Journal of Membrane Science 610 (2020) 118292

Contents lists available at ScienceDirect

Journal of Membrane Science
journal homepage: http://www.elsevier.com/locate/memsci

Modelling temperature effects in a membrane cascade system
for oligosaccharides
Zulhaj Rizki a, *, Eric Suryawirawan a, Anja E.M. Janssen a, Albert van der Padt a, b,
Remko M. Boom a
a
b

Wageningen University, Food Process Engineering Group, PO Box 17, 6700 AA, Wageningen, the Netherlands
FrieslandCampina, Stationsplein 4, Amersfoort, 3818 LE, the Netherlands

A R T I C L E I N F O

A B S T R A C T

Keywords:
Temperature effect
Membrane cascades
Oligosaccharide fractionation
Modelling
Nanofiltration

Open nanofiltration of mixtures of fructo-oligosaccharides was assessed by experiment and by modelling the
overall permeation behaviour of 3 different membranes. The temperature effect was modelled using the steric
pore model, incorporating the molecular volumetric expansion of fructo-oligosaccharides as solutes, the decrease
in the solution viscosity and the volumetric expansion of the membrane with increasing temperature. The
thermal expansion of the solute was described as a linear increase in the bare molecular volume plus a non-linear
decrease in its hydration number. The viscosity reduction was modelled by incorporating the temperature as a
variable into an existing exponential relation derived by Chirife and Buera. The thermal expansion of membranes
was described with a linear increase in the pore size and a linear decrease in its hydrodynamic resistance.
Although the purity of the oligosaccharide product was hardly affected by the temperature, the yield was much
lower at higher temperatures. The yield can therefore be improved by decreasing the temperature while
maintaining the product purity. This behaviour was also observed in a 3-stage filtration cascade. The temper
ature effect is closely related to the increase in fluxes with temperature, leading to a different split of the feed into
permeate and retentate. In a membrane cascade, the lower yield with higher temperatures was seen most
strongly at the top stage, and much less at the middle and lower stages, which can be explained by the
configuration of the cascade.

1. Introduction
Membrane separation has become popular to fractionate food com
ponents, due to its simplicity, mild operating conditions and relative cost
effectiveness compared with other separation processes. Its imple
mentation varies from ultrafiltration for protein separation [1] and
nanofiltration for separation of sugars and carbohydrates [2–5] to
reverse osmosis for removing salts [6]. Each application needs a
particular membrane and an appropriate process design for optimum
performance. Designing a membrane process can be time consuming,
but a proper model aids the designer to determine which process pa
rameters should be applied and which properties of the membrane are
required [7–9].
Here, we concentrate on the interface of nanofiltration and ultrafil
tration, open nanofiltration, for the fractionation of oligosaccharides.
The Donnan Steric Pore Model (DSPM) has been used extensively for
this. This approach combines the diffusive, convective and electrical

transport inside the membrane [10]. Apart from the electrical in
teractions, this model also explains the sieving mechanism for neutral
solutes [11,12]. Coupled with a mass transfer model that describes the
transport phenomena outside the membrane, this DSPM model has been
modified and applied to various applications [13–16].
Oligosaccharide fractionation has become an important application
for membrane separation. Some oligosaccharides have prebiotic prop
erties [17–20] and improve the rheological behaviour [21–23] of food
products; however, mono- and disaccharides are sweet and increase the
caloric density of a product. Oligosaccharide fractionation with mem
brane processes has been explored using an experimental approach [4,
24] that was then extended to models [3,25,26]. Multistage membrane
processes have also been investigated to improve the fractionation of
oligosaccharides, both as a consecutive configuration without recycle
[24,27] and as a cascaded configuration with recycle [28–30].
Most experiments and models have been explored using specific
operating conditions, typically at one particular operating temperature.
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The operating temperature is known to have a strong effect, for example,
on the transmembrane fluxes and is believed to have an effect on other
aspects as well [16,31,32]. However, it has not yet been explicitly
included in the models. A change in temperature often requires refor
mulating the models or carrying out more experiments to determine the
values of the parameters at the new temperature. Therefore, it is
important to develop a model that explicitly considers the effect of
temperature as a process variable.
In cascades of membranes, it is possible to use different conditions at
each stage to achieve better overall performance [29,30,33,34]. So far,
inhomogeneous cascades have been operated using the same tempera
ture at each stage while various membranes and pressure were used;
however, we foresee that a cascade that operates at different tempera
tures in each stage may perform better.
In this paper, we develop an integrated model that includes the in
fluence of the temperature in the nanofiltration of oligosaccharides for a
single-stage membrane. This model is expanded later towards a cascade
system to explore the benefit of having different temperatures in the
cascade setup.

