best-fit results of all investigated membranes
exhibit a minimum RMSE for n = 2; namely, the membranes exhibit a complete blocking
mechanism controlling fouling. Accordingly, the τ2-value extracted from experimental data
is independent of the initial flow, but it is an intrinsic feature of membranes.
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Figure 2. Nanofiltration laboratory test on Black Bombino must. (a) Normalized flow rates in
operation of membrane operation time. (b) Lifetime of the single membranes, obtained from the
best-fit of the experimental results.

Figure 3. Nanofiltration laboratory test on Verdeca must. (a) Normalized flow rates in the operation
of membrane operation time. (b) Lifetime of the single membranes, obtained from the best-fit of the
experimental results.
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As one can see in Figure 2a, for Bombino must, the NF2, NF3, and NF4 membranes
show almost equal lifetimes (15 h average time), while the lifetime of NF1 is significantly
shorter (3.8 h). This aspect is highlighted in the bar plot of Figure 2b, where the experimental
values of the single membranes and the relative fitting error can be found. For the Verdeca
must (Figure 3a), the experimental results seem to highlight a situation almost similar to
Bombino, although here the lifetimes of the individual membranes appear to be different
from each other. Once again, the NF1 membrane shows a significantly shorter lifetime
(5.8 h) than the other membranes. Figure 3b shows that the operating times of the individual
membranes with the Verdeca must are conspicuously different from each other. All must
samples were filtered under the same operating conditions; it follows that the experimental
results displayed in Figures 2 and 3 are to be attributed to the different surface properties of
the membranes used for the separation. Indeed, from the technical sheets of each membrane
supplied by the manufacturers, one obtains that the NF1 membrane develops a surface of
9.1 m2 while all the other NF membranes exhibit 7.4 m2. On the other hand, the surface
developed by the membrane determines the amount of material that can pass through the
membrane in a given time interval [21]. The greater the developed surface, the greater the
amount of material that can be separated in a given time interval. Thus, the membrane
with the larger surface area will allow the same amount of material to be processed in less
time than the membrane with a smaller developed surface area. Furthermore, the Black
Bombino has a higher content of polyphenols and anthocyanins compared to the Verdeca
must, which gives it a higher viscosity and increases the filtration time [22].

3.1.2. Reverse Osmosis

The method of calculation outlined above is employed here to evaluate the perfor-
mance of RO membranes used to concentrate Bombino and Verdeca musts. It reveals that
the investigated membranes can be divided into two groupings. The first, consisting of
membranes RO4 and RO5, includes those membranes for which the experimental data
V̇P can be interpreted by means of Equation (2). Furthermore, for all the cases analyzed,
the best-fit of the experimental results is achieved, once again, for n = 2 (complete blockage
fouling mechanism). Interestingly, for these membranes, regardless of whether they work
on Bombino or Verdeca must, the same average lifetime of 357± 50 min is recorded. The
second group, formed by the membranes RO1, RO2, and RO3, collects the membranes
whose flow properties cannot be described by Equation (2). In other words, for these
membranes, the fouling process takes place through mutually dependent mechanisms.
It is remarkable that experimental curves V̇p vs. t are well-fitted to Equation (7), as it
can be clearly seen in Figure 4. The membranes, although subject to the same fouling
mechanism, exhibit different lifetimes. Indeed, the τm value of the membranes working
with Bombino is significantly lower than with Verdeca. The fitting parameters, i.e., τm and
R̄ = Rm/(Rm + Rp), are collected in Table 3.

Table 3. Fitting parameters for RO membranes.

Bombino Verdeca

Membrane τm R̄ τm R̄

RO1 42 ± 20 0.41 ± 0.06 97 ± 41 0.34 ± 0.08
RO2 116 ± 93 0.30 ± 0.2 44 ± 30 0.46 ± 0.07
RO3 109 ± 61 0.48 ± 0.09 194 ± 113 0.31 ± 0.2

It immediately catches the eye that the R̄ parameter is always close to 0.4. This means
that only 40% of the resistance to flow can be attributed to the membrane pores, while
most can be attributed to the cake formation. This is because membrane filtration fouling
is a complex process dependent on the internal morphology of the membrane and on the
diffusion of particles in the pores [23].
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Figure 4. Reverse osmosis laboratory test. The fitting curves show that, for the membranes reported
in the plot, the fouling mechanism is the superimposition of different effects. (a) Normalized flow
rates for Black Bombino must. (b) Normalized flow rates for Verdeca must.

