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ARTICLE INFO ABSTRACT
Keywords: The flowsheet of an overall process to recover valuable products from raw acid whey is proposed. It considers
Diafiltration typical pretreatments, an ultrafiltration step to remove proteins, a decalcification step to remove calcium and

Membrane characterization
Lactic acid

Electrolytes

Process simulation

magnesium by precipitation, and a nanofiltration/diafiltration step for demineralization and deacidification of
lactose. The performance of each step is evaluated and the characteristics of the main streams are estimated. The
feasibility of lactose recovery after the decalcification step by nanofiltration is demonstrated by using a spiral
wound module. Membrane characterization was performed at pH 4 and 50 °C, with an artificial solution con-
taining lactose, lactic acid and sodium chloride, prepared to mimic the clarified supernatant from the decalci-
fication unit. The feasibility of the simultaneous concentration and deacidification of lactose is finally validated
by processing a real solution. With the real solution, the maximum removal of lactic acid, close to 87%, is ob-
tained by operating with a nanofiltration (NF) step (at a concentration factor of 3.5) followed by a NF step
operated in diafiltration mode (DF) at constant volume (at a dilution factor of 1.8). A lactic acid/lactose ratio of
0.018 g/g is achieved, with an overall lactose purity and yield of 93.6% and 98.2%, respectively, when operating
at low pressure values (up to 12-14 bar). A preliminary process simulation is finally performed to identify the
premises for process optimization of the NF+DF configuration. The success of the integrated NF+DF process is
contingent upon the correct balance between the choice of the membrane and the operating conditions, which
ensure lactose rejections exceeding 98.5% and lactic acid rejections falling below 20-30%, while maintaining
transmembrane fluxes between 8 and 15 dm®/(hm?).

whey; the protein content is about the same [6-10].

While the same valuable elements such as protein and lactose are
present in acid whey, very few processes are proposed for their recovery.
The higher concentrations of calcium and phosphates and the signifi-
cantly higher concentration of lactic acid compared to the sweet whey
are the main limitations to the processability of acid whey.

At present, most of the published work is devoted to the deminer-
alization and deacidification of raw acid whey with the aim of producing
powders that are mainly used for animal feed. The removal of mono-
valent salts and lactic acid is required to improve the taste of the final
product; softening and deacidification are also necessary to allow the
processability of the powder. The presence of calcium and lactic acid has
negative effects on the crystallization of the lactose contained in the
whey, which appears in an amorphous form and produces agglomerates
and sticky powders that inhibit spray drying. In addition, calcium and
phosphates can interact with proteins and lead to the formation of
precipitates in evaporators with significant scaling problems.

1. Introduction

The recovery of valuable products from whey, typically protein and
lactose, is a well-established industry practice for sweet whey and allows
a significant reduction in the waste treatment of this by-product [1-5].
However, over the past decade, acid whey has also become a major
waste management issue, even though the volume of acid whey pro-
duced worldwide is less than that of sweet whey. Acid whey comes from
the production of cream and fresh cheeses, such as quark and cottage
cheese, and from the production of strained yogurts, such as Skyr and
Greek yogurt.

Although the composition of whey is strictly related to the compo-
sition of the original milk, acid whey typically has a much lower pH than
sweet whey (4.5 vs. 5.8), a lower lactose content (34-43 vs. 44-48 g/
dm3), while it has a higher calcium concentration (1-1.6 vs. 0.2-0.5 g/
drn3) and a higher lactic acid content (5-9 vs. 0.5-1 g/dm3) than sweet
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Nomenclature

Abbreviations

LA lactic acid

LT lactose

Symbols

An membrane area (m?)
[¢ concentration (g/dm3)

Jv, <Jv> transmembrane flux/average flux (m/s)
Low hydraulic permeability (dm3/(hm?bar))

m mass (kg)
Q volume flow rate (m3/s)
Rops observed rejection

t generic time

A% volume (m®)

o osmotic pressure (bar)

A difference

Subscripts and superscripts

0 at the initial condition

i generic solute

DF in diafiltration mode

FS in the feed side (see Fig. 2)

NF in concentration mode

P in the permeate stream (see Fig. 2)
PC in the permeate collector (see Fig. 2)
w water

Targets for lactose quality can be defined according to the same
targets as for lactose from sweet whey: purity greater than 90%, with a
maximum lactic acid/lactose ratio of 0.042 g/g. Calcium targets are not
well defined. Thorough studies have been carried out recently by
various authors [8,11-16], with often contradictory results. The most
interesting conclusion reached is the realization that for proper spray
dryer operation and good crystallization yield the lactic acid/calcium
ratio should be in the range from 1.5 to 2 g/g or in the range from 13 to
14 g/g [14].

Demineralization and deacidification have been proposed by study-
ing the efficiency of conventional techniques such as ion exchange and/
or calcium precipitation and membrane processes [6-8,17-24]. Partial
demineralization of acid whey is reported in the literature as a consol-
idated technology [23]: by nanofiltration (NF) of raw acid whey, 40%
demineralization was obtained at volume concentration factors of 4, and
70-90% demineralization was achieved by nanofiltration operated in
diafiltration (DF) mode at 20 bar [18].

Simultaneous demineralization and lactic acid removal is a more
recent subject of study, for which electrodialysis (ED), nanofiltration
and/or their integration have been explored. Typically, ED of raw acid
whey is effective to achieve 78-90% deacidification and close to 80%
electrolyte removal, with remarkably high energy consumption
[6,7,22]. The integration of ultrafiltration (UF) with NF (at volume
concentration factor of 3.5-4 and 20 bar) was developed by Talebi et al.
[8] to remove lactic acid and monovalent electrolytes, but they needed a
subsequent ED step to ensure the required softening and deacidification.
In their work, the final solution contained 1.6 g/dm® of calcium and
magnesium, it was characterized by a lactic acid/lactose ratio of 0.032
g/g, while ensuring 70% demineralization. Good quality powders were
finally obtained by evaporation and drying of a solution obtained by
remixing the demineralized and deacidified UF permeate with the UF
retentate.

Different strategies to maximize the removal of lactic acid and
minerals by avoiding ED have been studied by Chandrapala et al.
[19-21]. In [20], they finally proposed the integration of a decalcifi-
cation step, in which calcium precipitation was favored by the addition
of sodium hydroxide, with NF. However, neither NF (at a concentration
factor of 3), nor DF (at a volume dilution factor of 3) were effective in the
deacidification of microfiltered acid whey: a maximum removal of 66%
was obtained at 20 bar, although a 90% removal was claimed to be
necessary to meet the purity requirements.

Conversely, very little work has been reported in the literature with
the aim of recovering lactose from acid whey [1,25,26]. De Souza et al.
[25] report an experimental analysis of several processes and propose, as
a best case, the integration of microfiltration with ultrafiltration fol-
lowed by ion exchange and reverse osmosis to obtain lactose at 95 g/
dm?® with 99.8% purity. The effectiveness of lactic acid removal is not
mentioned. Kravstov et al. [1] focus on the presence of calcium in acid

whey and propose the integration of NF with ED as a possible alternative
technique to the decalcification by precipitation. Finally, Casado-
Coterillo et al. [26] renew the interest in lactose recovery by perform-
ing a preliminary membrane screening on a reconstituted whey, in
which lactic acid was artificially added to an ultrafiltered sweet whey.
However, the experimental study was only aimed at investigating the
role of operative conditions (pH, pressure and temperature) on the lactic
acid retention.