The FOS capsules are constructed using spheres of hydrated glucose
and fructose as building blocks (Fig. 1). The capsule half-length is esti
mated from the sum of the radius of each sphere. The sphere radius is
calculated using the hydrated molar volume and assuming the mono
saccharide to be a perfect sphere. Unlike glucose, the dimension of a
hydrated fructose in a chain may differ from its free form. To construct
the FOS capsules, the dimension of hydrated fructose in a chain is used,
which is estimated by subtracting the molar volume of glucose from that
of sucrose.
In general, the molar volume of hydrated sugars, Vm;h , can be
expressed as the total volume of the non-hydrated sugar, Vm;b , plus the
water that is bound to it. The amount of bound water can be estimated
by the hydration number of a particular sugar, nh , multiplied by the
volume of the individual bound water molecules, Vm;bw .
Vm;h ðTÞ ¼ Vm;b  ðTÞ þ Vm;bw nh ðTÞ

(4)

The parameters in equation (4) were investigated by Gharsallaoui
et al. [37] using sugar density data. They proposed different values for
the non-hydrated volumes, bound water volumes and hydration
numbers for mono- and disaccharides at several chosen temperatures.
However, they did not propose a clear relation between the temperature
and these parameters.
Gharsallaoui et al. [37] proposed values for the individual bound
water volume between 16.4 and 17.2 mL/mol for sucrose in a

2. Model development
We use the steric pore model (SPM, which is a simplification of the
DSPM, valid for neutral solutes) for the transport inside the membrane.
According to this model, the separation mechanism for a neutral solute
is pure sieving via convective and diffusive transfer. In this model, the
molecular dimensions of solutes and the membrane pore size determine
the separation as well as the solution properties, such as the viscosity
and the solute diffusivities. By combining this theory with an appro
priate concentration polarization model, we can predict the overall
performance of the membrane.
2.1. Temperature effect on the molecular volume of fructooligosaccharides
Most derivatives of the SPM consider the solutes to be spherical. The
dimension of these solutes is characterized using the Stokes radius (rS; i ),
which can be estimated from its diffusivity (equation (1)). This diffu
sivity can be estimated using a relation derived by Sano and Yamamoto
[35] that depends on its molecular weight (equation (2)).
rS;  i ¼

Di ¼

kB  T
6  π  Di

T
9:5  �  1013  MW 1=3  η

(1)
(2)

Fructo-oligosaccharides (FOS) are oligomers of fructose with
glucose; they have a chain-like structure and are therefore definitely not
spherical. This is typically not considered in most models. Recently,
Aguirre et al. [14] modelled the filtration of FOS by considering them as
elongated capsules with 2 dimensions: diameter (L0; i ) and length (L1; i ).
They compared 3 ways to include these dimensions: (1) considering
them as completely spherical using their Stokes radii, (2) considering
them as completely capsular using both the capsule diameter and length,
and (3) using a semi-capsular approach with the so-called Giddings
radius [36] as an average of both the capsule radius and the half-capsule
length (equation (3)). Both the complete capsular and the semi-capsular
approaches predicted the filtration performance better than the spher
ical approach. Since the full capsular model is complex and requires
significant computation time, the semi-capsular approach was adopted
for further use. In this approach, each oligosaccharide is characterized
by its own diameter and length, and then its Giddings radius, rG;i , is used
for further calculations.
1
rG;i ðTÞ ¼ ðL0;  i ðTÞ þ  L1;  i ðTÞÞ
4

Fig. 1. Graphical representation of a FOS capsule. The capsule is composed of
spherical hydrated monosaccharides as its building blocks. The capsule is
characterized by the capsule diameter L0 and capsule length, L1 . Adapted from
Aguirre et al. [14].

