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1. Introduction.

Membrane technology has been increasingly used in the beverage
industry. For example, it is considered as an alternative concentration method
of grape must M This plays an important role in the beverage and wine industry
since it contributes to the preservation of must and the concentrate is a natural

sweetener in wine production, and a vitamin- and aroma-rich drink.

If the molecular weight of sugars in must is taken into account,
nanofiltration, NF, is the membrane process to be chosen to retain them. It has
been successfully used to increase the sugar content of grape must (to increase
the final alcohol degree) in wine production 2] Using a two stage NF process of
grape must, Versari et al.”! obtained relatively high sugar retentions (7—97%).
Moreover, in their work Garcia-Martin et al. > % studied the sugar reduction in
musts by a two stage nandfiltration process to obtain wines with a slight alcohol

reduction.

One of the main difficulties of NF technology is membrane fouling.
Fouling in general causes deterioration in permeate quality and quantity, and
eventually leads to an is unavoidable membrane replacement ! This is because
the dominant fouling mechanism in NF processes is the formation of a layer (a
“cake”) that can significantly degrade membrane performance ©. The
conventional cake filtration theory consists form a corpus developed by Ruth!”!
and successive researchers 2. This approach states that during filtration, the
cake thickness increases with time. In most cases, it also becomes more
compact and its resistance to fluid flow increases accordingly. The main
features of the dynamic behavior of cake filtration are the variation of the cake
thickness, the evolution of the cake structure, the specific cake resistance and

the total filtrate for a specified set of operating conditions "> ™,

Fouling mechanisms during membrane filtration processes (i.e. Micro, MF, and
Ultrafiltration, UF) have been studied in deepness along the last century ['*2%,
Subsequently, Schippers and Verdow®" studied the mechanisms involved

during the performance of Reverse osmosis, RO. More recently, Listiarini et al.
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5 221 applied these mechanisms for the analysis of the fouling of NF
membranes.

In our previous work ¥

, @ method was proposed to allow studying
individually the resistances and fouling mechanism generated by low and high

molecular weight solutes, LMW and HMW respectively, in red grape must NF.

The aim of the present work is to analyze in deepness the fouling
mechanism, osmotic pressure and resistances of different NF membranes
during the filtration of commercial grape must. Moreover, the assessment of
these results and their influence on the performance of the NF membranes will
conduct to the selection of the most appropriate one for sugar control in grape

must.

For this purpose, the methodology suggested in previous studies ! was
applied in order to analyze individually the influence of LMW and HMW

compounds.
2. Theory.
2.1. Permeate flux decrease and retention model.

When the overall filtration process is taken into account, the flux through
the membrane per unit of membrane area can be written in terms of the applied
transmembrane (hydraulic) pressure, Apy s, the osmotic pressure gradient, Arrs,
the viscosity of the solution that goes through the pores of the membrane, np,
and the system resistance. This is the sum of the membrane resistance, Ry,
and the terms that depend on the fouling caused by the LMW, Rgmw, and the
HMW, Remw, solutes?*?”). In this way the permeate flow, J,, can be calculated

as

_ Aph,s — A _ Aph,s — A
’ Ry +R:)  1,(Ry, + R + R )

(1)
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Since the concentration of ionic species (potassium, calcium, sodium and
magnesium) is similar on both sides of the membrane and the concentration of
organic acids is much lower than that of sugars'®®, the increase of osmotic
pressure can be determined by taking only into account the contributions of
glucose and fructose by means of the van’t Hoff’s law:

N RT(

i=1 i

N
ATTS :ZATTSJ = Cmi _Cp,i> (2)

i=1
Here, M; is the molar weight of the i-th component, N is the number of
components contributing to the osmotic pressure drop through the membrane
system (here N=2 and i is glucose and fructose), £the gas constant and T the
temperature. C,; and C,; are the concentrations on the membrane system

interfaces at the feed and permeate sides respectively.

Figure 1 depicts the different concentrations and osmotic pressures to be

considered along the membrane system.

Figure 1

2.2. Fouling mechanisms.

Compared to the solute size, NF membranes are provided with pores of
a very small size. Hence, fouling mechanisms where it is assumed that all the
solute molecules plug a pore (complete blocking); or are deposited inside the
pores (standard blocking) seem inappropriate. Rather, molecules could deposit
on other previously settled on the membrane surface or directly plug a pore as
assumed in the so called intermediate blocking. Therefore, for the synthetic
solution nandfiltration, so as for the first steps of must nanofiltration, flux decay

should be caused by the intermediate blocking mechanism according tof'® 2°:

1

InJv(t):—/c.V’;\—(z‘)HnJ\,’0 (3)

m

where k;is the intermediate blocking kinetic constant in m'1,Vp is the permeated

volume in m® and Anthe membrane surface area in mZ.
4
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After saturation of the intermediate mechanism, a cake would eventually

be built. According to this model the time evolution of the process will be given

(4)

where the kinetic constant x (in s'm®) is twice the Modified Fouling Index!?",

MFI, that is defined as the slope of the plot of t/Vp versus Vp.

2.3. Pressure drops along the membrane system.

As mentioned, in cake filtration mechanisms such as grape juice filtration,
the feed passes through two contributions to the overall resistance that are
placed in series: that of the membrane and that of the layer formed due to the

fouling (cake).

In the same way, the effective applied pressure drop, the hydraulic
pressure applied and the osmotic pressure through the membrane system at
any time should be the sum of the contributions in the membrane and the cake.
Then:

Apeff,s = AI)eff,m + AI)eff,c
Aph,s = Aph,m + Ai)h,c (5)

Ar,=Ar,+Ar,
Where:

Apeff,s = Aph,s - A72-5
Apeff,m = Aph,m - A72-/77 (6)
Apeff,c = Aph,c - Aﬂ-c

Therefore, according to Eq. (1), each effective pressure can be

calculated as
Apgs  =JvnpR, k=smorc (7)
Now we need to know A to get Apn kor vice versa from data on the resitances.