All the above-mentioned studies, even if they were mainly addressed
to the demineralization and deacidification of whey, give interesting
indications and can be used to start research on the recovery of lactose,
which could be carried out simultaneously with the recovery of proteins,
as is the case of sweet whey. In addition to the removal of monovalent
electrolytes, which everyone claims is possible with a NF stage, the
studies highlight two aspects that have not yet been resolved. On the one
hand, it has not yet been possible to achieve high lactic acid removal
rates with NF alone, even after a precipitation decalcification stage. On
the other hand, in order to avoid precipitation, softening seems to be
possible only by ED, which significantly increases the complexity of the
process and could increase the costs of the whole process. Finally, it
should not be neglected that in the ED process, the exiting lactic acid
together with the bivalent electrolytes represents a waste for the overall
process.

The objective of this work is to document the feasibility of demin-
eralization and deacidification of lactose solutions, derived from pre-
treated acid whey, by NF. Specifically:

a) The overall process flow sheet, which leads from the raw acid whey
to the purified lactose, is proposed with the aim of laying the
groundwork for the additional recovery of lactic acid.

b) The proof of concept of the step dedicated to the recovery and pu-
rification of lactose is first demonstrated through an experimental
campaign carried out by testing a NF membrane with an artificial
solution, and then validated by testing the same membrane with a
real solution.

c) A semi-empirical model is developed to simulate the membrane
performances and finally used for a preliminary process analysis.

2. The overall process

Fig. 1 shows the flowsheet of the overall process proposed here to
recover all the valuable products from raw acid whey. The ultrafiltration
(UF) step is the core of the process, where the protein fraction can be
separated from the lower molecular weight fraction, containing elec-
trolytes, lactic acid and lactose as main components. UF requires pre-
treatments such as pasteurization and centrifugation or microfiltration
(MF) to inhibit microbial growth and to separate/recover the cream,
respectively. UF can be followed by the “lactose recovery and
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Fig. 1. Complete process flowsheet for the recovery of products from
acid whey.

purification” step, which requires a decalcification unit and a NF step. If
NF is operated in DF mode, a reverse osmosis unit should be considered
for water recovery. The chain can be completed with the last step
dedicated to “lactic acid demineralization”.

For a preliminary feasibility study of lactose recovery and purifica-
tion in the NF step an experimental investigation was carried out by
testing NF membranes with an artificial solution that mimics the su-
pernatant coming from the decalcification step. The characteristics of
the artificial solution were determined by prior quantification of the unit
operations before the NF step. The operating conditions and the per-
formances of each step were evaluated with reference to the most sig-
nificant data available in the literature for similar cases; in the absence
of information, estimates were based on the consolidated knowledge of
each operation.

Details of the quantification of the main items are given below, while
specifications of the main streams upstream of the NF unit are summa-
rized in Table 1.
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2.1. Raw acid whey

The characteristics of raw acid whey can vary depending on the
original milk and on the type of cheese being produced. Table 1 shows
the average concentration values of the main constituents resulting from
the production of cheddar, cottage cheese, Skyr, cream cheese and Greek
yogurt as reported in [6,8-10]. In particular, the amounts of lactose and
lactic acid are closely related and can vary over a wide range: the higher
values of lactic acid (7 g/dm3) correspond to the lower concentrations of
lactose (36 g/dm>). The total electrolyte concentration, including
phosphates, ranges from 4.1 to 5.4 g/dm?; average values are listed in
Table 1.

2.2. Pretreatments

The characteristics of the MF permeate (Table 1) are estimated
assuming total fat rejection and 5% protein rejection; total permeation
of all the other components is considered [4,27].

Pasteurization has no effect on the whey composition.

2.3. Ultrdfiltration

Useful data for estimating UF efficiency with acid whey can be ob-
tained or deduced from literature information. For proteins, estimates
should take into account that protein rejection is affected by the mem-
brane molecular weight cut-off, by the concentration factor achieved
and the type of operation (in concentration or DF mode): [7,8,28] report
very good rejections, generally higher than 95%. For lactose, [1,7,8,29]
report rejection values of UF membranes in the range of 15 to 20%,
while [7,8] report rejection values for lactic acid in the range of 5 to 7%.
Acid whey mineral rejections are only reported by [7,8]. In summary,
the following average rejections were used to estimate the concentra-
tions of the UF permeate stream (Table 1): proteins (95%), lactose
(17%), lactic acid (5%), bivalent cations (14%), monovalent cations
(—6%), chloride (12%), total phosphates (22%).

2.4. Decalcification step

Salt addition at high pH values is proposed to favor the precipitation
of calcium phosphates. Clarification of the supernatant by centrifugation
and/or MF should be considered to ensure a non-fouling stream to the
downstream process. The decalcification efficiency was assessed with
reference to the information provided by [20,30]. Ortiz Quezada et al.
[30] studied calcium precipitation by addition of tetrasodium pyro-
phosphate (NayP,0;) while varying the calcium to phosphorus ratio
(Ca/P), pH values, temperature and holding time. Several effective
combinations were proposed, but for the purposes of this work, the
operating conditions of the decalcification step were selected to ensure
the highest calcium removal. At pH 10 (obtained by adding a NaOH
solution), Ca/P ratio of 0.8 mol/mol (obtained by adding tetrasodium
pyrophosphate), 55 °C and a holding time of 35 min, Ortiz Quezada et al.

Table 1
Characteristics of a typical raw acid whey, main streams before NF step and artificial solution.
Units Raw MF UF Decalcification supernatant NF feed
acid whey Permeate permeate (after clarification) (artificial solution)
lactose (LT) g/ dm® 36-43 36-43 29-37 26-33 30
lactic Acid (LA) g/dm® 7-5.4 7-5.4 6.7-5.0 5.3-3.9 4.4
fats g/dm? 0.10 - - - -
proteins g/dm® 3.0-4.5 2.8-4.3 0.14-0.22 — -
Ca + Mg g/dm® 1.35 1.35 1.16 0.02 -
Na + K g/dm3 1.70 1.70 1.81 1.81 1.6
Cl g/dm3 1.01 1.01 0.88 0.88 1.2
P g/dm® 0.70 0.70 0.55 0.55 -
pH - 4.6 4.6 4.6 10 4
LA/LT g/g 0.19-0.13 0.19-0.13 0.23-0.14 0.20-0.12 0.15
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[30] reported a calcium removal of 98%, while the residual concentra-
tion of phosphates was been estimated to be 0.55 g/dmg. The final
concentrations of the clarified supernatant from the decalcification step,
as reported in Table 1, were estimated by assuming 21% lactic acid
removal and 9% lactose loss (as measured by [20]); a total removal of
proteins was considered (as a consequence of their complexation with
calcium and precipitation), while negligible effects on electrolyte
removal were assumed.