3.2. Test Results on the Industrial Plants

Solids suspended in the mixture(cake) to be filtered block the membrane pore in a
very short time. The continuous iteration of the process results in the blinding of the filter
medium, thus limiting the membrane useful life.

Accordingly, for the industrial treatment of must concentration NF2 and NF4 mem-
branes were employed for nanofiltration and RO4 and RO5 for Reverse Osmosis. These
membranes were chosen because laboratory tests had shown that for 12 hours of con-
tinuous operation, the flow is reduced to 37% of its initial value (see Figure 2). Results
collected in Tables 4 and 5 show how sugar content, dry extract, and alcohol potential
reach commercially optimal values in both reverse osmosis and nanofiltration processes
when the membranes operate under higher pressure, i.e., 60–70 bar for RO membranes
and 30–40 bar for NF membranes. Since the selected membranes exhibited a complete
block fouling mechanism during laboratory tests, Equation (20) was used to estimate the
sugar concentration in the tank. The correlation plot of Figure 5, where CP calculated by
Equation (20) is plotted versus experimental CP, is linear with R2 = 0.90. We note that
experimental results provide α1 = 0.013. This implies that, within the experimental error,
Equation (20) can be reduced. Indeed, for α1 → 0 Equation (20) is transformed into

CT
CT0

= 1− (1− p)
V̇P0τ2

VT0

(
1− e−

t
τ2

)
(22)

For relatively short times this equation can be further simplified to give

CT
CT0

= 1− (1− p)
AKP(−∆P0)

VT0
t (23)

where Equation (21) has been used.
In this form, one easily recognizes that CT is, the greater the more the membrane works

at a higher pressure. Inspection of Tables 4 and 5 reveals that this has occurred, indeed for
all the investigated musts, both processed with RO and with NF, an increase in operating
pressure produces an increase in sugar content, dry extract, and alcohol potential.
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Table 4. Physicochemical features of the concentrate at different operating concentrations during
industrial reverse osmosis tests on Black Bombino and Verdeca musts (data expressed as the average
of three replicates).

Black Bombino Verdeca

Membrane ∆P
(bar)

Density
(kgL−1)

Sugars
(g/100 g)

DryExtract
(gL−1)

Density
(kgL−1)

Sugars
(g/100 g)

DryExtract
(gL−1)

RO4

40 1.085 ± 0.001 19.5 ± 0.1 187 ± 3 1.089 ± 0.001 21.0 ± 0.2 208 ± 2
50 1.086 ± 0.001 20.0 ± 0.1 191 ± 1 1.089 ± 0.001 20.6 ± 0.1 208 ± 1
60 1.087 ± 0.001 20.0 ± 0.2 195 ± 1 1.090 ± 0.001 21.0 ± 0.2 211 ± 3
70 1.088 ± 0.001 20.2 ± 0.1 198 ± 2 1.091 ± 0.001 21.2 ± 0.2 215 ± 1

RO5

40 1.085 ± 0.001 19.5 ± 0.3 190 ± 2 1.088 ± 0.001 20.6 ± 0.2 205 ± 2
50 1.087 ± 0.001 20.0 ± 0.1 194 ± 1 1.090 ± 0.001 21.0 ± 0.2 210 ± 3
60 1.089 ± 0.001 20.0 ± 0.3 200 ± 2 1.092 ± 0.001 21.3 ± 0.1 218 ± 4
70 1.091 ± 0.001 20.8 ± 0.1 201 ± 2 1.093 ± 0.001 21.8 ± 0.2 220 ± 2

White Bombino Trebbiano

RO4

40 1.078 ± 0.001 17.6 ± 0.2 179 ± 1 1.076 ± 0.001 17.4 ± 0.1 169 ± 2
50 1.080 ± 0.001 18.4 ± 0.3 181 ± 4 1.077 ± 0.001 17.9 ± 0.2 176 ± 4
60 1.080 ± 0.001 18.7 ± 0.2 182 ± 4 1.079 ± 0.001 18.3 ± 0.3 176 ± 2
70 1.086 ± 0.001 18.2 ± 0.1 183 ± 3 1.080 ± 0.001 18.3 ± 0.1 176 ± 6

RO5

40 1.079 ± 0.001 18.0 ± 0.2 178 ± 3 1.076 ± 0.001 17.9 ± 0.2 169 ± 2
50 1.083 ± 0.001 19.0 ± 0.2 189 ± 3 1.079 ± 0.001 18.0 ± 0.3 176 ± 4
60 1.085 ± 0.001 19.5 ± 0.1 192 ± 3 1.082 ± 0.001 19.5 ± 0.3 176 ± 2
70 1.086 ± 0.001 19.8 ± 0.3 194 ± 4 1.084 ± 0.001 20.3 ± 0.1 183 ± 1

Table 5. Physicochemical features of the concentrate at different operating concentrations during
industrial nanofiltration tests on Black Bombino and Verdeca musts (data expressed as the average of
three replicates).

