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ABSTRACT

Flash cooler condensates from the ultra-high-temperature process of a commercial dairy
were treated in situ by reverse osmosis at a semi-industrial scale with the objective of
modelling the membrane rejection. These multi-component streams, unlike the synthetic
solutions used in theoretical studies, proved to be strongly heterogeneous. Their inorganic
and organic loads were measured in terms of conductivity and chemical oxygen demand,
respectively, and membrane rejection for these parameters was evaluated at different per-
meate fluxes (between 55 and 105 L/hm2, approximately) and concentrations (between
197.5 and 1143.0 μS/cm conductivity and 67 and 289 mgO2/L chemical oxygen demand).
The Spiegler–Kedem and combined–film theory–Spiegler–Kedem models were brought face
to face and their precision was checked. Although no significant differences were found
when modelling conductivity rejection, the latter model produced the lowest relative error
(1.82%) when comparing the observed and estimated rejections of organic matter, which
provided evidence of the advantages of considering the concentration polarisation
phenomenon.

Keywords: Modelling; Concentration polarisation; Reverse osmosis; Commercial dairy;
Wastewater reclamation

1. Introduction

Predicting the performance of high-pressure mem-
brane applications leads to process optimisation [1].
Several review works can be found in the literature
regarding nanofiltration (NF) and reverse osmosis (RO)
modelling by mechanistic or mathematical develop-
ment [2,3]. The models are generally classified into
those based on transport mechanisms/hydrodynamics
(solution–diffusion, Kimura–Sourirajan, extended
Nerst–Plank models, etc.) and those derived from the

irreversible thermodynamics (Kedem–Katchalsky,
Spiegler–Kedem (SK) models, etc.) [4,5]. Although most
of them are strongly related, some models show com-
plex mathematic equations and require sophisticated
solution techniques [6]. Furthermore, the information
which must be entered for the model, such as the pore
geometry, solute diffusion coefficients, etc., is fre-
quently unknown and its determination complex and
impractical for use in industrial conditions [7].

In order to describe the performance of RO, the
phenomenological SK model [8] has been extensively
recommended and used [9–12]. It is based on the con-
sideration that the solvent and solute fluxes are both
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dependent on the differences in chemical potential,
caused either by concentration or pressure gradients
(driving forces) between the sides of the membrane
[4]. The membrane is considered a black box by
neglecting its porosity and where no specific knowl-
edge of transport mechanisms and membrane struc-
ture is required [13], making the methodology more
accessible but providing no insight into the mecha-
nism of separation [14]. Additionally, the electrostatic
potential of the system is not taken into account as the
model assumes the membrane to be uncharged [15].
Not only has the SK model been used to predict salt
[16] and organic compound [17] transport across the
membrane in single and binary solute systems, but it
has also been applied in the field of multi-component
separation description, and for this reason, it is very
useful in RO industrial processes [4].

The SK model defines the membrane transport as a
combination of convection, resulting from the applied
transmembrane pressure (ΔP), and diffusion, a conse-
quence of the concentration gradient (dC/dx) [18]. It is
a two-parameter model described by the solute perme-
ability (Ps) and the reflection coefficient (σ), both
obtained by a fitting procedure in rejection trials [19].
The relevant equation for the SK model (Eq. (1)) defines
the solute flux (Js) across the membrane as follows:

Js ¼ PsDx
dC

dx
þ 1� rð ÞJvC (1)

where C represents the solute concentration and Jv the
permeate flux, which is defined by the following Eq.
(2) [20]:

Jv ¼ Lp DP� rpð Þ (2)

The Lp being the membrane permeability and Δπ, the
osmotic pressure. Integrating Eq. (1) over the mem-
brane thickness (Δx) and introducing the rejection defi-
nition (supposing the concentration at the membrane
surface (Cm), difficult to obtain experimentally, equal
to that of the feed (Cf)), an expression (Eq. (3)) to
relate the estimated rejection (Rest; expressed in %)
and Jv is obtained [21]:

Rest ¼ 1� 1� r

1� re�
1�rð ÞJ v
Ps

� �
� 100 (3)

where Ps is a measure of the diffusive transport, while
σ, which influences the convective term, is the
maximum rejection possible for a given component,
and corresponds with the rejection at the idealised
condition of infinite solvent flux [22].