5
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According to Eq. (2) we can get Am once the concentration at the
membrane-cake interface, Cp,;, is known. The other contributions to the total
osmotic pressure drop are easily accessible as far as they refer to the feed-
cake and the membrane-permeate interfaces. But, according to the definition of

the true retention of the solutes, R; (i.e. glucose and fructose)?:

Cm,i = z (8)

When these calculations are done for the synthetic solution C,; is the
concentration of glucose or fructose on the membrane active layer because no
cake would appear. Cn,jcan be calculated with Eq. (8) if it is accepted that the
membranes sugars true retention is equal to that evaluated for the synthetic
solution filtration and that it behaves in the same way when the cake appears as
when it is not present. Eq. (2) also allows us to evaluate both Am, and A
Then, by Egs. (6) and (7), Apnk can be calculated. Then all the terms of
pressure drops along the membrane system could be evaluated by using Egs.
(5) and (6).

2.4. Specific cake resistance. Principles of cake filtration.

The cake sheet formed over the membrane consists in a thin layer of
solid particles through which the permeate flows. The specific cake resistance
represents the fouling resistance caused by the fouling layer on the membrane,
Ry, normalized by the accumulated cake mass per unit of membrane area %2, so

_ RfAm
m

(9)

(04
c

Thus, according to Eq. (1) for the cake:

_ Apeff,t:Am

- ndm, 1o

where m.is the mass of the cake deposited on the membrane surface.
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A material balance allows the correlation of m. with the permeate volume
Vp (volume collected up to time t). If Cy, is the bulk concentration of foulants, the
mass of the particles deposited onto the membrane can be correlated to the

permeated volume as
m, = V,C, (11)

where y is a particle deposition factor (less than unity) that accounts for the
reduction of cake mass due to its partial removal induced by the crossflow
conditions. This coefficient was first proposed, by Sioutopoulos et al.”® in order
to extrapolate specific cake resistance calculations to cross flow conditions.
Therefore Eq. (9) could be used to evaluate o if Cpis known, and Eq. (10) can

be used to get Apes ..

In order to calculate C, along the filtration process, the following

assumptions must be made:

1. The global concentration of foulants is considered to be that of the total
dry extract of must, Cpg, which includes all matter that is non-volatile.
This concentration was defined and determined in accordance to the OIV
methods!®®. These procedures require weighting at a temperature of 70
°C under vacuum of 25 mmHg until measuring a constant weight.

2. All the HMW compounds are always retained by the membrane;
therefore the mass of these particles in the retentate side, muyuw, is
considered to be constant during the process.

3. Only the variation of the concentrations of glucose and fructose in the
retentate were taken into account since their concentration is so high that

the variation of the other LMW is considered negligible.
In accordance to these ideas, the concentration of HMW can be obtained as
CHMW = CDE - CT,O (12)

where Crp is the initial total sugar concentration (glucose and fructose).

Moreover

(13)

Myuw = Cruw Vo
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Vi being the initial volume of must.

Finally, C, can be evaluated, as a function of time, by

t
G, ()= Mhaw * M (1) (14)
V(t)
where mrg(t) is the total sugar content and Vg(t) the volume of the retentate at
the filtration time t. Then, by using Egs. (11) and (7), Eg. (10) can be used to

calculate o.

Another strategy could be used for the estimation of a. In effect,
according to Egs. (1), (4) and (10), k. (that can be determined from the flux

kinetics according to

_ rnp,Cha

K,=—5P 0" (15)
‘ AI% Apeff,s

where, Apesrsis known because Amg can be evaluated by eq. (2).
2.5. Pore size evolution.

Apparent pore size can be used to study flux decay through the analysis
of its evolution. In order to estimate pore size, the Donan Steric and Partitioning
model was used, with the introduction of the applied pressure gradient term as
has been previously described®. In these terms, the retention coefficient that a

NF membrane presents can be written as

K
N K "o

2
In this expression, the steric partition coefficient is¢=(1-r,»/rp) if a cylindrical

geometry is assumed for the pores, being r; and r, the i-th component and pore

radii respectively. The dimensionless Peclet number is given by:

pe Kedv [ﬂjz_’@v {_r; ] (17)
KyD, \ A, KD, 8Lp77
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where L, is the water permeability, 7~ the viscosity inside the pore, and Ax and

Ax are the thickness and porosity of the membrane respectively. K. and Ky
represent the hindrance factors for convection and diffusion, respectively.

These were evaluated as proposed by Dechadilok and Deenl*":

1 1142 210 1-1.560344 +1.915212° — 2.819034* + 0.2707884°...
K, = 8 (18)

2
(1=24)| 411011525 —0.4359337

K:

C

(19)

1+3.8674-1.9074> - 0.8344°
1+1.8674-0.7412

where A=r/r,.

For the viscosity inside the pore, the model proposed by Wesolowska et

. [32]

a is adopted, leading to:

P N M O e A et ) ) (20)
Mo 107,

where y = d/rp, and d=0.28 nm.

Through this set of relations, the retention coefficient, R, is a function of
the pore radius, r,. From a set of data of, Jy and R, the pore radius could be
estimated as the free parameter in the best fit to Eq. (17). In this work, instead
of using the whole data set to estimate a unique r, average value, each pair of
values (J,, R) were used to calculate the corresponding r, from Eq. (17). As the
filtration process modify flux rate and retention coefficient along the process, r,

changes with time too.

3. Materials and methods.

3.1. Membranes and experimental set-up.

Three different nanofiltration flat sheet membranes were tested: NF270
from Dow — Filmtec (the flatsheets were kindly supplied by the manufacturer);
9
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HL from GE Water & Process Technologies and KMS SR3 from Koch

Membrane systems. The main characteristics of them are shown in Table 1.