(3)
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temperature range of 0 � C–100 � C, and 16.2 mL/mol for glucose at 20 � C.
The bound water volume is somewhat dependent on the type of sugars it
binds to as a monomer, and its dependence on temperature is not clear.
Therefore, we used a constant value of 16.5 mL/mol for the bound water
volume of both sucrose and glucose, which we can assume to be accurate
in between 25 � C and 45 � C.
Using density data, Gharsalloui et al. [37] then estimated the molar
volume of non-hydrated sucrose, Vm;b , at several temperature points
between 20 � C and 80 � C. Those estimates showed a linear relationship
with the temperature (equation (5)). Unlike sucrose, the data for glucose
density at various temperature is not widely available. However, it is
possible to estimate the molar volume of non-hydrated glucose with the
partial molar volume of glucose at infinite dilution, as was derived by
Fucaloro et al. [38]. Both approaches gave more or less the same esti
mates for the molar volume of sucrose at 20 � C. Therefore, we can use
Fucaloro et al.’s data for the temperature dependency of Vm;b for glucose
as well. As found with sucrose, the molar volume of non-hydrated
glucose is also linear with the temperature (equation (6)). Both molar
volumes in equations (5) and (6) are presented in mL/mol and tem
peratures in � C (Fig. 2).
Vm;b ðTÞsucrose ¼ 219:55 þ 0:07T

(5)

Vm;b ðTÞglucose ¼ 109:41 þ 0:09T

(6)

Fig. 3. Quadratic fitting of the hydration number as a function of temperature
for sucrose based on the work of Gharsallaoui et al. [37] and glucose based on
the work of Shiio [39].

chain can be calculated. Assuming that all FOS chains have only one
glucose monomer (see Fig. 1), the capsule length of FOS at a certain DP
can be estimated using equation (9). The capsule diameter is equal to the
largest diameter of the monomers, glucose.
L1;  i ¼ L0;  glucose þ ðDPi

The hydration numbers of both sucrose and glucose are not linear
with the temperature. Gharsalloui et al. [37] fitted a quadratic equation
to the hydration number of sucrose and temperature (in � C), as shown in
equation (7). A similar approach can be taken for glucose using the data
from Shiio [39]; a quadratic relationship (equation (8)) was also found
here. The hydration number is plotted versus the temperature in Fig. 3.
nH ðTÞsucrose ¼ 7:1
nH ðTÞglucose ¼ 7:22

0:06  T þ 3:69  � 10
0:19  T þ 1:70  � 10

4

 T2
3

 T2

1Þ  L0;  fructose

(9)

2.2. Temperature effect on viscosity
Chirife and Buera [40] have derived a model to predict the viscosity
of sugar mixtures, ηs with an exponential relation to sugar concentration
relative to the viscosity of water, ηw , (equation (10)).

(7)

ηs
¼ a  expðEXÞ
ηw

(8)

(10)

Both a and E are fitting parameters. To predict the sugar viscosity,
these parameters need to be estimated. In most cases, a is close to unity.
The value of E differs for every mixture and shows a linear rela
tionship with the average molecular weight (equation (11)).

The combination of the molar volumes of the unhydrated molecules
and the hydration numbers of sucrose and glucose enables us to estimate
their hydrated molar volumes and with that, the dimension of FOS with
any degree of polymerization (DP). At a given temperature, the molar
volume of glucose and sucrose can be estimated using equations (4)–(8).
With these values, we can calculate the molar volume of fructose in a
chain. Assuming that the hydrated monosaccharides have a spherical
shape, the length, L0; i , of the glucose and fructose monomers in the

E ¼ bMW þ c

(11)

Using equation (12), the viscosities of any sugar solutions with
known average molecular weight can be estimated. This is not limited to
simple sugars, because this model has been validated for

Fig. 2. Linear relationship between the temperature and bare volume of sucrose derived from density data [37] and fructose derived from infinite dilution [38].
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oligosaccharides by knowing their average molecular weight.
Aguirre et al. [29] and Rizki et al. [30] reported estimates of the
parameters in equations (10) and (11) for FOS at 45 � C. To use these
equations for other operating temperatures, we need to either estimate
the parameters at each temperature point or define the temperature
dependency of these estimates. Chirife et al. [41] reported a temperature
dependency of E as in equation (12),
E¼

ΔG
Rg T

the concentration and pressure gradients across the membrane (equa
tion (17)). In equation (17), Ci represents the local concentration as a
function of the axial position, z.
Ji ¼  Kc;i  Ci  V

(12)

In this equation, parameters b* and c* represent the activation energy
and its dependency on molecular weight. Therefore, this modified
equation is applicable for mixtures with any average molecular weight
and different operating temperatures.