One of the main drawbacks when applying the
standard SK model is that there is no consideration of
the concentration polarisation (CP) effect, so a correc-
tion of the model should be provided as this phe-
nomenon is one of the most important factors
influencing the membrane design process [23]. CP,
which is considered a reversible effect, occurs within a
boundary film facing the membrane/feed solution
interface when an increase in the local concentration is
created by the retained species which accumulate at
the membrane surface [24]. This effect causes an
increase in the osmotic pressure and, consequently, a
reduction in the net driving forces of the system [25].
Neglecting this phenomenon may result in inaccurate
determinations of Lp and σ, and could lead to overesti-
mation of water quality and recovery in case of
wastewater reclamation applications [26].

In order to take into account the CP effect, the SK
model has been coupled to the film theory (resulting
in the combined–film theory–Spiegler–Kedem or CFSK
model [14]), which assumes that, at steady state, the
thickness of the polarisation layer (δ) is established at
the equilibrium of the convective fluxes towards and
through the membrane and the back diffusive flux.
The mass balance generated is solved within the
boundary conditions by Eq. (4), which could be com-
bined with the SK model to obtain a relationship
between Rest (expressed in %) and Jv (Eq. (5)) [21].

Cm� Cp

Cf � Cp
¼ e

d
DJv (4)

Rest ¼ 1� 1

1þ r
1�r e�d

DJv � e�
1�rð ÞJ v
Ps �d

DJv
h i

0
B@

1
CA � 100 (5)

The permeate concentration and the solute diffusivity
are Cp and D, respectively. The D/δ ratio corresponds
with the mass transfer coefficient (k). At any rate, k
could be simultaneously calculated (and specifically
for the membrane configuration selected) with Ps and
σ through experimental data of observed rejection
(Robs) and Jv by a fitting procedure as well. The major
deficiencies found when applying this model are the
assumption that k is constant, when it is often concen-
tration dependent, and the consideration of concentra-
tion linearity in the boundary layer [27].

The mathematical models previously described
have been frequently tested with synthetic solutions;
however, their usefulness has not been studied in
depth in the case of industrial processes where feed
composition and heterogeneity introduce extra
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difficulty in the prediction of fluxes and rejections
[28]. Some previous works published by the authors
[29–31] have demonstrated the possibility of reusing
low-polluted flash cooler (FC) condensates, from the
direct ultra-high-temperature (UHT) process of a
commercial dairy, with the purpose of boiler water
production by RO. In this technical paper, the SK and
CFSK models have been tested to this application at a
semi-industrial scale, and the model parameters esti-
mated experimentally. Due to the complexity of the
composition of these condensates, membrane selectiv-
ity of salts and organic matter has been measured
indirectly in terms of conductivity and chemical
oxygen demand (COD), respectively.

2. Materials and methods

2.1. Reverse osmosis pilot plant

Two spiral-wound thin-film composite (TFC) Dur-
atherm® HWS 4040 HR membranes (GE Water & Pro-
cess Technologies, USA) were installed in series as
part of the RO rig described in Fig. 1, the properties
of this specific RO membrane being given in Table 1.
The RO plant was fed with condensates from one of
the four FCs operating in a Spanish commercial dairy,
the RO trials being performed in situ. The established
membrane cleaning protocol was a sequence of acid

(20 min, 45˚C) and alkali (45 min, 45˚C) steps with
Divos 2 and Divos 123 (Diversey, The Netherlands),
respectively. Cleaning was carried out between each
set of experiments, the reference permeability being
fully recovered in all cases. On the other hand, and in
order to maintain low values of water silt density
index (SDI) for rinsing and cleaning purposes, a pre-
filtration system, consisting of a bag filter (BF-01) and
three cartridge prefilters F-01, F-02 and F-03 of 5, 1
and 0.2 μm, respectively, was installed.

Fig. 1. Scheme of the RO pilot plant.