The experimental set-up used in this study is described in sufficient detail
elsewhere!®® thus only a brief summary is provided here. All the experiments
were performed in a batch unit without dilution with a stainless steel flat sheet
crossflow module with a single channel of length L=110 mm; height H=0.5 mm
and width W=60 mm. These dimensions provide a membrane surface area
An=6.6-10" m.

The operating conditions for every filtration processes were: feed
temperature of 20°C, applied pressure of 35:10° Pa and retentate recirculation
flow of 5 L/min. According to the dimensions of the channel, this supposes a

feed tangential velocity on the membrane surface of 2.78 m/s.

3.2. Synthetic solution and commercial grape must.

Two NF processes were performed for each membrane. Firstly, a
synthetic solution prepared in the laboratory containing the main low molecular
weight compounds (LMW) of grape must was filtered. These are namely
glucose (Glu), fructose (Fru), malic and tartaric acids, potassium, sodium,
calcium and magnesium. The concentrations of this synthetic solution were the

same that those reported in a previous work!?!

Then it was carried out the filtration of commercial red must, which also
contains high molecular weight compounds (HMW) such as polyphenols,
polysaccharides and proteins. Attempting to reproduce the same conditions as
in the first filtrate, the experiments with grape must were made using a brand

new membrane flat sheet.

10
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In this way, it was possible to analyze individually the influence of these

HMW and LMW on the permeate flux decline, the true retention, the fouling

mechanism and on the resistances to the permeate flux.

3.3.

Experimental protocol.

The experimental protocol can be summarized as:

. Membrane compaction was performed during one hour using Milli-Q

water at 35-10° Pa, 20°C and a recirculation flow of 5 L/min, in order to
avoid irreversible changes during operation. Under these conditions
water permeability was determined. This measurement was repeated

before and after all filtration and cleaning steps.

. The membrane was soaked in the synthetic solution for 12 hours at 20-

25°C. This was done to allow an initial deposition of foulants.

. Nanofiltration of the synthetic solution of LMW at the operating conditions

mentioned in 3.1.

. Then, the membrane was cleaned with soft water at low pressure, under

the same operating conditions of temperature and recirculation flow,
during one hour sending both permeate and retentate to the drain.
Afterwards it was rinsed with Milli-Q water using at least a volume equal
to the system hold-up volume and sending the permeate and retentate to

the drain too. Finally, the hydraulic permeability was measured.

. Compaction and determination of hydraulic permeability of a new

membrane sheet (step 1).

. Soaking of the membrane in commercial red must during 12 hours with

the same purpose as in step 2.

. Nanofiltration of commercial red must at the operating conditions

mentioned in 3.1.

. A two stage membrane cleaning procedure consisting in a water rinse

step followed by the use of a tensoactive solution of 0.1% sodium
dodecyl sulfate as described inl?®l. After each step, hydraulic permeability

was measured.
11
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In each nanofiltration process, the permeate flux values were determined
by recording the time required to collect a known volume of filtrate (10 mL), first
every 15 minutes and when the flux reached more stable values, every 45
minutes. At the same time samples of permeate and retentate were taken in

order to determine their glucose and fructose content by liquid chromatography.

As mentioned, the filtration of both the synthetic solution and the red
must were carried out in a batch concentration mode. The permeate was sent to
the thermostated permeate vessel in order to collect it and the retentate was
recirculated to the thermostated feed vessel. The experiments were performed
until the permeate flux decreased to a more or less constant value for a
reasonable period of time (which depended on the membrane).The volumes

filtered were of the order of 2.5L of both, synthetic solution and red must.

3.4. Deposition factor (y)

A significant issue is the extent to which the cross-flow operation may
affect the particle deposition on the membrane surface and therefore the
specific cake resistance. In the present investigation, a deposition factor y was
estimated by determining the ratio of the true amount of must foulants deposited

on each membrane surface over the theoretical one.

The true mass deposition was determined by calculating the mass
difference between each fouled NF membrane and the respective new one. For

this purpose, red must filtrations were performed using the three membranes.

Pieces of both, fouled and clean, for each membrane were dried under
temperature (70°C) and pressure (25 mmHg) until measuring a constant weight
and the mass difference was measured. These conditions were established by

the OIV? for grape and wine dry extract determination.

The theoretical cake mass was calculated by considering that all the dry
extract of must filtrated was attached to the cake layer on the basis of the total

permeate volume of each membrane test.

12
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3.5. Analytical methods.

The chromatography system used for the identification and quantification
of glucose and fructose was composed of a Shimadzu™ LC-9A HPLC
apparatus, a Shimadzu™ Refractive Index device with a detector RID 6A, a
Rheodyne™ injector with a 20 pL loop and the software Class-VP™. Separation
was carried out isocratically in 100% deionized water at a flow rate of 0.5
mL/min at 85 °C using a Supelco™ ion exchange guard column and a

ITM

Supelcogel ™ Pb column.

3.6. SEM and AFM microscopy.

The surfaces of the membranes were imaged by Scanning Electron
Microscopy, SEM. The samples were put on an aluminum plate and sheltered
with a thin metal layer by a Polaron™ (SC7640 model) Sputter Coater. The
electronic imaging device XL30 ES type EM (from Phillips™) was used and

several accelerating voltages were applied to reach different magnifications.

Topography of the active layers was also studied through AFM. Images
were acquired in the tapping mode at room temperature, with a Nanoscope IlI1A
microscope from Digital Instruments (of the Veeco™ Metrology Group). The tip
was an Olympus™ OTESPA7 made out of an etched silicon probe aluminum
coated with a length of 14 um and an end with a radius of 7 nm. This allowed
the minimization of the undesirable convolution of the tip shape and the
membrane surface topography. Images were processed by means of the

Nanoscope software version 5.30r3.sr3.