Kc;i ¼

In the absence of a cake or fouling layer on the membrane, the
volumetric flux, Jv , can be calculated using Darcy’s law and the effective
pressure difference across the membrane, the solution viscosity and the
membrane resistance, Rm . The effective pressure is defined as the
transmembrane pressure, TMP, corrected for the osmotic pressure dif
ference across the membrane that results from the concentration
gradient between 2 sides of the membrane after considering the extent of
the polarization concentration (equation (14)). The osmotic pressure
can be estimated using Van’t Hoff’s equation (equation (15)).
 Δπ o

Δπ o ¼

η  Rm
n
X

Cm;  i

�
Cp;  i Rg T



Ci  Dp;i  dP
Vm
Rg  T
dz

rp2  ΔP
8  η  Δx

V¼ 

2.3. Mass transfer model

TMP 

dCi
dz

(17)

The convective part of the flux equation depends on the local con
centration Ci , the solvent velocity inside the pore V, and a convective
hindrance coefficient Kc;i . Assuming a cylindrical pore, the average
solvent velocity may be approached using the Hagen-Poisseuille equa
tion (equation (18)). This equation was developed for a single cylinder.
Assuming the membrane consists of parallel pores, this relation is also
valid for a porous membrane. The porosity itself is considered in the
effective membrane surface.
The hindrance coefficient for a solute through a cylinder can be
expressed as a function of the ratio of the solute size to the pore width, λi ;
referring to the work of Dechadilok and Deen [46]. This relation was
adapted by Aguirre et al. [14] by substituting the solute radius with the
average Giddings radius (equation (19)).

in which ΔG represents the free energy of activation for viscous flow per
mole of solute. Combining this with equations (10) and (11) yields
equation (13).
� �
�� �
ηs
b  MW  þ  c�
¼ a exp
X
(13)
ηw
Rg T

Jv ¼

 Dp;i 

(18)

1  þ  3:867  λi 
 1:907  λ2i 
0:834  λ3i 
rG;i
 with  λi ¼ 
rp
1  þ  1:867  λi 
 0:741  λ2i

(19)

Inside the pore, the diffusivity of a solute Dp;i , is corrected with a
hindrance coefficient, Kd , and a relative viscosity increase, ηr (equation
(21)). This increase in viscosity is explained by many authors as a
consequence of a thin, stagnant water layer that is attached to the pore
wall, leaving less volume for diffusion of a solute. In this equation, dw
represents the thickness of this stagnant water layer, which is estimated
to be 0.28 nm, the typical size of a water molecule.

(14)

Dp;i ¼ 

(15)

ηr ¼  1 þ 18

i¼1

Kd D i

(20)

ηr
dw
rp

� �2
dw
9
rp

(21)

The concentration at the membrane surface, Cm;  i , has a higher value
than that in the bulk as a consequence of concentration polarization,

9 pffiffi
Kd ¼  π2 2ð1
4

λÞ

5=2

�
1


73
ð1
60

λÞ þ 

77293
ð1
50400

�
λÞ2

22:5083

5:6117λ

which can be calculated once we know the mass transfer coefficient, ki .
We can estimate the mass transfer coefficient, ki , using a Sherwood
relation. For spiral wound modules, the relationship proposed by Schock
and Miquel [42] is widely used. In addition to ki , Stewart [43] proposed
a correction on the mass transfer coefficient that corrects for flow sta
bilizing effects due to the suction of the solvent into the membrane
(equation (16)). Some models neglect this correction, which is pre
sumably acceptable for low fluxes. At low flux, the corrected mass
transfer coefficient is close to its original estimate, whereas its value
deviates more at higher flux.
ki�
¼ 
ki
½1 