Table 1
Duratherm® HWS 4040 HR membrane characteristics

Material: proprietary composite (TFC membrane)

Average salt rejectiona, % 99.5
Maximum crossflow, m3/h 4.5
Spacer thickness, mil 31
Active area, m2 8.2
Maximum operating pressure, bar
5–50˚C 41.4
51–70˚C 20.7
Maximum operating temperature, ˚C 70
pH operating range 4.0–11.0

aTesting conditions: 2,000 mg/L NaCl solution at 15.5 bar

operating pressure, 25ºC, pH 7.5 and 15% recovery before any

hot-water sanitisation.
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The FC condensates were collected in a 1,000-L
feed tank (TK-01) and fed to the RO pressure vessel
(PV-01) through a set of high pressure pumps (P-01
and P-02 (Lowara, Italy); 2.2 and 3.0 kW, respectively).
A flow detector (FD-01) was installed before the
pumps to avoid the system working under vacuum.
The ΔP was controlled by regulating the needle valve
(V-05) located on the concentrate line and monitored
by the pressure indicators (PI) of the system. The flow
in the feed, concentrate and permeate channels was
measured by their respective flow meters (FI), and the
temperature controlled and adjusted by a temperature
indicator (TI-01) and a heat exchanger (HX-01),
respectively.

2.2. Operating procedure and conditions

The trials were performed discontinuously through
a semi-closed loop where the permeate produced in
the RO pilot plant was stored in an external 1,000-L
tank (TK-02, Fig. 1) and the concentrate returned to
the feed tank. In this way, a certain degree of concen-
tration was achieved as the system worked at increas-
ing values of the volume concentration ratio (VCR), a
parameter defined by Eq. (6).

VCR ¼ Vf

Vc
¼ Vf

Vf � Vp
(6)

where Vf, Vc and Vp are the feed, concentrate and per-
meate volumes, respectively.

The feed flow rate and temperature were fixed at
approximately 2.5 m3/h and 52.5 ± 1.5˚C, respectively,
and the different tests were performed at variable
VCRs (1–10) and ΔPs (10–20 bar). The Jv was continu-
ously measured and the Robs for the main parameters,
i.e. COD and conductivity, studied, determined at dif-
ferent operating conditions by means of the Eq. (7).

Robs ¼ 1� Cp

Cf

 !
� 100 (7)

where Cp and Cf are the permeate and feed
concentration values of both parameters considered,
respectively.

2.3. Analytical methods

The fresh FC condensates and resultant RO perme-
ates were characterised in terms of pH (accuracy
±0.05), electrical conductivity (accuracy ±0.5%) and

COD (accuracy ±3 mgO2/L). A more complete analysis
of these streams was previously published by Riera
et al. [32] and Suárez and Riera [31]. pH, corrected with
temperature, and electrical conductivity, referenced at
25˚C, were measured by an HQ40d multimeter (Hach
Lange, Belgium). COD was determined spectrophoto-
metrically by previous Cr3+ determination at 605 nm
using a Spectroquant NOVA 60 photometer (Merck,
Germany) after a sulphuric oxidation in a cell test.

2.4. Determination of model parameters

The two parameters Ps and σ of the SK model, and
the three parameters of the CFSK model (Ps, σ and k)
were estimated by a non-linear fitting procedure
linked to a least-squares algorithm (Solver tool, Micro-
soft Excel) of the pairs of values (Jv, Robs) obtained for
each concentration (VCR). So, these experimental data
were fitted to Eq. (3) when considering the SK model
and Eq. (5) regarding the CFSK model, the respective
model parameters being those that minimised the
squared differences between the observed and
predicted rejections, (Robs–Rest)

2.

3. Results and discussion

Discontinuous testing allowed to obtain the pairs
of values (Jv, Robs) required to test the mathematical
models at different feed concentrations. The hetero-
geneity of the real industrial water hindered the
repeatability of the initial starting conditions and, as a
result, the feed composition of the different trials
showed certain variability (pH: 6.02 ± 0.15; conductiv-
ity: 197.5 ± 10.6 μS/cm; COD: 67 ± 10 mgO2/L; at VCR
1). The standard deviation gained importance, in
general, with growing concentration (pH: 7.27 ± 0.07;
conductivity: 1143.0 ± 79.0 μS/cm; COD: 289 ± 76
mgO2/L; at VCR 10).