2.5. Nanofiltration

The quantification of the NF step is the main subject of the next
sections, where an experimental study is presented to show the mem-
brane performances and the process efficiency in demineralization and
deacidification.

The study described here ends with the characterization of the NF
step, while the efficiency of the “lactic acid demineralization” step
(Fig. 1) is not evaluated. For this purpose, it is currently possible to refer
to the operations typically used for the recovery and purification of
lactic acid downstream of the bioreactors [31,32], taking into account
the better quality of the lactic acid solution generated by the process
proposed here.

The main objectives of the NF unit are: i) to ensure the removal of
lactic acid to obtain a lactic acid/lactose ratio lower than 0.042 g/g; ii)
to obtain a demineralization of at least 70%, with a total lactose purity
higher than 90%; iii) to reach the lactose concentration of 120 g/dm?,
which is usually accepted as economically convenient for the subsequent
evaporation prior to crystallization.

3. Materials and methods
3.1. Materials

3.1.1. Solutions

The artificial solution (Table 1) was prepared by dissolving lactose
(342 kg/kmol), sodium chloride (58.4 kg/kmol) and lactic acid (90.1
kg/kmol, pKa=3.90 at 50 °C [33]) in demineralized water (5.0 uS/cm,
pH 4.7). Reagent grade alpha-monohydrate lactose (Carlo Erba Reagents

Table 2
Characteristics of the real solution.

Solute Concentration (g/ Electrolyte Concentration (g/
dm®) dm®)
Proteins* 0.88 Sodium + 0.62
potassium
Fats* 0.07 Chloride 0.23
Lactose 29.6 Calcium + 0.30
magnesium
Lactic acid 4.33 Phosphates 0.74
Total 2.6 Sulphates 0.07

electrolytes

(*) = calculated from the technical data sheet of the sweet whey powder.
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s.r.1.-Milan, Italy), sodium chloride (Merck SpA-Milan, Italy) and lactic
acid (Fisher Scientific Italia-Milan, Italy), that was available in aqueous
solution at 85-90% w/w, were used; pH was adjusted by adding NaOH.

The real solution (Table 2) was prepared by dissolving the powder of
ultrafiltered sweet whey (Reire srl, Reggio Emilia-Italy) in demineral-
ized water with the addition of lactic acid (at 85-90% w/w), obtaining a
solution with a composition very similar to that of the stream coming
from the decalcification unit, in terms of lactose, lactic acid and total
electrolytes. The composition of the reconstituted real solution is
particularly conservative with respect to the artificial solution; in fact,
the presence of proteins and a modest amount of fats could reduce
membrane performance compared to the case of the artificial solution.
Finally, for the purposes of determining the lactic acid/lactose ratio and
demineralization, the presence of calcium can be considered irrelevant,
while the presence of phosphates and sulfates renders the real solution
more representative of the decalcification supernatant (Table 1).

3.1.2. Membrane

All the NF experiments were performed with a DK1812 spiral wound
module (0.38 m? nominal membrane area, 34 mil feed spacer, 12"
module length and 1.85" diameter) manufactured by Veolia Water
Technologies SpA., which supports DK membranes. DK membranes are
thin film composite NF membranes with a polyamide active layer sup-
ported on polysulfone, 150-300 Da MWCO and 98% MgSO4 nominal
rejection measured with 2000 ppm MgSO4 solutions at 25 °C and 7.6 bar
[34].

The selection of the DK membrane was guided by the synthesis of
several literature results, as referenced in [35-40]. Typically, the DK
membrane shows high disaccharide rejections even at 50 °C, in com-
parison to other similar membranes such as DL. Additionally, it exhibits
lower rejections for monovalent electrolytes in comparison to other
similar membranes, as evidenced by the NF270 membranes-FilmTec™,
which operate at low pressures (5-10 bar) and pH 4, which is very close
to the point of zero charge of the membrane. On the other hand, in
[19,21], the authors screened membranes (DK, DL, HL, by Veolia, and
XN45-Trisep) with real acid whey at 21 bar, selecting the HL. However,
the DK was found to have a higher lactose rejection, albeit lower fluxes.
Subsequent results [20], demonstrated that the HL. membrane was un-
able to achieve the required lactic acid removal. Consequently, the DK
membrane was selected for this study as the optimal compromise be-
tween the need for high lactose rejection and the need for high trans-
mittance of lactic acid and electrolytes.

3.1.3. Equipment

All the experiments were performed in a bench-scale NF apparatus
[35], modified to operate in both concentration mode and DF mode at
constant volume. The detailed flowsheet is reported in the supplemen-
tary material with a photo of the apparatus (Figures S1 and S2),
simplified schemes are reported in Fig. 2 for clarity.

Fig. 2a) refers to NF operating in concentration mode: the feed tank is
initially filled with the artificial solution, the retentate is continuously

a) b)

Feed Side
(FS)

Permeate
collector
(PO)

‘Water

Feed Side
(FS)

Permeate
collector
(PC)

(W)

Fig. 2. Diagram of the experimental apparatus operating a) in concentration mode, and b) at constant volume DF mode.
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recirculated to the tank while the permeate is continuously collected
downstream of the module. During a NF experiment, the volume of the
feed side decreases with time while the total concentration increases. At
any time, the parameter VCF, the Volume Concentration Factor, can be
defined accordingly as the ratio of the initial volume of the solution in
the feed side to the volume of the solution in the feed side at the cor-
responding time.

Fig. 2b) shows the scheme of the NF operating with constant volume
DF mode: demineralized water (maintained at pH 4, by adding an HCl
solution) is continuously added to the feed tank to keep the volume
constant over time, i.e. the water volumetric flow rate is kept equal to
the permeate flow rate, which in turn can vary over time. A dosing pump
is used for this purpose. At any time, the parameter VDF, Volume
Dilution Factor, can be defined accordingly as the ratio of the volume of
the permeate collected (corresponding to the volume of water added) to
the initial volume of solution in the feed side. In all the experiments, the
pH was measured in the feed side and in the permeate collector.

With the same apparatus, the integration of NF with DF (NF+DF) was
also studied, where the final retentate of the previous concentration step
was used as initial feed for DF.

3.2. Experimental and analytical methods

According to the standard protocol already presented and discussed
in [35,41], the virgin module was stabilized with demineralized water at
10 bar and 50 °C; after each experiment, the module was rinsed with
demineralized warm water (at 40 °C) and subjected to an acid-base
washing, at pH 4 and 10, respectively. The effectiveness of the
rinsing/washing procedure was checked by comparing the hydraulic
permeability with the value measured with the stabilized module. An
average hydraulic permeability of 10.17 + 0.73 dm®/(hm?bar) was
obtained during the whole campaign, in excellent agreement with the
values measured with other samples of the same type of membranes
[41]. A rinsing/washing procedure was performed after each experi-
ment in order to test the membrane under the same conditions and
obtain comparable data with a clean membrane.

All the experiments were performed at 50 °C, pH 4 and 600 dm®/h
feed flow rate, corresponding to a superficial velocity of 0.36 m/s [41].