Black Bombino Verdeca

Membrane ∆P
(bar)

Density
(kgL−1)

Sugars
(g/100 g)

DryExtract
(gL−1)

Density
(kgL−1)

Sugars
(g/100 g)

DryExtract
(gL−1)

NF2

25 1.088 ± 0.001 20.2 ± 0.1 194 ± 2 1.092 ± 0.001 21.2 ± 0.1 217 ± 5
30 1.089 ± 0.001 20.2 ± 0.3 196 ± 6 1.092 ± 0.001 21.2 ± 0.2 217 ± 3
35 1.090 ± 0.001 20.4 ± 0.1 199 ± 5 1.092 ± 0.001 21.4 ± 0.2 217 ± 3
40 1.091 ± 0.001 20.5 ± 0.2 200 ± 3 1.093 ± 0.001 21.8 ± 0.3 220 ± 2

NF4

25 1.089 ± 0.001 20.4 ± 0.2 198 ± 4 1.092 ± 0.001 21.4 ± 0.1 215 ± 4
30 1.090 ± 0.001 20.8 ± 0.1 199 ± 3 1.095 ± 0.001 22.0 ± 0.1 219 ± 3
35 1.092 ± 0.001 21.0 ± 0.2 205 ± 2 1.097 ± 0.001 22.2 ± 0.1 222 ± 6
40 1.092 ± 0.001 21.0 ± 0.1 205 ± 2 1.099 ± 0.001 22.5 ± 0.1 229 ± 2

White Bombino Trebbiano

NF2

25 1.074 ± 0.001 17.2 ± 0.2 163 ± 1 1.073 ± 0.001 17.0 ± 0.2 157 ± 4
30 1.075 ± 0.001 17.4 ± 0.2 166 ± 2 1.074 ± 0.001 17.0 ± 0.3 160 ± 2
35 1.076 ± 0.001 17.8 ± 0.1 169 ± 3 1.076 ± 0.001 17.4 ± 0.2 166 ± 3
40 1.077 ± 0.001 18.0 ± 0.2 172 ± 4 1.077 ± 0.001 18.0 ± 0.1 166 ± 4

NF4

25 1.079 ± 0.001 18.0 ± 0.2 178 ± 3 1.078 ± 0.001 18.0 ± 0.3 173 ± 1
30 1.082 ± 0.001 19.0 ± 0.3 191 ± 6 1.084 ± 0.001 19.0 ± 0.2 188 ± 4
35 1.085 ± 0.001 19.5 ± 0.2 195 ± 2 1.087 ± 0.001 20.0 ± 0.3 197 ± 3
40 1.088 ± 0.001 20.0 ± 0.2 203 ± 2 1.087 ± 0.001 20.0 ± 0.3 197 ± 4

Comparing Black Bombino and Verdeca results obtained by RO membranes working
at 70 bar, it is immediately recognized that RO5 membrane produces significantly higher
values, compared to other RO membranes operating at the same pressure, although the
alcohol potential increases slightly. Making a similar comparison between values obtained
by NF membranes, one finds that the best results are reached with the NF4 membrane.
Thus, for Black Bombino and Verdeca musts, which are very loaded with dispersed solids,
filmtech membranes provide commercially more attractive results. Furthermore, the plant
was used to treat musts less rich in solids such as White Bombino and Trebbiano. As one
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can see from Tables 4 and 5 the filmtech membranes provide higher values of sugar
concentration, dry extract, and alcoholic potential.

In order to monitor the functioning of the membranes, the concentration of sugars in
the permeate was also monitored. Results in Table 6 show that filmtech membranes, when
working at higher pressure, release higher quantities of sugar, both in reverse osmosis and
nanofiltration. Their retention coefficient is independent of the initial conditions and is 62%
for filmtech membranes and 30.8% for osmonics membranes.

Figure 5. The correlation plot, between CP calculated by Equation (20) and experimental CP

(R2 = 0.90), for all filtration measurements, regardless of the process used.