The permeability of the membrane with prefiltered
tap water (SDI < 3) at 50˚C was previously measured
giving a value of 6.9 L/hm2 bar [31]. When processing
condensates in a batch, the permeate flux showed a
linear dependency with ΔP up to 15 bar, the flux per-
centage improvement being almost constant (33.3
± 2.4%) in all cases when increasing the pressure from
10 to 15 bar at the different VCRs studied. However,
this linearity was lost at higher pressures, as observed
by Turan [33] too, as the flux increment when chang-
ing from 15 to 20 bar was only maintained at VCR 1
(29.8%). Moreover, this flux increment was reduced
when increasing the concentration of the feed solution
(20.2, 17.5, 16.0 and 14.9% at VCR 2, 3.3, 5 and 10,
respectively). Higher salt concentration increases the
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osmotic pressure, thus reducing the driving pressure
and therefore the permeate flux [13], although at the
low concentrations used in this work, the osmotic con-
tribution can be neglected. The decreasing slope of the
curve Jv vs. ΔP at certain pressures could be associ-
ated with the occurrence of CP phenomena [34], the
resistance to permeation being higher with
the increased concentration of solutes at the surface of
the membrane [24]. Other authors associate it to mem-
brane compaction at high working pressures [35].

The experimental Robs at each Jv was used to deter-
mine the parameters Ps, σ (expressed in %) and k of
the SK and the CFSK models, the main results being
collected in Table 2. Theoretical rejections were calcu-
lated based on these values and plotted in Figs. 2 and
3 regarding conductivity and COD, respectively, and
the effect of neglecting or not neglecting the CP phe-
nomenon was studied at different concentrations
(VCRs). A comparison between model predictions and
experimental results was also included.

No experimental points were obtained at low per-
meate fluxes due to the physical limitations of the RO
rig when working at the conditions tested, but several
authors have demonstrated the model compliance in
this part of the curve for experiments at laboratory
scale [36,37]. However, in spite of the fact that both
models predict very low rejections at low permeate
flux regardless of the feed concentration, the theoreti-
cal rejections, specifically those of COD, are very high
even for low solute concentrations at low permeate
fluxes. This could be considered as a limitation of the
models and generate a point of controversy [15]. What
is more, there are some examples in the literature
where the rejection predicted by the models did not
converge towards zero at low permeate flux [35,38].

When neglecting CP (Figs. 2(a) and 3(a)), the SK
model predicted the whole range of conductivity

rejections and those of COD at low pressures well, but
failed to predict the COD rejection values at permeate
fluxes higher than approximately 80 L/hm2, which
corresponds to a value of ΔP exceeding 15 bar. The
existence of this critical pressure has been previously
observed in other NF and RO applications [39]. Above

Table 2
Model parameter estimation when neglecting concentration polarisation (CP) (Spiegler–Kedem (SK) model) and when
considering CP (combined–film theory–Spiegler–Kedem (CFSK) model)

SK model CFSK model

VCR Concentration Ps, L/hm
2 σ, % Ps, L/hm

2 σ, % k, L/hm2

Conductivity, μS/cm 1 197.5 ± 10.6 3.810 88.79 5.209 99.97 106.474
2 335.0 ± 22.1 2.046 92.59 2.819 99.99 92.253
3.3 499.3 ± 55.9 0.743 94.55 1.359 99.89 67.291
5 681.3 ± 63.1 0.583 95.95 1.096 99.96 71.997
10 1143.0 ± 79.0 0.597 97.61 0.759 99.98 81.541

COD, mgO2/L 1 67 ± 10 0.373 94.07 0.050 99.98 17.167
2 105 ± 12 0.239 95.12 0.146 99.91 23.651
3.3 147 ± 36 0.287 95.62 0.083 99.92 20.536
5 177 ± 36 0.193 95.90 0.073 99.78 23.566
10 289 ± 76 0.131 97.87 0.167 99.52 40.875

Fig. 2. Experimental and theoretical conductivity rejections
vs. permeate flux (Jv) at different volume concentration
ratios (VCRs) when considering the Spiegler–Kedem (SK)
model (a) or the combined–film theory–Spiegler–Kedem
(CFSK) model (b) (symbols: experimental rejections; lines:
model predictions).
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a given pressure, the drag forces (convective trans-
port), conditioned by the flux into pores, become
important and the solute transfer grows, decreasing its
rejection [40,41]; until that pressure, the drag forces
can be neglected and rejection increases as the solutes
are retained by the surface forces (diffusive transport)
which are pressure independent [42]. The SK theory
predicts an increase in solute rejection (up to an
asymptotic value) with flux until the drag forces
become dominant [43], but it is unable to predict this
maximum rejection observed.