4. Results and discussion.

4.1. Permeate flux and permeability.
13
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As mentioned, hydraulic permeability, Lp, was determined before and
after every filtration or cleaning process and for each membrane as the slope of
the Jv vs Ap plot with Milli-Q water™. From Lp data, the initial and final
membrane resistances were calculated for R=0 and A7=0. Results are shown
in Table 2. It is clear that after the filtration and rinse of the synthetic solution,
water permeability was slightly reduced for the three membranes. The main
differences were detected after must nanofiltration and cleaning procedure. The
SR3 membrane presented the highest permeability recovery (93%), followed by
the HL membrane (70 %) and finally by NF270 (65 %). This means that SR3
has the most reversible fouling, presumably due to a less adhesion of

molecules on the membrane surface or inside the pores.

__________________________________________________________________________________________________________________

The permeate flux of the synthetic solution and red must filtrations for
each membrane are plotted in Figure 2. In all cases, a decay of flux is
observed. Here it can be noticed that the NF270 membrane has clearly the
highest flux of the synthetic solution, followed by SR3 and HL. Bigger
differences were appreciated mainly at the beginning of the red must NF, when
the SR3 membrane presented the highest flux while NF270 and HL presented
very similar fluxes, 3 times lower than that for the SR3. Besides, SR3 showed a
less-sharp initial decline of flux (during around the initial 170 min = 10.2:10° s)
followed by a very sharp flux decay. It is worth noting, that after a certain
filtration time, the 3 membranes reached a more or less flat plateau around a

quite similar low flux.

Figure 2

4.2. Sugars retention and passage.

14
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True retentions of glucose and fructose have been evaluated. The
corresponding results are shown in Figure 3a (for the synthetic solution) and in

Figure 3b (for the commercial must) as a function of time.

Figure 3

Sugars retention remains practically constant during the synthetic
solution filtration for the three membranes. Both sugars (glucose and fructose)
were retained by all the membranes, especially by NF270 and SR3. NF270
presented the highest retention values (around 0.8) followed by HL (ranging
from 0.65 to 0.72) and finally by SR3 (between 0.44 and 0.52); which is in

accordance with the estimated radius for each of them, as we will show below.

These retentions do not agree with the nominal data shown in Table 1.
According to them, the SR3 membrane is the most retentive one for MgSO,4
while NF270 is the less retentive. This different salt rejection could be due to the
charge of the membranes and/or to their hydrophillicity. Given that the three
50331 the

difference must be mainly attributable to their contact angles. In fact, SR3 is the

membranes have quite similar isoelectric points, around pH=3.

most hydrophobic membrane (see Table 1)** 36371 what should explain its high

retention of a charged and hydrated salt as MgSOQO..

However, as it is shown in Figure 3b, the presence of HMW compounds
modifies the retention characteristics of the three membranes. The initial
retention falls drastically, between 0.2, for SR3 and 0.4 for NF270, keeping the
same order, as for the synthetic solution, for the three membranes. Subsequent
filtering leads to an increase in retention. This long time increase of retention
occurs equally for the three membranes, although much steeply for SR3; this
membrane and HL present values of R around 0.9, well above the value (0.8)

around which the NF270 finally stabilizes.

This evolution, when HMW compounds are present, must be attributed to
the formation and thickening of a gel layer on the membrane surface that acts
as a pseudo—membrane which lowers the passage of sugars through the

membrane by changing both: selectivity and permeability of the overall

15
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membrane. As seen in Figure 3b, the influence of this pseudo—membrane on

the membrane retention is more significant in the case of SR3.

4.3. Analysis of the fouling mechanisms.

In order to analyze the fouling kinetics of both the synthetic solution and
the red must filtrations in a quantitative way, the previously outlined fouling
models """ %! have been used to fit the experimental data. The intermediate
blocking model seems to be compatible with data corresponding to the filtration
of the synthetic solutions and with the first steps of must filtration. The slopes of
the synthetic solution fits for the intermediate model, given by Eq. (3), were
similar for the three membranes. Note that, the slope is related with the area of
the membrane blocked per unit of total volume flown (through x;). The values for
k; are shown in Table 3. The highest x; was obtained for HL, followed by SR3
and finally by NF270.

Figure 4a shows, as an example, the plots of flux versus the total volume
flown over time for the synthetic solution and red must filtration for SR3, fitted to
the intermediate blocking model where it can be seen that the slope is much
higher for the must than for the synthetic solution revealing a faster fouling
kinetics. This should be due to the additional pore blocking caused by the high
molecular weight compounds probably affecting the widest pores in the
membrane. The corresponding kinetic constants for the three membranes and

the synthetic solution are shown in Table 3.

In Figure 4b, the corresponding flux decay for the red must filtration is
shown for the three membranes studied. The kinetic constants are also shown
in Table 3. The fastest kinetics corresponds now to NF270 followed by HL and
finally by SR3 - the order of decreasing initial sugars retention (see Figures 3a
and 3b). What seems reasonable, because more retention would lead to more
deposition and consequently to faster flux decay. Note that x; for NF270 was the
lowest one (slowest kinetics) for the synthetic solution, while it is the highest

16
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(fastest kinetics) when HMW components are present (red must filtration). This
increase in x for the NF270 should be due to a high affinity (chemical or
electrostatic) of the membrane material to these high molecular weight
components. Note too that the less blocked area (less x;) corresponds to SR3

when HMW compounds are present.

Figure 4

Eq. (4) corresponding to the “cake formation” mechanism is plotted in
Figure 5. Here it is clearly seen that, for the three membranes, this mechanism
is followed after the initial intermediate blocking during nanofiltration of must. In
general, the three membranes suffer little pore blocking, especially SR3, where
this mechanism seems to occur only during the first 30 mL of filtration. It is
worth noting that in the three cases, the cake filtration mechanism seems to be
divided into two steps: cake formation and cake formation with compaction. In
any case both, the cake fouling steps, are faster for HL and the corresponding
initial x; is relatively low for SR3 while the final x; is lower for NF270 (less

compaction). The values of these kinetic constants are shown in Table 3.