Jv =ki
 expð Jv =ki Þ�

0:3363λ2

1:216λ3 þ 1:647λ4

(22)

Solving equation (17) with boundary conditions, Ci ¼ φi Cm;i at z ¼ 0
and Ci ¼ φi Cp;i at z ¼ Δz, allows us to predict the solute real rejection
coefficient, Rr;i (equation (23)). The real rejection coefficient relates to
the solute concentration at the membrane surface, which is estimated by
taking into account the concentration polarization phenomenon (equa
tion (26)). The partition coefficient, φi , is estimated as a function of the
solute to pore ratio, λi ; following the work of Dechadilok and Deen [46]
for a cylindrical pore.
Rr;i ¼ 1

(16)

Recently, Aguirre et al. [14] applied a modified SPM to the transport
of FOS inside a membrane based on the work of Bowen and Welfoot [44,
45]. In their approach, the solute flux of a neutral component is
expressed as the sum of convective and diffusive transport resulting from

Pe ¼

4



1

 ½1

ðKc;i KY;i Þφi
 ðKc KY Þφi �expð PeÞ

ðKc;i KY;i Þrp2
ΔP
8ηDp;i

(23)
(24)
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Dp;i 8η
Vm
Rg T rp2

(25)

Cp;i
Cm;i

Rr;i ¼ 1


φi ¼ 1

 λ2i

(26)
(27)

2.4. Pore size distribution
In the model described in Section 2.3, the solute rejection is depen
dent only on the size of the individual pore. However, estimating the
pore size by fitting the experimental rejection with the SPM for a
mixture of FOS results in a different estimated pore size for each
oligosaccharide. This is somewhat overlooked in the literature, because
most publications using the SPM report on studies for single solutes.
However, it is very important when dealing with mixtures.
The different pore sizes obtained with different solutes can be
explained by the pore size distribution in the membrane. Even though
the SPM can predict the rejection of a single cylindrical pore, not all
pores are equally accessible to all solutes; larger solutes may not enter a
smaller pore at all. All practical membranes have pore size distributions.
Bowen and Welfoot [44] incorporated the pore size distribution into
the SPM, but only for a single solute. Based on their work, Aguirre et al.
[14] predicted the rejection of FOS for a mixture by expanding equation
(23) to all pores in the membrane, assuming a normal distribution. As a
consequence, the membrane is characterized by 2 intrinsic parameters:
the average pore size and the standard deviation in the pore size. This
has the drawback that estimating 2 parameters in a complex, non-linear
model is not trivial.
Another approach to incorporate a pore size distribution related to
multicomponent mixture permeation was proposed by Kuhn et al. [3].
They assumed that some pores retain some solutes, whereas other pores
let these pass freely, which they called non-rejecting pores. Further, they
calculated the ratio between the flux via the non-rejecting pores for each
solute and the pure water flux, i.e. the solvent flux through all pores. A
pore size distribution can be derived by differentiating this ratio to the
pore size fitted from the SPM. In this way, a mean pore size and a
standard deviation can be estimated, assuming a normal distribution of
pore sizes. This yields the 2 similar parameters as in Aguirre et al.’s [14]
approach.

Fig. 4. Schematic drawing of a 3-stage membrane cascade configuration based
on the ideal design proposed by Lightfoot [48].

2.6. Membrane cascade setup
A membrane cascade consists of multiple stages of membranes ar
ranged consecutively. A consecutive stage produces a more refined or
more concentrated outlet stream and may recycle other streams to the
previous stage. This way, the purity and yield of a single-stage mem
brane process can be improved. A schematic drawing of a 3-stage
membrane cascade based on the ideal design proposed by Lightfoot
[48] is shown in Fig. 4.
Within a 3-stage design, the streams follow the mass balance rela
tionship. The total and component mass balances for the whole system
are expressed in equations (30) and (31). These equation relate the flow
rates (Fl) and concentration (Ci ) in any position of the design. Subscripts
F, T1 and B1 indicate the stages that the stream comes from.