The σ values (expressed in %) of the SK model
(Table 2) ranged from 88.79 to 97.61% and from 94.07
to 97.87% regarding conductivity and COD, respec-
tively, and showed very little concentration depen-
dence. The Ps values varied between 0.16 × 10−6 and
1.06 × 10−6 m/s, and between 0.04 × 10−6 and 0.10 ×
10−6 m/s for conductivity and COD, respectively. The
conductivity Ps values were in the order of those
determined by Chaabane et al. [21] (0.35 × 10−6–2.94 ×
10−6 m/s) when studying Ca/Cu/Cd(NO3)2 and

ZnCl2 salt passage (10–100 mg/L) in NF and Rice
et al. [18] (1.58 × 10−6–2.47 × 10−6 m/s) when modelling
KCl transport (5–10 mM at pH 7.0–7.5), but well below
the values given by Levenstein et al. [16] (16.16 × 10−6–
27.36 × 10−6 m/s) who also modelled NaCl passage
(0.5–2.5%). Considering the organic matter Ps, the val-
ues are slightly below those calculated by Wadley
et al. [44] (0.87 × 10−6 m/s) when modelling organic
rejection by NF. These data are included for reference;
however, it is difficult to draw final conclusions by
comparing the values obtained by different authors as
these parameters are strongly influenced by the condi-
tions used (temperature, pressure range, etc.), the type
of solute-solvent-membrane interactions and the
membrane material as, for example, a smaller pore
size implies a greater contribution of the diffusion
mechanism conditioning the Ps value.

In this work, the increase in feed concentration
caused a rise in the reflection coefficient and a reduc-
tion in the salt permeability, contrary to the trend
observed in other studies [16,36]. This opposed effect,

Fig. 3. Experimental and theoretical chemical oxygen demand (COD) rejections vs. permeate flux (Jv) at different volume
concentration ratios (VCRs) when considering the Spiegler–Kedem (SK) model (a) or the combined–film theory–Spiegler–
Kedem (CFSK) model (b) (symbols: experimental rejections; lines: model predictions).
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characteristic of charged membranes, was explained
by these authors as an increase in the ionic strength
with concentration producing a shielding phenomenon
which neutralises the membrane charge and decreases
the repulsion forces. However, although it may be
considered an atypical behaviour, there are certain
examples in the literature where the authors also
observed an increase in the rejection [45,46] and a
reduction in the salt permeability [47] with concentra-
tion. Symmetric salts (NaCl, KCl, etc.) usually showed
a rejection decrease with concentration, while non-
symmetric ones (MgCl2, CaCl2, etc.) tended to behave
in the opposite way [48]. However, as the rejection
and the salt permeability are conditioned by the speci-
ficity of the membrane, the solute species involved
and the concentration range, a general behaviour can-
not be established [37]. In fact, it should be borne in
mind that, due to the low solute concentrations used
in this work, the possibility of reaching the concentra-
tion from which the rejection starts to decrease has
not yet been put in evidence. On the other hand, this
modification in the charge density of the membrane
may result in swelling of the pores and lead to a
reduction in the rejection of neutral organic com-
pounds [49]. Nevertheless, there was neither evidence
about that in this work nor in others, like Garcia-Ale-
man et al. [13], for example, who studied the rejection
of lactose in a mixed solute system with NaCl.

The relative contribution of diffusive (Jdiffusive) and
convective flux (Jconvective) on solute transport was also
calculated using Eq. (8), the main results being shown
in Table 3. This calculation methodology was pro-
posed by Gilron et al. [23], being applied in the study
of monovalent salt–polyvalent ion mixture passage
through NF membranes.

Js ¼ Jdiffusive þ Jconvective ¼ Ps Cm � Cp
� �

þ JvClm 1� rð Þ
(8)

where Clm is the log mean average between Cm and
Cp. Cm was approximated to a Cf value recalculated
by applying the model Rest.

According to these data, organic transport proved
to be dominated by convection, its contribution being
around 80%, a circumstance previously observed by
Geens et al. [50], who modelled the organic transport
in non-aqueous NF. Kim et al. [51] also obtained
similar results when studying the transport of
organic species through NF and RO membranes and
they stated that convection is dominant in most cases
except in the passage of hydrophobic non-polar
compounds where the diffusion term can be more
important. Moreover, they found that permeability in

NF membranes seemed to be dominated more by
convection than in RO, as expected. In these cases,
the reflection coefficient can be approximated to the
solute rejection as the diffusive term hardly con-
tributes to solute transport [22]. Regarding the trans-
port of charged species and in general, the
convective term represented at least half of the salt
flux, which is in good agreement with the results
obtained by Gilron et al. [23]. It could be observed
that the convective contribution increased with the
pressure applied as expected and was at a minimum
at the higher feed concentration (VCR 10) as the con-
centration gradient gained relevance [41].