Table 6. Comparison, among all the investigated musts, of the sugar concentration (g/100 g) in
the permeate recorded during the industrial tests, both in reverse osmosis and nanofiltration (data
expressed as the average of three replicates).

Membrane ∆P
(bar) Black Bombino Verdeca White Bombino Trebbiano

NF2

25 15.8 ± 0.4 16.8 ± 0.2 12.7 ± 0.2 13.2 ± 0.3
30 15.0 ± 0.3 16.8 ± 0.1 12.4 ± 0.1 12.6 ± 0.2
35 14.0 ± 0.2 16.5 ± 0.2 12.0 ± 0.2 12.4 ± 0.3
40 13.4 ± 0.2 16.6 ± 0.1 13.0 ± 0.1 11.4 ± 0.2

NF4

25 9.4 ± 0.2 12.4 ± 0.3 8.2 ± 0.3 8.2 ± 0.3
30 8.4 ± 0.3 10.8 ± 0.2 7.5 ± 0.2 7.8 ± 0.2
35 8.0 ± 0.2 10.4 ± 0.1 7.2 ± 0.3 7.4 ± 0.1
40 7.2 ± 0.2 10.2 ± 0.1 6.8 ± 0.1 7.4 ± 0.2

RO4

40 5.0 ± 0.2 17.2 ± 0.2 163 ± 1 5.6 ± 0.3
50 3.8 ± 0.2 17.4 ± 0.2 166 ± 2 2.4 ± 0.2
60 1.2 ± 0.1 17.8 ± 0.1 169 ± 3 1.4 ± 0.2
70 1.0 ± 0.1 18.0 ± 0.2 172 ± 4 1.2 ± 0.1

RO5

40 1.079 ± 0.001 18.0 ± 0.2 178 ± 3 0.4 ± 0.1
50 1.082 ± 0.001 19.0 ± 0.3 191 ± 6 04 ± 0.1
60 1.085 ± 0.001 19.5 ± 0.2 195 ± 2 0.2 ± 0.1
70 1.088 ± 0.001 20.0 ± 0.2 203 ± 2 0.2 ± 0.1
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4. Conclusions

Grape must is the juice obtained by crushing grapes and contains water, sugars, acids,
and other organic and inorganic compounds. Concentrating grape must can be beneficial
for several reasons, including adjusting the sugar levels to achieve desired alcohol content
in wine, reducing transportation costs by removing excess water, and improving the
efficiency of fermentation. Nanofiltration and reverse osmosis are both membrane-based
separation technologies that can be used to concentrate grape musts. Both technologies
are capable of removing water and concentrating the remaining solutes in grape must.
Overall, the choice of membrane technology will depend on the specific goals of the
concentration process and the desired characteristics of the final product. In this paper,
we have shown how this aim may be achieved by combining the equations fitting the
laboratory experimental results with an appropriate overall balance model on an industrial
plant. In particular, the proposed approach was tested on different musts such as Trebbiano,
Verdeca, Black Bombino, and White Bombino. Must treatment by nanofiltration leads to
more sugar in the permeate, compared to treatment by reverse osmosis. Furthermore,
nanofiltration membranes have the highest flows, both in terms of initial values and
operating values, and are less influenced by the fouling phenomenon. This is visible in
reverse osmosis membranes, especially in initial phases, even if 100% clogging of the
membrane does not occur. Industrial trials confirm that musts treated with the chosen
membranes were more concentrated and had very high retention coefficients of sugars
when higher transmembrane pressures were used, requiring identical treatment times
in both nanofiltration and reverse osmosis processes. This shows how there can be certain
membrane characteristics that make them particularly appropriate for treatment with
nanofiltration and reverse osmosis on musts, allowing for suitable flows for at least ten
hours. This is also assessed by the fact that all the membranes chosen for industrial tests
follow the standard model, particularly suitable when fouling occurs slowly.

The alcohol content of the concentrated musts obtained does not exceed 13%. There-
fore, we can propose to apply nanofiltration first and reverse osmosis on the nanofiltration
permeate, considering the greater release of sugars in the NF permeate and the higher flows
obtained with NF. This allows appropriate evaluation of how to manage the concentrates,
especially in wineries characterized by low quantity and high-quality productions. In con-
clusion, the discussed results indicate that NF membranes produce lower concentrations of
sugars than RO membranes, but they work with a stable flow during the whole filtration
process. A combination of both technologies may be used to achieve the desired concentra-
tion and quality. For the musts analyzed, a nanofiltration with NF1 and then a membrane
filtration with RO1 could be proposed to obtain the high-quality product.
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