Figure 5

4.4. Microscopy.

Figure 6 provides AFM pictures of an SR3 membrane before having
been fouled (a) and afterwards (b). It seems clear that, after fouling, there is a

quite compact thick cake layer that reduces extraordinarily the roughness.

Figure 6

In Figure 7, two SEM pictures of an HL membrane before and after
fouling are showed. The two pictures correspond to a 20 um in size. The picture
after fouling shows a small square area that was imaged previously to the big
one but also after fouling. It seems clear that the electron beam damaged the
cake layer. The same procedure on the unfouled membrane didn’t leave any

similar trace.
17
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Figure 7

4.5. Resistances to the permeate flux.

The resistances to Jy due to the presence of LMW, Rqyuw, and HMW,
Rmmw, were determined and analyzed individually. The values of Ry for the
synthetic solution were calculated according to Egs. (2) and (4) with Rgnmw=0.
The kinetics of Ryuw for each membrane during the filtration of the synthetic
solution filtration is shown in Figure 8a. In this case, NF270 presented the
lowest values of resistance due to fouling, followed by HL and by SR3. This was
to be expected because this order appeared also in retention as was shown in
Figure 3a. Higher retentions lead to increasing viscosity and osmotic pressure
that resulted in higher resistance to flux and also to faster fouling according to

their corresponding «; in Table 3.

The correlation between Ry yw and the total sugar concentration (glucose
and fructose) on the membrane surfaces, C,ris shown in Figure 8b. There, it
can be seen that the correlation between Ryuw and Cpr is practically linear, so
it can be concluded that the resistance due to the accumulation of sugars on the
membrane surface is proportional to their surface concentration. When Cp,r is
similar for the three membranes (shadowed zone in Figure 8b) the SR3

membrane has the lowest resistance due to low molecular weight compounds,

Rrimw.

Figure 8

In the case of red must filtrations, the values of Ry yw were determined by
the calculation of Cn,t and the use of the correlation between Ryuw and Cpr
obtained for the synthetic solution. Replacing Rumw in Egs. (2) and (4), the
values of Rmuw were determined for each membrane. Figure 9 shows the
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evolution, with the permeated volume, of the individual resistances due to
fouling (Remw and Rmmw) and their sum (Ry) for the three membranes. The
figure shows that during most of the nanofiltration process there is no significant
increase of Ry yw as was also the case for the synthetic solution. When filtering
red musts, Ryuyw remains practically constant in comparison to Rmmw which
increases progressively until reaching a maximum beyond which there is a
gradual small decrease. This mechanism is clearly followed by SR3 (Figure 9c).
In all cases, Rwmw has more influence on the Jy decrease, but this phenomenon
seems to be lower for the SR3 membrane (Figure 9d). It is interesting to relate
the cake fouling mechanism (Figure 5) with the resistances analysis (Figures 8
and 9).For the three membranes, the maximum Ry (or Rmmw agrees fairly well
with the beginning of the third fouling mechanism, where the cake starts to be

compacted.

Figure 9

The specific cake resistance, o (total resistance divided by the mass
deposited per unit membrane area) (see Eq. (9)), can help to somehow
normalize the resistance to permeate flux due to the fouling generated by all the
species present in red must (Ry). As mentioned in section (2.4), there are two
methods proposed for the estimation of the specific resistance. First, the
specific cake resistance was calculated using Eq. (15) with C, evaluated by Eq.
(14). For this purpose the numeric derivative of (f/Vp) versus Vp (Figure 5) is
performed to get /2. In this calculation, all the cake formation mechanism (with
and without compaction) was included. This was considered appropriate to
describe the evolution of this parameter along the complete filtration. This
differs from the methodology applied by Listiarini et al.® ??! where a linear
regression was performed including only the portion corresponding to the cake
filtration without compression. The deposition factor y was estimated for each
membrane in order to take into account the incomplete foulant deposition giving
the values shown in Table 3. Note that y follows the tendency of k. (second

step).
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In Figure10, the evolution of this theoretical specific cake resistance as a
function of the filtered volume is shown for each membrane. It is worth noting,
that this parameter shows also a maximum followed by a slight decrease. The
arrows correspond to the maximal values of Ry for each membrane, which are
near the zone of maxima for their specific cake resistance. As expected, the
highest a was shown by HL followed by NF270. SR3 presented the lowest
values during the first period of filtration (around 175 mL) afterwards the
resistance increases following the tendencies appearing in k. (see Figure 6).
The results obtained for the resistances (Rr and a) and even for the cake
formation mechanism for SR3 explain its different flux decline trend. The less
sharp flux decline during the beginning of red must nanofiltration is due to a
lower cake formation with a low resistance (Rrand a). But later, the progressive
formation and mainly the compaction of the cake cause a flux decay to values

close to those for the other two membranes.

Figure 10

The second method proposed is the estimation of the specific resistance
o by using Eq. (19) and the experimental data. In Figure 11, the experimental
total fouling resistance, in fact evaluated by using Egs. (2) and (4), is compared
with that evaluated from the specific resistance a by using Egs. (9) and (15), for
the SR3 membrane. It can be appreciated that the calculated Ry follows the
same trend as the experimental one. Note that around maximal resistances, the
fouling kinetics give values for the resistance which are close to those directly
obtained from the Hagen-Poiseuille equation. For shorter time filtrations, fouling
kinetics underestimates (while for longer filtration times it overestimates) the
total fouling resistance. This can be attributed to the fact that the fouling
kinectics predicts a low cake formation and for longer periods the cake mass is
over estimated. All in all, Figure 11 shows that the method proposed for the
estimation of a using the fouling kinetics is acceptable since it describes the
behavior of the experimental data specially in the period where the cake should

be completely formed (before its compaction).