The CFSK model, which considers the concentra-
tion polarisation effect, was evaluated (Figs. 2(b) and
3(b) and Table 2). CP increases with pressure and
can modify the membrane separation properties lead-
ing to a decrease in rejection [40,42]. In this work,
the COD rejection was reduced by 4.5–19.9% when
ΔP increased from 15 to 20 bar. For this model, the
estimated Ps values were in the order of those
obtained by the SK model, and the σ values (in %),
which were near 100%, could be closer to represent-
ing an RO membrane than those calculated using SK.
Regarding the study of k values, they were compared
in Table 4 with those obtained by the graphical
method described by Murthy and Gupta [52] and
Wang et al. [53] considering the assumptions of the
combined–film theory–solution–diffusion (CFSD)
model. This method lies in plotting ln [(1−Robs)
Jv/Robs] vs. Jv and evaluating the slope of the corre-
sponding straight line, which corresponds with the
reciprocal of the mass transfer coefficient (k−1). As
can be seen in Table 4, both the data obtained by the

Table 3
Contribution of convective flux (Jconvective) to solute trans-
port at different volume concentration ratios (VCRs) and
pressures (the diffusive influence is given by the
difference)

Jconvective, %

VCR 10 bar 15 bar 20 bar

Conductivity 1 47.70 53.55 59.46
2 46.31 53.28 57.60
3.3 59.64 66.21 69.71
5 55.98 62.50 65.89
10 38.32 45.36 48.71

COD 1 78.06 82.29 85.78
2 80.00 84.43 86.70
3.3 74.00 79.12 81.66
5 79.54 83.64 85.57
10 70.36 76.34 78.76
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CFSK model and those obtained by the CFSD
methodology are strongly consistent. The effect of CP
seemed to be more significant in the case of organics
(lower k values), the performance of this specific
application being powerfully controlled by the
organic load [31]. Although, as the mass transfer
coefficient was defined by D/δ and assuming a
polarisation layer only of equivalent thickness, the

discrepancy observed in the k values when modelling
inorganic and organic matter could be associated
with the difference in the diffusivities of the species
involved. It should be also noted in Figs. 2(b) and
3(b) that the maximum rejections for the different
concentrations (VCRs) were approximately reached
when the Jv acquired the same value as the corre-
sponding k, a circumstance previously observed by
other researchers [52]. This condition is characteristic
of the model; that is to say, if the CFSD model equa-
tion is differentiated with respect to Jv and the
derivative set to zero, the result is that the Jv which
produces the maximum rejection matches with the
mass transfer coefficient, and this fact is independent
of the membrane transport parameters.

Finally, the precision of both the SK and the CFSK
models for predicting the conductivity and COD rejec-
tions was checked and compared as shown in Table 5,
where the relative error between Robs and the Rest was
calculated.

When using the SK model, the errors varied in the
range of 0.05–0.84% and 0.26–18.09% for the conduc-
tivity and COD, respectively. On the other hand, they
moved in the range of 0.01–0.79% and 0.16–4.84% for
the conductivity and COD, respectively, when apply-
ing the CFSK model. No significant differences were
found when modelling the conductivity rejection;
however, in the case of COD, the average error was

Table 4
Comparison between the mass transfer coefficients (k)
obtained by the combined–film theory–Spiegler–Kedem
(CFSK) and the combined–film theory–solution–diffusion
(CFSD) models

k (L/hm2)

VCR CFSK Graphical CFSD

Conductivity 1 106.474 107.527
2 92.253 91.743
3.3 67.291 66.667
5 71.997 71.429
10 81.541 80.645

COD 1 17.167 23.697
2 23.651 23.310
3.3 20.536 28.818
5 23.566 24.630
10 40.875 40.984

Table 5
Relative errors calculated between the observed rejection (Robs) and predicted rejection (Rest) when considering Spiegler–
Kedem (SK) or combined–film theory–Spiegler–Kedem (CFSK) modelling