The expansion of a material is in general relatively linear over the
temperature interval of interest here. If the membrane expands with
temperature, it is logical that the membrane pores expand at the same
rate. Therefore, we can describe the temperature effect on the mem
brane pore size using a one-dimensional thermal expansion of the
membrane material [47]. In equation (28), rp;0 is the pore size estimated
at a reference temperature, T0 . αrp is the temperature coefficient of the
membrane pore size.
�
�
rp ¼ rp;0 1 þ  αrp ðT
 T0 Þ
(28)
This relationship does not lead to a linear dependency of the hy
drodynamic membrane resistance with the temperature. Combined with
the effects of the temperature on the viscosity and the diffusion rates, the
flux through the membrane increases strongly with the temperature.
Within a limited temperature range, the flux increase can still be
approximated by a linear decrease in the hydrodynamic resistance
(equation (29)).
 T0 Þ�

(30)

Cf ;i  FlF ¼ Cp;i  FlPT1 þ  Cr;i  FlRB1

(31)

At the mixing point, the streams follow the mass balances as
expressed in equations (32) and (33). Equations (34) and (35) give the
mass balances over the membrane stages. The permeate from the feed
stage is also the feed for stage T1, and the retentate acts as the feed for
stage B1.

2.5. Temperature effect on membrane properties

Rm ¼ Rm;0 ½1 þ  αRm ðT

FlF ¼ FlPT1 þ  FlRB1

FlFF ¼ FlF þ  FlRT1 þ  FlPB1

(32)

Cf ;i  FlFF ¼ Cf ;i  FlF þ  Cr;i  FlRT1 þ  Cp;i  FlPB1

(33)

FlFstage ¼ FlPstage þ  FlRstage

(34)

Cf ;i  FlFstage ¼  Cp;i  FlPstage þ  Cr;i  FlRstage

(35)

3. Materials and methods
3.1. Materials
All experiments were performed using Frutalose L85® provided by
Sensus (Roosendaal, the Netherlands). Frutalose is a FOS syrup with
75% dry matter. In this research, we use 0.5 wt% of this syrup for
characterization experiments and 5 wt% for validation experiments. All
dilutions were with demineralized water.

(29)
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chromatography system was operated at 50 � C using deionized water
(Milli-Q®) as eluent at a flow rate of 1 mL/min. The retention times of all
FOS components in the chromatography system are presented in
Table 2.

Table 1
Feed concentration for characterization and validation experiments diluted in
demineralized water.
Component

Concentration for characterization
(g/L)a

Concentration for validation
(g/L)a

Glucose
Fructose
DP2
DP3
DP4
DP � 5

0.307
0.073
0.396
0.706
0.769
1.329

3.126 � 0.082
1.254 � 0.030
4.660 � 0.120
7.906 � 0.196
8.611 � 0.214
14.973 � 0.369

� 0.019
� 0.012
� 0.024
� 0.049
� 0.050
� 0.089

3.4. Computational approach
The membrane resistance, Rm , was estimated using the experimental
clean water flux. Using only water in the experiments eliminates the
osmotic pressure effect in equation (14). The membrane resistance can
then be calculated using the viscosity of water and establishing a linear
regression between the TMP and the volumetric flux.
The membrane pore size, rp;i , was estimated using very diluted FOS
syrup (Table 1, second column). Under this condition, the effect of os
motic pressure in equation (14) was assumed to be small and thus
negligible. The same assumption was made by Aguirre et al. [14] to
characterize their membrane using a modified SPM. The pore size esti
mation was performed by minimizing the sum of the squared errors
between the predicted and the experimental rejection values (equation
(36)). The experimental solute rejection was calculated with equation
(26) using the measured concentrations at the permeate and retentate.
The predicted solute rejection was calculated using equation (23) by
solving the other relations in Section 2.3. The fitting procedure to esti
mate rp;i was performed by minimizing the residual SRR (with the opti
mize function in R [49]) as defined in equation (36).
�2
�
SRR ¼ Rr;i experiment
 Rr;i predicted
(36)

a
Uncertainties are calculated based on the 95% confidence interval for all
experiments.