The temperature of 50 °C was chosen to obtain high transmembrane
fluxes and to limit microbial growth, although the preservative prop-
erties of lactic acid are favorable per se.

The feed flow rate was selected to control polarization phenomena
which may be present due to the high lactose concentrations. The ex-
periments did not reveal any significant permanent fouling, likely due to
the favorable combination of low transmembrane fluxes and a very high
superficial velocity.

The pH value of 4 was chosen as a good compromise between the
need to achieve the highest lactate permeation, the need to limit
corrosion problems and the need to avoid the use of expensive equip-
ment materials. It is well-known that the rejection of organic acids de-
creases with decreasing pH, and that the highest permeation in a NF
membrane occurs at pH values lower than 5, corresponding to the lowest
dissociation degrees of the acids [19,20,26,36,42,43]. Furthermore, as
the pH value of 4 corresponds to the isoelectric point of the membrane,
the minimum rejection of monovalent electrolytes can be anticipated,
which is highly favorable for demineralization.

Experiments in concentration mode were carried out to obtain VCF
values ranging from 2 to 3.8. The experiments with the artificial solution
were performed at constant transmembrane pressure (TMP) (at 11.6,
15.6 and 19.6 bar) and at constant average permeate flux (STEP mode).
The STEP mode was performed by increasing the pressure by 2 bar per
step to ensure average permeate fluxes in the range of 6.5 to 9.5 dm®/
(hm?) as the concentration increased with time. Such an approach was
adopted to favor lactose rejection and to promote the simultaneous
removal of lactic acid and electrolytes. In fact, scientific evidence shows
that the rejection of low molecular weight solutes decreases significantly
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as the permeate flux decreases, while the rejection of higher molecular
weight neutral solutes is affected to a lesser extent [44,45]. The exper-
iments with the real solutions were performed in accordance with the
STEP-mode.

DF experiments with the artificial solution as it is were performed to
achieve VDF values close to 2.4, by operating at TMP values of 3.7 bar
corresponding to the minimum TMP that could be regulated in the
experimental apparatus. In these conditions, average permeate fluxes in
the range of 9-9.5 dm3/(hrn2) were obtained.

The DF experiments, integrated with a NF in concentration mode,
were performed at TMP values to ensure average permeate fluxes close
to 9 dm3/(hm2), both with the artificial solution and with the real
solution.

For each experiment, permeate flux was measured at regular in-
tervals and samples of the feed tank, permeate stream and permeate
collector were taken and analyzed.

Lactose and lactic acid concentrations were measured by HPLC,
using a Prominence Modular HPLC from Shimadzu Italia s.r.l. (Milan,
Italy), equipped with an ORH801 organic acid column (Sepachrom s.r.1.,
Milan, Italy) and a refractive index detector. Analyses were performed
using 0.1 N H2SO4 as the mobile phase, at a flow rate of 0.5 mL/min and
at a temperature of 35 °C for both the column and the detector.

Cation and anion concentrations were measured using two Dionex™
Aquion™ Ion Chromatography Systems from Thermo Fisher Scientific
(Milan, Italy). A Dionex™ IonPac™ CS12A IC column equipped with a
Dionex™ CDRS 600 suppressor was used to measure the cations. Ana-
lyses were performed using 4.5 mM sodium carbonate / 0.8 mM sodium
bicarbonate as eluent, at a flow rate of 1 mL/min and a column and
detector temperature of 30 °C and 35 °C, respectively.

A Dionex™ Integrion™ HPIC system, equipped with a Dionex™
AERS 500 suppressor, was used for anions measurements. Analyses were
performed using methanesulfonic acid as the eluent, at a flow rate of 1
mL/min and a column and detector temperature of 40 °C and 35 °C,
respectively.

Given the total rejection of the membrane by proteins and fats, the
concentrations of these substances in the real solution were calculated in
accordance with the obtained VCF.

3.3. Characterization parameters

The definition of the parameters used along the paper is reported
here. A summary of the overall notation is listed in the Nomenclature.
The separation efficiencies of the NF, DF and NF+DF operations are
defined in (1)-(3), in which the notations of Fig. 2 are mentioned.
LA concentration in the feed side

lacticacid /lactose ratio = — - 1
/ LT concentration in the feed side )

lactose purity — LT concentration @
puntty =rr + LA + electrolytes concentration

mass of electrolytes in the permeate collector
initial mass of electrolytes in the feed side

3

demineralization =

For the real solution, lactose purity was calculated taking into account
the concentration of all substances present, including proteins and fats.

In order to characterize the membrane, the typical quantities of total
transmembrane flux (flux = %’;) and the observed rejection of i solute
cf(t)
()

In addition, at each time t, the following parameters are calculated
according to Egs. (4)-(7), which are obtained by combining the total
mass balance and the i solute mass balance equations applied to the
corresponding experimental system (Fig. 2).

For the NF in concentration mode (NF), VCF and the removal of the i-
th solute (REMOVAL) can be calculated as follows:

(rejection = 1 — ) were measured as a function of time.
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VoS eS(t) —cfe(t
e =) @

_ VCF(t) x cf§ — c*(t)

REMOVAL(t) = )
' VCF(t) x cf3

For the NF in diafiltration mode (DF) at constant volume, VDF and the
removal of the i-th solute can be calculated as follows:
VPo(r) oy — ()
VDF(t) = ——t = 0L 7 6
O T ©
cio — (1)

REMOVAL(t) = 0~ )

1,0

In Egs. (4)-(7), cﬁ g represents the initial solute concentration in the feed
side, and cf C is the solute concentration in the permeate collector;
lactose concentration was used to evaluate VCF, while lactic acid con-
centration was used to calculate VDF.

Finally, the overall removal of the i-th solute in the integrated NF +
DF configuration is calculated according to Eq. (8).

VCEye x PV — cSPF(p

OVERALL REMOVAL(t) =
(® VCFyr x ci5NF

(8)

where VCFyr represents the overall VCF achieved in the NF step.

It can be observed that the corresponding definitions of removal also
be used to quantify the lactose loss in the permeate collector as well as
the percent demineralization, as reported in the results. In addition, the
removal of lactic acid corresponds to the yield of separation, whereas the
yield of lactose recovery can be obtained as (1-REMOVAL).

4. Experimental results
4.1. Membrane characterization

The membrane performances measured in the NF experiments (in
concentration mode) with the artificial solution (Table 1) are summa-
rized in Fig. 3 and 4. Fig. 3 shows the evolution of the total trans-
membrane flux; the data are reported along the VCF in the constant TMP
experiments (Fig. 3a) and along the lactose concentration in the feed
side in the STEP-mode experiments.

Apparently, the typical behavior of decreasing flux with increasing
concentration at a constant TMP value is observed in Fig. 3. This is due
to the increasing effect of the osmotic pressure of lactose, which is the
most retained solute. Operating at high TMP values allows higher fluxes
to be obtained and correspondingly higher VCF could be achieved.
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Fig. 4. Observed rejections of lactose and lactic acid versus total trans-
membrane flux in NF concentration mode of the artificial solution. Dashed lines
are the predictions obtained by the 3-parameter model (Eq. (9)) using the
corresponding reflection coefficients and solute permeabilities.