Conductivity COD

VCR Jv, L/hm
2

Robs,
%

Rest SK,
%

aE1,
%

Rest CFSK,
%

bE2,
%

Robs,
%

Rest SK,
%

E1,
%

Rest CFSK,
%

E2,
%

1 63.22 86.89 86.99 0.12 86.99 0.12 91.94 94.07 2.27 96.62 4.84
82.54 88.07 87.84 0.27 87.92 0.17 96.20 94.07 2.27 92.15 4.40
107.12 88.21 88.34 0.15 88.23 0.01 77.05 94.07 18.09 77.79 0.96

2 59.27 91.59 91.69 0.11 91.70 0.12 96.23 95.12 1.16 96.53 0.31
80.34 92.52 92.20 0.34 92.26 0.28 94.02 95.12 1.16 93.57 0.47
96.58 92.16 92.38 0.23 92.31 0.16 89.25 95.12 6.18 89.39 0.16

3.3 58.39 94.32 94.48 0.17 94.63 0.33 94.48 95.62 1.19 96.91 2.50
77.71 95.33 94.54 0.84 94.58 0.79 96.76 95.62 1.19 93.74 3.22
91.31 93.92 94.55 0.66 94.34 0.44 88.39 95.62 7.56 89.55 1.29

5 58.39 95.84 95.88 0.05 95.91 0.08 95.65 95.90 0.26 96.97 1.36
76.83 96.15 95.93 0.23 95.97 0.19 96.15 95.90 0.26 94.11 2.18
89.13 95.77 95.94 0.19 95.87 0.11 89.86 95.90 6.31 90.75 0.98

10 56.20 97.24 97.33 0.09 97.36 0.12 96.83 97.87 1.06 97.68 0.87
76.39 97.84 97.49 0.35 97.50 0.34 98.91 97.87 1.06 96.61 2.38
87.81 97.28 97.54 0.26 97.49 0.22 94.44 97.87 3.50 95.71 1.32

aE1: relative error associated with the SK model.
bE2: relative error associated with the CFSK model.
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decreased (from 3.57 to 1.82%), as well as the maxi-
mum error (from 18.09 to 4.84%), when checking the
SK results against those of the CFSK model, which
reveals the predictive advantages offered by the latter.
In the case of COD, it should be noticed that the error
estimated when applying the CFSK model was highly
improved at high pressure regarding those values cal-
culated for the SK model.

4. Conclusions

Unlike synthetic solutions, industrial streams, as
they are the UHT condensates from a commercial
dairy, involve complex multi-component mixtures
which usually undergo a strong fluctuation in their
composition, a circumstance that adds extra complex-
ity in the prediction of the membrane performance
when modelling. This heterogeneity made the differ-
ent inorganic and organic species to be encompassed
and measured in terms of conductivity and COD,
respectively. The feed stream, which can be consid-
ered as low polluted, showed characteristics in the
range of 197.5 ± 10.6–1143.0 ± 79.0 μS/cm for conduc-
tivity and 67 ± 10–289 ± 76 mgO2/L for COD, when
working at increasing VCR (1–10).

The SK and CFSK models were brought face to
face to evaluate their rejection predictions with the
permeate flux at different simulated feed concentra-
tions when reversible fouling phenomena could be
present. The SK model failed to predict those COD
rejections at permeate fluxes higher than 80 L/hm2, in
other words, those values reached when exceeding
15 bar of pressure. The Ps and σ values (expressed in
%) varied in the range of 0.16 × 10−6–1.06 × 10−6 m/s
and 0.04 × 10−6–0.10 × 10−6 m/s, and 88.79–97.61% and
94.07–97.87% regarding conductivity and COD, respec-
tively; these parameters being in the order of those
found in the literature. On the other hand, the solute
transport was shown to be dominated (≈80%) by
convection when modelling COD rejection, but the dif-
fusion term acquired relevance in the case of conduc-
tivity (≈50%).

The consideration of concentration polarisation by
the film theory explained the maximum rejection
observed regarding COD. As a result, the relative
error between the observed and predicted rejection
was decreased from 3.57 to 1.82% when introducing
the mass transfer coefficient as a third fitting
parameter. The k values of the CFSK model, which
were between 81.5 and 106.5 L/hm2, and between
17.2 and 40.9 L/hm2 for conductivity and COD,
respectively, were shown to be in good agreement
with those calculated by the CFSD graphical
methodology.