Figure 11
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4.6. Evolution of pore radii.

Pore radii were calculated as the value that minimizes the sum of
squared residuals, (Rcal-Rexp)2 for each data set, following the theoretical model
explained in section 2.5. The fitted dependence between R and Jy obtained for
the synthetic solution is plotted in Figure 12a using grey curves. Evidently, it is
worth noting that the model was elaborated for a membrane with a constant
average pore size, r,; while it seems clear that in our case the effective mean
pore size should change during the process of filtration due to the
corresponding fouling process that includes pore blocking. Thus, the gray lines
in Figure 12a correspond to the mean pore size of the membrane during the
filtration process. The average deviation of the experimental results of retention
from the theoretical retention curves in Figure 13a are evaluated and shown in
Figure 13b as a (linear) function of the kinetic constant of pore blocking
(intermediate model). This shows that pore blocking is clearly the main

phenomenon determining the variations of the actual effective pore radius.

Figure 12

During the permeation of must, there is a continuous increase of
retention while flow decreases slowly. The progressive increase of retention is
so high that it seems inappropriate to assume a single pore size. In this case
the model has been applied to each measurement and the pore radius obtained
as a function of the permeated volume. In Figure13, the effective pore radii
evaluated from red must retention experiments are shown. It can be seen that
there is a clear reduction of the effective pore size of the membrane (much
slower, although a little larger, for the SR3 membrane). The mean pore radii for
the synthetic solution are also shown here, for the sake of comparison, by
horizontal lines. It is clearly observed that SR3 has the biggest pore radii, while
the smallest ones appear in NF270. It can also be seen that the final pore radii

for all the membranes are around 0.3 nm. This fact indicates that effective
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radius is determined mainly by the cake formed on the membrane, more than

by the membrane itself.

Figure 13

In spite of the final convergence in equivalent pore radii, initial details do
show differences between the membranes, especially between SR3 and the
other two. Figure13 shows a clear and pronounced drop of pore radii during the
very first filtration moments for NF270 and HL. This happens as a consequence
of the pore blocking explained in previous paragraphs. In contrast, for SR3, the

pore radius does not show any significant initial decrease.

It appears clear that, for HL and NF270, pore blocking is the main factor
determining the effective pore size with a final smooth additional reduction of
pore size caused by the formation of the cake. The SR3 membrane is only
slightly influenced by pore blocking with a final deep reduction due to the cake

deposit and its compaction.

The arrows in Figure 13 correspond to the maximal resistances (Figure
8). Thus, it seems clear that maximal resistance occurs when the rhythm of
decrease in pore size due to the cake formation starts to stabilize. This is

especially apparent for the SR3 membrane.

4.7. Pressure drops.

Figure 14 shows the evolution of osmotic pressures and total effective
pressures through: the global membrane system, the whole membrane and the

cake itself.

Referring to the osmotic pressure (figure 14a), it increases for the cake
and the global membrane system (that seems to be controlled by the cake) and
decreases for the membrane itself with time (permeated volume). Note that the
maximum rate of change for all the osmotic pressure terms appear when the
fouling resistance R; has its maximum. Note that, in this case below, this

maximum there are negative osmotic pressures for the cake what means that
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concentration is higher at the cake-membrane interface than at the feed-cake
interface. After the maximum in resistance, all the interfaces from retentate to

permeate correspond to decreases in concentration.

It seems clear (see Figure 14b) that the effective pressure drop through
all the components of the membrane system and through the global system
decrease with time (permeated volume) and that the maximal fouling resistance
appears when these pressure drops decrease faster. It seems also clear that

most of the effective pressure drop happens through the cake.

It can be concluded that, in our case, the maximum in the fouling
resistance and the appearance of a change in cake kinetics appear when the
osmotic pressures acts reducing substantially and quickly the effective
pressure. Regarding to the passage from negative to positive osmotic pressures
for the cake this would happen when the cake is completely build due to
compression followed by a gradual (slower) compaction with an increase of the

concentration at the feed-cake interface.

Note that, for the three membranes, when the osmotic pressure of the
system starts to increase, sugars are retained at their maxima by the membrane
system, as can be seen in Figure 3b.The highest Rmmw, Ravmw and Ry
correspond to the beginning of the high retention plateau. This is especially
clear for the SR3 membrane. So, as already mentioned, the sugar retention
increase can be attributed to the formation of a cake layer on the membrane
surface but its compression (and the corresponding osmotic pressure increase
through the cake and subsequently through the membrane system) may be the
cause of the significant retention increase that stops increasing when cake is

completely built.

Figure 14

5. Conclusions

We have systematically studied the fouling mechanism and resistances and

their influence on the performance of three different NF membranes proposed
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for sugar control of grape must. Moreover, a method was proposed for the
analysis of the different osmotic pressure gradients through the resistances of

the membrane system.

The fouling kinetics when high molecular weight compounds are present
consists in three consecutive steps: An initial pore blocking step followed by a
cake deposition phase and an increase in compression until arriving to
compaction giving a slower kinetics. When the cake is completely well
assembled, the sugar retention has arrived to the maximum and osmotic
pressure of the system increases as to reduce the effective pressure. This later
causes a decrease of cake resistance that was increasing until this moment.
The evolution of retention and the effective pore size reveals the convergence

of the effective pore size to that of the cake after compaction.

Moreover, when the cake is completely built, its compaction promotes an
increase of the concentration at the feed-cake interface causing a passage from

negative to positive osmotic pressures for the cake.