Fig. 3a) evidences that the TMP of 11.6 bar can be considered as the
minimum operating pressure to achieve a VCF of 3.55, which corre-
sponds to a lactose concentration of 111 g/dm®. Comparing the results of
Fig. 3a) with the data of Fig. 3b), it can be observed that the operating
mode does not affect the achievable lactose concentration: a lactose
concentration of 113 g/dm® was also obtained in STEP-mode, at the
corresponding TMP of 11.7 bar. However, the STEP-mode operation
allows to keep the total fluxes in the range from 4 to 16 dm3/(hm?), with
average values contained in the range from 6.5 to 9.5 dm®/(hm?), with
interesting advantages regarding the rejection values.

Fig. 4 collects all the observed rejections of lactose and lactic acid as
a function of total flux, obtained in the experiments in concentration
mode at constant TMP and in STEP-mode. As expected from literature
data with similar membranes and similar compounds, lactose rejection
is very high, greater than 99 % even at very low fluxes, and is inde-
pendent of lactose concentration, as is typical for neutral compounds
[26,35,46].

Lactic acid rejection, on the other hand, varies over a wider range: it
increases steadily from 10% to 35% in the flux range from 5 to 20 dm®/
(hm?) and approaches an asymptotic rejection close to 45% at 70 dm>/
(hm?). However, it is important to note that, in the range of concen-
trations studied, the lactic acid rejection vs. flux curve is not affected by
the lactic acid concentration (varying in the range from 4.47 to 8 g/
dm?®), nor by the lactose concentration (varying in the range from 30 to
113 g/dm?®). Furthermore, it can be observed that no effect of the elec-
trolyte concentration could be detected on lactic acid rejection, as the
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Fig. 3. Variation of the permeate flux in NF experiments (concentration mode) with the artificial solution at a) constant TMP and b) in STEP-mode. Pressure values

are the corresponding TMP. Dashed lines are the fitting curves.
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NaCl concentration remained rather constant at 2.8-2.9 g/dm?>. This is
due to the very low NaCl rejection, mainly favored by low fluxes and by
the operating pH close to the isoelectric point of the DK membrane.

These behaviors are remarkably interesting: operating the NF at low
fluxes should facilitate greater permeation of lactic acid with corre-
spondingly minimal lactose loss in the permeate. At low fluxes, i.e. low
TMPs, lactic acid rejection decreases to a greater extent than lactose
rejection. For instance, at a flux of 10 dm?/ (hmz), lactic acid rejection is
approximately 18%, while lactose rejection is about 99.5%. When the
flux is increased to 30 dm>/ (hmz), lactic acid rejection increases to 38%,
while lactose rejection is approximately 99.8%. In the most unfavorable
scenario, which is working under asymptotic conditions, the lactic acid
rejection would be increased to 46% against a lactose rejection of 99.9%.
It is evident that the optimal operating conditions for achieving the most
effective separation between lactose and lactic acid are at fluxes that do
not exceed 30 dm3/(hm2). The results reported in the next section will
document this evidence.

Finally, it can be noted that the obtained behaviors can be described
according to a common 3-parameters semi-empirical model, such as the
well-known Spiegler-Kedem or Mason-Lonsdale models [47]. The
reflection coefficients (o5) and the solute permeabilities (P;) of lactose
and lactic acid are calculated by fitting the experimental data with the
relationships given in Eq. (9):
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where the correspondence of (65) with the asymptotic rejection is
recalled. The parameter values are reported in Fig. 4. The curves pre-
dicted with Eq. (9) (lines) document the good quality of the fitting.

4.2. Nanofiltration in concentration mode

The most representative results obtained in the NF experiments
(concentration mode) with the artificial solution are summarized in
Fig. 5.

The ability of the DK membrane to remove lactic acid from the
artificial solution is well documented in Fig. 5a) and b), where the effect
of the pressure mode is clearly demonstrated. As would be expected
from the results of Fig. 4, operating at average fluxes in the range from
6.5 to 9.5 dms/(hmz), as provided by the STEP-mode, is much more
effective in removing lactic acid. In fact, with an initial lactic acid
concentration of 4.6 g/dm>, when operating at constant TMP values in
the range from 11.6 to 19.6 bar, at VCF=3.5 the lactic acid removal is
lower than 55.6%, whereas in the STEP-mode the removal is 64.4%.
Correspondingly, the lactic acid concentration in the feed residue in-
creases up to 8.1 g/dm° at 19.6 bar, with fluxes ranging from 100 to 30
dm®/(hm?), while it is limited to 5.5 g/dm3 in the STEP-mode.
Conversely, operation in STEP-mode leads to a higher lactose loss in

(e — 1)o; the permeate, but well below 1% (Fig. 5d). This trend appears to be
rejection = e — o, o consistent with the lactose rejection data (Fig. 4), which show a slight
with 9 decrease of lactose rejection at low fluxes.
Pe — 1 —05)Jy lim (rejection) = o The most interesting results are shown in Fig. 5¢), where the LA/LT
P g ) ratio is plotted against VCF. Apparently, none of the pressure operation
modes is able to reach the target value of 0.042 g/g, at VCF values close
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Fig. 5. Effect of pressure operation mode on NF (concentration mode) performance with the artificial solution. a) Lactic acid concentration in the feed side (closed
symbols) and in the permeate collector (open symbols); b) Lactic acid removal; ¢) LA/LT ratio in the feed; d) Lactose loss in the permeate collector. Dashed lines are
the corresponding simulations by the semi-empirical model (Table 3).
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to 4, although the STEP-mode is the most effective. Increasing the
pressure in STEP-mode above 11.6 bar would have been unfavorable,
since it would have increased the lactic acid rejection and, most likely,
the asymptotic removal would have been approached. The STEP-mode is
also effective for demineralization: a lactose purity of 93% is achieved at
a VCF close to 3.8, with a demineralization of 73%.

Finally, it can be noted that the pressure operation mode does not
significantly affect the lactose concentration in the retentate as a func-
tion of VCF, since the lactose rejections are higher than 99%. As docu-
mented in Fig. S3 of the Supplementary Information, the concentration
of 110 g/dm® was obtained in the different experiments with the arti-
ficial solution.

Fig. S3 also shows a comparison between the pH measured in the
permeate collector and the corresponding values in the feed side. The pH
changes in the feed side are very small, between 4 and 4.1. The pH of the
permeate is always lower than that of the feed side, but between 3.9 and
4.05, indicating negative proton rejection, in agreement with other re-
sults obtained with these membranes [48].

4.3. Nanofiltration in didafiltration mode

The main results obtained in the DF experiments with the artificial
solution as it is (Table 1) are summarized in Fig. 6. DF is very effective in
removing lactic acid: the concentration in the feed side is halved by
increasing the VDF from zero to 0.8, and the value of 0.72 g/dm?® can be
obtained at a VDF of 2.4. Also in this case, the experiments were carried
out at a very low TMP (3.7 bar) in order to ensure low values of the
average flux, which varied between 8 and 10.5 dm®/ (hmz); accordingly,
the lactose concentration remained rather constant (30 g/dm3) during
the experiments.