Nomenclature
Abbreviations
BF — bag filter
CFSD — combined–film theory–solution–diffusion
CFSK — combined–film theory–Spiegler–Kedem
COD — chemical oxygen demand
CP — concentration polarisation
F — prefilter
FC — flash cooler
FD — flow detector
FI — flow meter
HX — heat exchanger
NF — nanofiltration
P — pump
PI — pressure indicator
PV — pressure vessel
RO — reverse osmosis
SDI — silt density index
SK — Spiegler–Kedem
TFC — thin film composite
TI — temperature indicator
TK — tank
UHT — ultra-high temperature
V — valve
VCR — volume concentration ratio

Symbols
C — solute concentration (mg/L or mg/m3)
Cf — feed concentration (mg/L or mg/m3)
Clm — log mean average concentration (mg/L or

mg/m3)
Cm — membrane surface concentration (mg/L or

mg/m3)
Cp — permeate concentration (mg/L or mg/m3)
D — diffusivity (m2/s)
dC/dx — concentration gradient (mg/Lm or mg/m4)
E1 — relative error associated with the SK model

(%)
E2 — relative error associated with the CFSK

model (%)
Jconvective — convective flux (mg/m2s or mg/m2 h)
Jdiffusive — diffusive flux (mg/m2s or mg/m2 h)
Js — solute flux (mg/m2s or mg/m2 h)
Jv — permeate flux (m/s or L/hm2)
k — mass transfer coefficient (m/s or L/hm2)
Lp — membrane permeability (m/sbar or L/

hm2 bar)
Ps — solute permeability (m/s or L/hm2)
Rest — estimated rejection (%)
Robs — observed rejection (%)
Vc — concentrate volume (m3 or m3/h)
Vf — feed volume (m3 or m3/h)
Vp — permeate volume (m3 or m3/h)
δ — polarisation layer thickness (m)
ΔP — transmembrane pressure (bar)
Δx — membrane thickness (m)
Δπ — osmotic pressure (bar)
σ — reflection coefficient (decimal or %)
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[29] A. Suárez, T. Fidalgo, M.A. Berdasco, F.A. Riera, UHT
condensate recovery by reverse osmosis: A pilot-plant
study, Ind. Eng. Chem. Res. 53 (2014) 15237–15244.
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[36] L. Suárez, M.A. Diez, R. Garcı́a, F.A. Riera, Recovery
of Na4EDTA from aqueous solutions using nanofiltra-
tion, Sep. Purif. Technol. 118 (2013) 144–150.

[37] D. Van Gauwbergen, J. Baeyens, Modelling reverse
osmosis by irreversible thermodynamics, Sep. Purif.
Technol. 13 (1998) 117–128.

[38] M. Nyström, L. Kaipia, S. Luque, Fouling and reten-
tion of nanofiltration membranes, J. Membr. Sci. 98
(1995) 249–262.

[39] B. Cancino-Madariaga, C.F. Hurtado, R. Ruby, Effect
of pressure and pH in ammonium retention for
nanofiltration and reverse osmosis membranes to be
used in recirculation aquaculture systems (RAS),
Aquacult. Eng. 45 (2011) 103–108.

[40] L. Paugam, S. Taha, G. Dorange, P. Jaouen, F.
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Schroën, R.M. Boom, Nanofiltration of multi-compo-
nent feeds. Interactions between neutral and charged
components and their effect on retention, J. Membr.
Sci. 247 (2005) 11–20.

[50] J. Geens, A. Hillen, B. Bettens, B. Van der Bruggen, C.
Vandecasteele, Solute transport in non-aqueous
nanofiltration: Effect of membrane material, J. Chem.
Technol. Biotechnol. 80 (2005) 1371–1377.

[51] T.-U. Kim, J.E. Drewes, R. Scott Summers, G.L. Amy,
Solute transport model for trace organic neutral and
charged compounds through nanofiltration and
reverse osmosis membranes, Water Res. 41 (2007)
3977–3988.

[52] Z.V.P. Murthy, S.K. Gupta, Sodium cyanide separation
and parameter estimation for reverse osmosis thin
film composite polyamide membrane, J. Membr. Sci.
154 (1999) 89–103.

[53] R. Wang, Y. Li, J. Wang, G. You, C. Cai, B.H. Chen,
Modeling the permeate flux and rejection of nanofil-
tration membrane separation with high concentration
uncharged aqueous solutions, Desalination 299 (2012)
44–49.
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