The analysis of the flux decay and retention of sugar in musts shows
that, two of the three membranes studied, HL and SR3 are appropriate to
reduce the content of sugar of red must. Specifically SR3 shows the best

passage of sugar and less fouling.
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6

7

8

9 Nomenclature

10

11

12

13 Roman

14

ig Am Membrane surface area (m?)

g Ak Membrane porosity

19

20 Co,i Feed concentration of the i-th component (kg m™)

21

22 Co Bulk concentration of foulants (kg m™)

23

24 Cri Feed concentration of the i-th component (kg m™)

25

26 Coe Total dry extract of must (kg m™)

27

gg Crmw Concentration of HMW (kg m™)

32 Cm.i Concentration of the i-th component on the bulk-cake interface
32 (membrane active layer) (kg m™)

33

gg C'mi Concentration of the i-th component on the membrane-cake

36 interface (kg m™)

37

38 Cmt Total sugar concentration on the membrane active layer (kg m'3)
39

32 Cp.i Permeate concentration of the i-th component (kg m™)

jé Cro Initial total sugar concentration (glucose and fructose) of red must
44 (kg m™)

45

j? D; Diffusion coefficient of the i-th component (m? s™)

jg HMW High molecular weight compounds

22 Ju Permeate flux per unit of area through the membrane (m® m?s™)
52

53 Jvo Permeate flux per unit of area through the membrane at time t =0
54 (m3 m-2 S-1)

55

g? K Hindrance factor for convection given by Eq. (25)

58 25

59

60
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Ka

Km,i

LMW

Mme

Mpupw

m TR( t)

Pe

Ritmw

RfLMW

Vo

VR(t)

Separation Science and Technology

Hindrance factor for diffusion given by Eq. (26)

Mass transfer coefficient of the i-th component at semipermeable

membranes (m s™)

Low molecular weight compounds

Water permeability (m Pa™ s™)

Mass of cake deposited on the membrane surface in (kg)
Mass of HMW in the retentate (kg)

Molar weight of the i-th component (kg mol™)

Total sugar content of the retentate at the filtration time t (kg)
Peclet number

ideal gas constant (1.987-107 kcal mol™ K™

Resistance due to fouling by high molecular weight compounds

(m™)

Resistance due to fouling by low molecular weight compounds
(m™)

General resistance due to fouling (m™)

Total resistance due to fouling (m™)

Membranes true retention for the i-th component
Membrane resistance (m™)

Pore radii (nm)

Radii of the i-th component (nm)

Absolute temperature (K)

Filtration time

Initial volume of grape must (m?®)

Permeate volume (m°)

Volume of the retentate at the filtration time t (m®)
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Greek

a Specific cake resistance (m kg™)

Y Deposition factor on the membrane surface

App,s Applied transmembrane pressure (Pa)

ApPetr,c Effective pressure drop across the cake (Pa)

APett,m Effective pressure drop across the membrane (Pa)

ApPefr,s Effective pressure drop across the system (Pa)

Aph,c Hydraulic Pressure drop across the cake (Pa)

Appm Hydraulic Pressure drop across the membrane (Pa)

Ax Membrane thickness (m)

AT, Osmotic pressure gradient across the cake-active layer interface
(Pa)

A, Osmotic pressure gradient across the membrane-cake interface
(Pa)

AT Osmotic pressure gradient across the membrane system (Pa)

Np Viscosity inside the membrane pore (Pa s)

Ke Kinetic constant for the cake model (s m™®)

K Kinetic constant for the intermediate blocking model (m™)

A Ratio ri/rp

¢ Steric partition coefficient
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Figure captions

Figure 1. Concentrations and osmotic pressures considered for the membrane
system. Here Am, Am, represent the osmotic pressure gradient across the
cake-active layer interface and across the membrane-cake interface
respectively; Cp,= Bulk concentration of foulants; C, Concentration on the
membrane active layer; C’,, Concentration on the membrane-cake interface;

and C, Permeate concentration

Figure 2. Permeate flux time evolution of red must (RM) and synthetic solution

(SS) NF for each membrane.
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Figure 3. Glucose (Glu) and fructose (Fru) retentions as a function of time: (a)
for the synthetic solution, (b) for red must . Arrows correspond to maximum

total fouling resistances.

Figure 4.- In(Jv) versus (Vp/Am): (a) The case of the SR3 membrane for the
synthetic solution (SS) and for the red must (RM), (b) The case of the three
membranes during red must NF as a comparison. Solid lines represent linear fit

to the intermediate blocking mechanism zone of the data, corresponding to Eq.

(3).

Figure 5.- (t/V,) versus V, for each membrane during red must NF. Open
symbols correspond to intermediate zone; filled symbols correspond to cake

formation mechanism zone.

Figure 6.- AFM pictures of the SR3 membrane before (a) and after (b) fouling.

Note that after fouling roughness has decreased substantially.

Figure 7.- SEM pictures of the HL membrane before (a) and after (b) fouling.
Note that after fouling a smaller square has been imaged and consequently the

deposited layer eroded by the electron beam.

Figure 8.- Evolution of Ry uw for the synthetic solution for the three membranes:
(a) as a function of filtration time, (b) as a function of total sugar concentration in
the membrane surface C,, r. Within the shadowed zone C,,ris similar for the

three membranes.

Figure 9.- Resistance due to fouling by low molecular weight, high molecular
weight, and all compounds (Ryyw, Rmmw and Ry respectively) in commercial red

must versus the total permeated volume for: (a) NF270, (b) HL and (c) SR3
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membranes. (d) Comparison of the total fouling (Ry) resistance for the three

membranes. Arrows point to the respective maxima.

Figure 10.- Evolution of the specific cake resistance (a) as a function of the
permeate volume (V,) for the three membranes during red must NF. Arrows
correspond to the maximum total fouling resistance for each membrane

(according to Figure 9d).

Figure 11.- Resistance due the total fouling (Ry) for the SR3 membrane. Black
triangles show the experimental resistance (see figure 9d) and white triangles

refer to the calculated ones.