This behavior confirms the high rejections observed for lactose with
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Fig. 6. NF performance in DF mode at TMP=3.7 bar with the artificial solution.
a) Lactic acid concentration in the feed (closed symbols) and in the permeate
collector (open symbols); b) LA/LT ratio in the feed and lactose loss in the
permeate collector. Dashed lines are the corresponding simulations by the semi-
empirical model (Table 3), at average flux=9.4 dm®/(hm?).
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the DK membrane, which are even more favored by the low lactose
concentration. Details of the evolution of the lactose concentration in
the feed side and the total flux along the VDF are shown in Fig. S4 of the
Supplementary Information, where a comparison between the pH
measured in the permeate collector and the corresponding values in the
feed side is also reported. Also for DF, the pH changes in the feed side are
very small (from 4.05 to 4.18); however, it should be noted that DF is
performed with demineralized water at pH 4. Again, the pH of the
permeate is always lower than that of the feed, confirming the negative
proton rejection.

It is remarkably shown in Fig. 6b) that the DF mode allows to reach
the target of LA/LT=0.042 g/g at VDF=1.7. Higher lactose purities can
be obtained by operating at VDF=2.4, which leads to a LA/LT ratio close
to 0.024 g/g, with a demineralization of 89%, corresponding to a lactose
purity of 96.7%.

4.4. Discussion: The integrated NF+DF process

Although operation in DF mode of the artificial solution as it is leads
to high quality lactose, it requires large amounts of water, the recovery
of which should be considered as an additional step. However, in order
to recover all the water needed for the DF operation and to concentrate
the DF retentate to achieve a concentrated purified lactose, two addi-
tional reverse osmosis steps should be envisaged: one dedicated to the
concentration of the residual feed and another dedicated to the con-
centration of the permeate from the DF step.

A good compromise can be represented by the integration of a NF
step (operated in concentration mode) with a subsequent DF step
(operated at constant volume).

The experimental evidence reported in the previous sections sug-
gested performing both operations while keeping the total flux values
constant. Specifically, the NF of the artificial solution was carried out up
to VCF=2.12 with an average flux of 8.5 dm®/(hm?), regulating the
pressure according to a STEP-mode in the range from 3.7 to 6.7 bar; the
DF was carried out up to VDF=2.0 with an average flux of 8.8 dm®/
(hmz), at TMP=6.7 bar. The main results are shown in Fig. 7. The
concentration step (NF) allows to remove a significant part of lactic acid
(47.3%) with a simultaneous concentration of lactose (64.1 g/de).
Accordingly, a lactose loss of 0.4% was measured in the permeate, with
an electrolyte removal of 47.5%, giving a solution with a lactose purity
of 89.1%.

The subsequent DF step effectively completes the deacidification and
demineralization. At VDF=1, the LA/LT ratio can be remarkably
reduced to 0.034 g/g, corresponding to a lactic acid removal of 77.7%
and a demineralization of 83.1%, ensuring an overall lactose purity of
95.3%. Fig. 7, on the other hand, documents the possibility of obtaining
89% lactic acid removal at VDF=2.0, with a corresponding LA/LT ratio
of 0.014 g/g and an overall lactose purity of 97.8%.

All the results obtained so far in this work provide experimental
evidence that the lactic acid removal required to ensure good quality
lactose can be obtained by operating in the NF+DF mode, at least with
an artificial solution, by maintaining appropriate operating conditions.
The lactic acid removal achieved in this work was much higher than the
66% value recognized as the maximum achievable by Chandrapala et al.
[20]. In [20] the authors worked with the HL membrane, under favor-
able conditions of VDF=3 and pH 3, but in the presence of high amounts
of proteins, since they did not consider an UF step prior to NF, which was
strongly affected by remarkable fouling.

The results of this work are also consistent with those obtained by
Talebi et al. [8] in the case of acid whey demineralization. They ach-
ieved LA/LT=0.032 g/g by integrating NF (at VCF=3.5-4 and TMP=20
bar) with ED, treating the UF permeate at the natural pH of acid whey,
whereas the integration of NF (at VCF=3.5-4) with DF (at VDF=1 and
TMP=20 bar) led to a value of LA/LT of only 0.040 g/g.

In this respect, it is very interesting to note that, to the best of our
knowledge, none of the authors [6,8,19,21] who have worked with acid
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whey report information on lactose loss, either in the NF or in the ED
stage. Only Cuartas-Uribe et al. [46], with the aim of demineralizing
lactose from sweet whey, report as acceptable a total lactose loss of 10%
by operating a NF (VCF=2) followed by a DF (VDF=2) with DL mem-
branes (slightly more permeable and less selective than DK) at 20 bar.
The case is roughly homologous to that shown in Fig. 7, where instead
lactose losses of no more than 1.5% are obtained.

As documented in this work, operating at low transmembrane flux,
by keeping TMP values lower than 20 bar, both in NF and in DF mode,
opens the possibility of avoiding the ED step, with the advantages
related to the use of a unique process that could be carried out with the
same membrane and therefore with the same equipment. In addition,
operating at low pressures should reduce energy consumption and, at
the same time, increase the required membrane area.

However, the experiments documented in Fig. 7 refer to the case
where the purified lactose is obtained at a relatively low concentration
(close to 60 g/dm3), corresponding to a VCF=2.

The experimental evidence of the feasibility of the simultaneous
lactose concentration and purification obtained by processing the real
solution (Table 2) is shown in Fig. 8, where the results are reported in
the case of the integration of NF with DF.

Specifically, the NF was performed up to VCF=3.52 with an average
flux of 8.6 dm®/(hm?), regulating the pressure according to a STEP-
mode in the range from 4.6 to 11.6 bar; the DF was carried out up to
VDF=1.81 with an average flux of 9.0 dm3/(hm2), at TMP=13.5 bar. A
significant and interesting confirmation of the trends and results ob-
tained in the case of the artificial solution can be observed. The con-
centration step (NF) allows the removal of 60.3% of lactic acid with a
simultaneous concentration of lactose up to 103.5 g/dm?, resulting in an
overall lactose purity of 88.5%; as in the case of the artificial solution,
the loss of lactose in the permeate is relatively low (0.65%). The sub-
sequent DF step effectively completes the deacidification. At VDF=0.92,
the LA/LT ratio can be remarkably reduced to 0.030 g/g, corresponding
to a lactic acid removal of 79.7%, ensuring an overall lactose purity of
92%. The lactic acid concentration varied from 4.33 to 6.05 in the NF
step, while in the DF step it decreased to 1.89 g/dm>. However, exper-
iments document the possibility of achieving 87.6% lactic acid removal
at VDF=1.81, with a corresponding LA/LT ratio of 0.018 g/g and an
overall lactose purity and lactose loss in the permeate of 93.6% and
1.81%, respectively.