Figure 12.- (a) Retention versus Jy for the synthetic solution filtration. Gray lines
are the fits using theoretical model for pore radius calculation (solid for Glucose,
dashed for fructose). Arrows indicate time line. (b) Mean deviation of the
experimental results on retention as a function of the kinetic constant of pore

blocking.

Figure 13.-Time evolution of pore radii calculated for each single data point of @
NF270 (Glu), B HL (Glu), A SR3 (Glu) of the red must NF process. Horizontal
lines represent the average values obtained for the synthetic solution NF along
the complete process. Arrows correspond to the maximum total fouling

resistance for each membrane (according to Figure 9d).

Figure 14.- Osmotic pressures (a) and effective total pressures (b) through the
membrane, cake and membrane system (membrane plus cake) for the SR3

membrane.
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Tables
Table 1. Main characteristics of the membranes.
Membrane | Manufacturer Mwco MgSO4 Operating range Drop
(Da) Rejection pH P(10° T (°C) Contact
(%) Pa) ar;‘?)le
NF270 Dow 2007 — 400° 97°¢ 3-10 <41 <45 309
HL GE Water 150 — 300 98¢ 3-10 <40 <50 27.5_h
SR3 Koch 200 99°' 4-10 <448 <50 49
al39] - bMOl - cAccording to the information provided by the manufacturers,
IMgS0,2000mg/L at 480 kPa, ® MgSO, 2000mg/L at 690 kPa, " MgSO,
5000mg/L at 655 kPa, 91361 "371 1341
Table 2. Hydraulic permeability and resistance of the membranes, initial value
and after nanofiltration and cleaning processes.
Membrane | Water Permeability L,(10"! m/Pa's) | Membrane resistance Ry(10"* m™)
Before AftetL i Afte; Alfter _must ith Before Aftet;] ti Afte; After must cleaning
X . synthetic mus cleaning wi X . synthetic mus .
filtration szlution rinse  rinse SDS ’ filthgtion szlution rinse  rinse with SDS
NF270 3.84 3.34 210 245 260 298 4.75 4.07
HL 3.70 3.35 221 256 269 298 452 3.90
KMS SR3 | 2.18 210 144 1.97 457 4.74 6.92 5.06

Table 3.Kinetic constants for fouling and the deposition factor y.

K Ke (Lnitigl) Ke (fina_\sl)

(m™) (10"'s m”) (10"'s m”)
Membrane ng)SaI irI:i{t'\igll RM RM (10°dimensionless)
SR3 8.61 88.17 1.60 8.92 1.30
HL 8.65 100.35 11.62 19.60 3.56
NF270 6.80 120.18 5.40 6.84 1.04
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32 Figure 1. Concentrations and osmotic pressures considered for the membrane system. Here Anc
33 Anm represent the osmotic pressure gradient across the cake-active layer interface and across the
34 membrane-cake interface respectively; Cb= Bulk concentration of foulants; Cm Concentration on the
35 membrane active layer; C m Concentration on the membrane-cake interface; and Cp Permeate
36 concentration
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Figure 2. Permeate flux time evolution of red must (RM) and synthetic solution (SS) NF for each membrane.
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Figure 3. Glucose (Glu) and fructose (Fru) retentions as a function of time: (a) for the synthetic solution, (b)
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Figure 4. In(3V) versus (Vp/Am): (@) The case of the SR3 membrane for the synthetic solution (SS) and for
the red must (RM), (b) The case of the three membranes during red must NF as a comparison. Solid lines
represent linear fit to the intermediate blocking mechanism zone of the data, corresponding to Eq. (3).
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33 Figure 5. (t/Vp) versus Vp for each membrane during red must NF. Open symbols correspond to
34 intermediate zone; filled symbols correspond to cake formation mechanism zone.
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Figure 6. AFM pictures of the SR3 membrane before (a) and after (b) fouling. Note that after fouling
roughness has decreased substantially.
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32 Figure 7. SEM pictures of the HL membrane before (a) and after (b) fouling. Note that after fouling a smaller
33 square has been imaged and consequently the deposited layer eroded by the electron beam.
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Figure 8. Evolution of RFLMW for the synthetic solution for the three membranes: (a) as a function of
filtration time, (b) as a function of total sugar concentration in the membrane surface Cm,T. Within the
shadowed zone CmT is similar for the three membranes.
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Figure 9. Resistance due to fouling by low molecular weight, high molecular weight, and all compounds
(RFLMW, RfHMW and Rf respectively) in commercial red must versus the total permeated volume for: (a)
NF270, (b) HL and (c) SR3 membranes. (d) Comparison of the total fouling (Rf) resistance for the three
membranes. Arrows point to the respective maxima.
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Figure 10. Evolution of the specific cake resistance (a) as a function of the permeate volume (Vp) for the
three membranes during red must NF. Arrows correspond to the maximum total fouling resistance for each
membrane (according to Figure 9d).
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Figure 11. Resistance due the total fouling (Rf) for the SR3 membrane. Black triangles show the
experimental resistance (see figure 9d) and white triangles refer to the calculated ones.
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Figure 12. (a) Retention versus ]V for the synthetic solution filtration. Gray lines are the fits using
theoretical model for pore radius calculation (solid for Glucose, dashed for fructose). Arrows indicate time
line. (b) Mean deviation of the experimental results on retention as a function of the kinetic constant of pore
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31 Figure 13. Time evolution of pore radii calculated for each single data point of o NF270 (Glu), o HL (Glu), A
32 SR3 (Glu) of the red must NF process. Horizontal lines represent the average values obtained for the
33 synthetic solution NF along the complete process. Arrows correspond to the maximum total fouling
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Figure 14. Osmotic pressures (a) and effective total pressures (b) through the membrane, cake and
membrane system (membrane plus cake) for the SR3 membrane.
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