Overall, the results obtained with the artificial solution (Fig. 7) and
those obtained with the real solution (Fig. 8) clearly show that it is
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possible to achieve the specifications of deacidification (LA/LT < 0.042
g/g) and lactose purity (>90%) given as a primary objective to obtain
lactose of the quality required by the industry, at least operating with
average fluxes in the range of 8-9 dm3/(hm2) in the NF stage. Finally, a
cross comparison between the results obtained with the artificial solu-
tion (Figs. 5 and 7) and those obtained with the real solution (Fig. 8)
shows that the artificial solution is indeed a good simulation of a real
solution.

At this point of the study, it becomes interesting to understand
which, if any, are the best NF 4+ DF combinations to obtain higher lactose
concentrations with the required level of deacidification. The simula-
tions presented in the next section allow to draw interesting conclusions.

5. Modeling and simulations

In this section, a semi-empirical model is presented to simulate the
performance of NF and DF processes. First, the cases studied in the
previous experiments are considered. Then, additional simulations are
reported for a final discussion.

The processes depicted in Fig. 2 can be described by the equations

10

given in Table 3, where the mass balance equations are written under
the constant density hypothesis.

When simulating NF in the concentration mode, Egs. (10)-(11) can
be integrated along time by using the appropriate boundary conditions.
The integration was performed according to Euler’s method [49], simply
implemented in an Excel™ spreadsheet, assuming a time step of 10 s. To
solve the problem, the time evolution of the total flux (Jv) and of the
permeate stream concentration (cf) is required; alternatively, the time
evolution of the feed side concentration (ciF ) and the observed rejection
(Ryps.i) can be used.

When NF is operated at an average constant flux value (as in STEP-
mode), the corresponding observed rejections can be obtained by
using the rejection vs. flux data reported in Fig. 4. Consequently, at any
time t, the volume and the mass of the solute i in the feed side can be
calculated using Egs. (10) and (11), respectively. In the case of opera-
tions at constant TMP values, the flux data as a function of VCF (as
shown in Fig. 3a) can be used. As illustrated in the Figure inserted in
Table 3, at any time ¢, the corresponding value of VCF can be calculated
from the mass balances of the previous step: correspondingly, Jv can be
obtained from the data in Fig. 3a) and the observed rejections can be
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Table 3
Equations for simulating NF and DF operations (reference to Fig. 2).
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total mass balance
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dt
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obtained from the data in Fig. 4, and then the integration process can be
continued.

The same procedure can be followed to model NF in DF mode, which
was performed at constant average flux; in this case, since the membrane
is used at the same conditions of temperature, pH and velocity, the
rejection vs. flux curves (Fig. 4) were used.

It is important to emphasize that in this case the term “semi-empir-
ical model” is much more appropriate than “model” because the mem-
brane performance data used are those obtained under specific
operating conditions and should only be used to simulate performances
of a DK membrane operating at the corresponding values.

All the results obtained by the simulations are plotted as “lines” in
Figs. 5-8: the evidence of a very good quality of both the semi-empirical
model and the simulation technique can be widely appreciated, both in
the case of the artificial solution and of the real solution.

For the artificial solution, regarding the simulations of the NF in
concentration mode (Fig. 5), the semi-empirical model obviously re-
produces the experimental data, since the rejection vs. flux data were
obtained in the same range of concentrations, temperature, pH and su-
perficial velocity as the experiments. The largest discrepancy is observed
for lactose loss (Fig. 5d), where the model appears to be conservative: in
STEP-mode at VCF=3.77 the lactose loss is predicted to be 0.86%
against a measured value of 0.80%. These differences are very insig-
nificant, and in any case the lactose loss is always less than 1%.

The most interesting results are obtained in the DF simulation of the
artificial solution, both for the “as it is” (Fig. 6) and after NF at
VCF=2.12 (Fig. 7 and S4 of the Supplementary Information). In those
cases, where the lactic acid concentration varied in the range from 4.4 to
0.8 g/dm3 (as it can be observed in Fig. 6a)), the predicted lines are
superimposed on the experimental data. This means that, although one
would have expected an effect of the lactic acid concentration on its
rejection, it was not evident in this case. The simulations carried out
neglecting the concentration effect are in perfect agreement with the
experimental results. It is therefore possible to extend the validity range
of the membrane performances of Fig. 4, at least in the whole range
studied, from 0.8 to 8 g/dm?® of lactic acid. Any extrapolation outside
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this range must be done very carefully.

For the real solution, the prediction quality of the semi-empirical
model is equally good, but with a slight increase in the discrepancy
with the experimental data. However, it should be taken into account
that this is a complex solution with the presence of divalent electrolytes,
which can have an effect on the lactic acid rejection, since they are
involved in the determination of the membrane charge, and also on the
lactose rejection. In fact, a careful look at the results in Fig. 8 shows that
the specification of LA/LT=0.03 g/g is experimentally achieved by
operating at VDF=0.92; correspondingly, the model predicted lactic
acid rejection is slightly overestimated (value of 81.6% compared to
79.7% experimental), which implies a slight underestimation of lactic
acid rejection compared to experimental values. The effects, although
modest, are also detectable in lactose loss, which is slightly under-
estimated by the model (value of 1.16% compared to 1.31% measured
experimentally). Although, as with the artificial solution, these are very
small numbers, a slight decrease in lactose rejection can be detected in
the real solution, most likely due to a greater role of salting-out
phenomena.

5.1. Preliminary process analysis and discussion

After demonstrating the validity of the semi-empirical model in
predicting the performance of the DK membrane with an artificial so-
lution and with a real solution, especially in predicting the LA/LT
parameter, a preliminary process analysis was performed to study the
efficiency of the integrated NF+DF process and to investigate the effect
of some operating conditions.

The simulation was carried out assuming the artificial solution
(Table 1) as the feed of the NF unit, NF and DF operating under the same
conditions maintained during the experiments (50 °C, pH 4, DK mem-
branes arranged in a 34-mil-feed-spacer spiral wound module at 0.36 m/
s superficial velocity). The parameters investigated are: i) the behavior
of the VDF in the DF step, ii) the final concentration of lactose achievable
in the DF step, iii) the behavior of the TMP in the NF step, and iv) the
specific area required in the NF step. All the parameters are reported as a
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function of the VCF in the NF step.

The TMP in the NF step is estimated as reported in Eq. (12), in which
the osmotic pressure difference is calculated at the bulk conditions, by
neglecting the contributions of lactose and lactic acid in the permeate
side; the contribution of salts was also neglected, since low rejections
were measured for NaCl. Such an osmotic pressure calculation can be
considered conservative in that it tends to overestimate the TMP
required.

TMP:Aﬂ+<J">

; Am o~ w4l 12)

pw

The specific area is defined as the membrane area (in m?) required to
process 1 m® of feed per hour in the NF step, as reported in Equation
(13):

An  VCF-1_ 1

_ 13
VB/At VCE  <J, > a3

specificarea =

where < J, > is the average flux obtained in the NF step.

The main results are reported in Figs. 9 and 10. In Fig. 9, the per-
formances of the DF step have been simulated at an average flux of 9
dm?®/(hm?), while for the NF step the cases of average fluxes from 8 to
30 dm®/(hm?) have been compared with the case of constant TMP at 20
bar; two specifications have been studied corresponding to LA/LT values
of 0.04 and 0.03 g/g. The case of TMP=20 bar was also accounted as
comparison with the operative conditions kept with similar membranes
by other authors [8,19,21], cited as reference along this work.

Apparently, due to the very high lactose rejection, lactose perme-
ation is strongly inhibited and the lactose concentration obtained in the
DF retentate depends mainly on the VCF. Remarkably, the final lactose
concentration of 120 g/dm® can be obtained with different combina-
tions of VCF and VDF, depending on the desired LA/LT ratio and on the
average flux set for the NF step. The target of LA/LT=0.03 g/g can be
achieved by integrating the NF step, operating at VCF=4 and 8 dm®/
(hm?) with the DF step operating at VDF=0.52 and 9 dm?/(hm?).
Conversely, the same objective can be achieved by integrating the NF
step, operating at VCF=4 and TMP=20 bar with the DF step operating at
VDF=0.94 and 9 dm®/(hm?).

The first case is clearly more favorable: it reduces the water con-
sumption by 50% with respect to the second case; in addition, the
maximum TMP required in the NF step is less than 20 bar. In fact, as can
be seen in Fig. 10a), the TMP in the NF step operating at 8 dm>/(hm?)
should be regulated in the range from 4.5 to 12.5 bar; correspondingly

2.5 - 280
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— = —— |15 dm’/(hm?) 1 500
S| — - —|30 amymm? |} *° 7
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Fig. 9. Performance of the integrated NF+DF process calculated for the arti-
ficial solution: VDF and lactose concentration in the final retentate of the DF
step are reported along the VCF in the NF step. Simulations performed at
constant average fluxes and at TMP=20 bar in the NF step, with an average flux
of 9 dm®/(hm?) in the DF step. LA/LT=0.04 g/g (solid lines), LA/LT=0.03 g/g
(dashed lines).
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Fig. 10. Performance of the NF step before DF, calculated for the artificial
solution: evolution a) of the TMP and b) of the specific area along the VCF.
Simulations are reported at constant average fluxes and at TMP=20 bar.

the DF has been calculated to operate at almost 13 bar to ensure 9 dm?/
(hm?). It should be noted that there is a very good agreement with the
TMP values that have been experimentally adjusted to obtain the results
shown in Figs. 7 and 8.

Finally, by comparing Fig. 10a) with Fig. 10b), it is possible to
observe that, by increasing the average flux from 8 to 15 dm®/(hm?),
there is a remarkable reduction of the specific area from 94 to 50 m?/
(m3h™Y), setting the same targets of LA/LT=0.03 g/g and 120 g/dm>
lactose. This advantage is also supported by a very low increase both of
the TMP in the NF step (13 bar) and of the VDF required in the DF step
(close to 0.66).

It is clear, therefore, that the main design quantities can be identified
in the VCF of the NF stage and in the value of the average fluxes to be
maintained in the NF and DF stages, which seem to be constrained in the
range 8-30 dm®/(hm?). The premises exist for a detailed process anal-
ysis which could also give an exhaustive overview of the energy and
water consumption.

6. Conclusions

This work has demonstrated the feasibility of lactose recovery from
pretreated acid whey by NF.

First, the flowsheet of a complete process for the recovery of products
from raw acid whey has been presented: after the pretreatments
necessary for the good operation of the UF unit, designed for the re-
covery of proteins, a decalcification unit followed by a NF step has been
considered to ensure the softening, demineralization and lactic acid
removal required to obtain the lactose quality demanded by the market.

Essentially, the overall process comprises the majority of the oper-
ations conventionally employed for lactose recovery from sweet whey
and largely aligns with the processes successfully proposed by other
authors for the decalcification and deacidification of acid whey. The
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differences lie in the decalcification method and in the position of the
calcium removal step in the overall flow sheet.

Sweet whey is typically softened by ion exchange resins, which
would be more difficult to use in the case of acid whey, both because of
the higher calcium content and the presence of lactic acid. Lactic acid
would be removed by the resins, requiring more effort for their regen-
eration and preventing any subsequent recovery of lactic acid. The
integration of an ED step with the NF stage has been proposed to obtain
demineralized and deacidified acid whey powders; in such cases the
residual streams containing electrolytes and lactate are considered as
waste.

This work proposes the removal of calcium by precipitation prior to
the lactose concentration and deacidification step, which is operated by
an integrated NF+DF process. This avoids the ED unit and allows for a
further recovery of lactic acid. From an economic standpoint, it is
anticipated that the cost of calcium precipitation can be compensated for
by avoiding the expense of the ED unit, by the operational benefits of
using the same NF equipment with the same modules to perform
NF+DF, and finally, by the additional revenue generated by the recov-
ered lactic acid.

Based on the literature, the performance of each step was evaluated
to estimate the characteristics of the input to the NF unit.

In general, this work represents the proof of concept of the feasibility
of the step dedicated to the recovery and purification of lactose. The key
points are the following.

a) The feasibility of lactose recovery after the decalcification step was

first demonstrated by an experimental campaign performed with an
artificial solution, containing lactose, lactic acid and sodium chlo-
ride. The NF+DF opportunity was finally tested with a real solution.
It was shown that the maximum lactic acid removal, close to 87.6%,
was obtained by operating with a NF step (at VCF=3.52) followed by
a NF step operating in DF at constant volume (at VDF=1.81),
ensuring a lactic acid/lactose ratio of 0.018 g/g and an overall
lactose purity and yield of 93.6% and 98.2%, respectively.
Transmembrane pressure was identified as the key parameter for the
success of the process: the better separation efficiency was obtained
at low pressure values to ensure average fluxes in the range of 8 to 10
dm3/(hm2).
The most interesting conclusion is that, contrary to the use of other
membranes of the same type, as done by other authors, the DK
membrane turns out to be the best compromise to simultaneously
achieve a very high lactose rejection (not less than 98.5-99%), in
order to keep the lactose yield high, and a low lactic acid rejection
(not more than 20-30%), in order to obtain high degrees of
deacidification.

b

~

The artificial solution was found to be a good approximation of the
real solution. The semi-empirical model developed to describe the
observed rejection of lactose and lactic acid is found to be valid for
simulating the performance of a spiral module with a DK membrane,
operating at pH 4, 50 °C, with a superficial velocity of 0.36 m/s. The
model was also found to be valid for predicting lactic acid removal
and lactose yield in the real solution and, more importantly, very
useful in explaining the modest differences between real and artifi-
cial solutions. For a comprehensive study of the problem, experi-
ments can then be carried out with the artificial solution, which is
easier to handle, in order to perform a detailed study of the role of
operational variables. Conversely, the semi-empirical model can be
used to run simulations to address the experiments for the final scale-
up.

The proof of concept was completed by a preliminary process anal-
ysis of the integrated NF+DF configuration, which proved that the
most important design quantities are the VCF, which determines the
final lactose concentration, and the average fluxes in the NF step,

—
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which could be constrained in the range of 8 to 30 dm?/(hm?). The
premises for a detailed process development are given.
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