Frutalose is a mixture of FOS with a DP ranging from 3 to 10, as well
as mono- and disaccharides. In our study, oligosaccharides with a DP of
5 and higher are treated as one lumped component. We ascribe average
physical properties to this lumped component, based on its overall
weight fraction. The feed concentration of FOS solution used in this
research is shown in Table 1.
3.2. Filtration experiment setup
All experiments were performed using a pilot-scale membrane unit
with a process volume of 10 L. The experiments were divided into 2
groups: characterization experiments and validation experiments. The
characterization experiments were performed to estimate the membrane
resistance Rm and the pore size rp using 0.5% FOS syrup diluted in
demineralized water. The characterization experiments were performed
at 5 temperatures between 25 � C and 45 � C with an interval of 5 � C, and
using transmembrane pressures (TMP) between 4 and 16 bar. The model
that was developed using the characterized membrane properties was
then validated using 5% FOS syrup in demineralized water. These
validation experiments were performed at 3 temperatures (25 � C, 35 � C,
and 45 � C) and 3 TMPs (8, 12 and 16 bar).
We used 3 different membranes which vary in molecular weight cutoff: GE (MWCO 1kDa), GH (MWCO 2.5 kDa) and GK (MWCO 3.5 kDa).
All membranes are model 1812C-34D from General Electric (GE
Osmonics, Sterlitech, Kent, WA, USA) with an effective membrane area
of 0.38 m2. The validation experiments were performed later using these
same membranes. All experiments were carried out using a crossflow
velocity of 0.10 m/s until steady state conditions were reached. The
steady state condition was indicated by a constant refractive index at
both permeate and retentate streams, which were measured inline. In
practice, this was reached within 25 min.

We did not estimate the pore size distribution; instead, different pore
sizes were estimated for every solute, membrane and temperature point
as mentioned in Section 3.2.
The estimated membrane resistance and the pore size were then
fitted in temperature-dependent models (equations (28) and (29)) to
estimate the standard values (rp;0 and Rm;0 Þ and the temperature co
efficients (αRm and αrp ) through linear regression. These linear re
gressions were computed using the lm function in R [49]. The same
function was also used to estimate the parameters in quadratic models in
equations (7) and (8) from literature data.
Using the standard values of the membrane resistance, pore size and
their temperature coefficients, we can predict the outcome of a singlestage membrane. This model was validated using a higher concentra
tion than the characterization experiments (Table 1, third column). In
this case, the osmotic pressure was taken into account. To estimate the
osmotic pressure, the permeate concentration is required, creating a
circular calculation. In this study, we used the iterative approach
developed by Yun and Petkovic [50] to solve this circular calculation.
The model was then extended to predict the outcome of a cascaded
system (Fig. 4) by solving the mass balances (equations (30)–(35)).
The separation performance for both single and cascaded membrane
was evaluated according to the product purity and yield. For FOS, all
oligosaccharides with DP higher than 3 are considered valuable. In a
single-stage separation, the retentate stream was considered as being the
most valuable product, whereas in a cascaded system, stream RB1 was
considered to be the target product. Based on those considerations,
equations (37) and (38) were formulated to describe the product purity
and yield.
P5
Cr;i
Purity ¼ Pi¼3
� 100%
(37)
5
i¼1 Cr;i

3.3. Analyses
The FOS samples were analysed for their concentrations at all DPs.
Components with a DP higher than 5 were analysed as 1 lumped
component. The analyses were performed using high-performance
liquid chromatography. A Shodex column (KS-802 8.0 � 300 mm) in
tegrated with a refractive index detector (Shodex RI-501) was used. The
Table 2
Retention time of carbohydrate components in HPLC
analysis.
Component

Retention time (min)a

Glucose
Fructose
DP2
DP3
DP4
DP � 5

10.00 � 0.15
9.40 � 0.10
8.40 � 0.10
8.00 � 0.15
7.50 � 0.15
7.20 � 0.20

P5
Cr;i FlR
Yield ¼ Pi¼3
� 100%
5
i¼1 Cr;i FlF

a
The interval represents the window of detection for
particular components.
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3.5. Viscosity analysis

4.2. Membrane resistance and flux prediction

To estimate the parameters in the temperature-dependent viscosity
model (equation (13)), the viscosity of FOS at various concentrations
and temperatures was measured using an Anton Paar MCR 502
rheometer (Graz, Austria) in a temperature range of 25� C-45 � C with a 5
�
C interval. Dilutions of FOS syrup in demineralized water at concen
trations of 1.5–8.5 wt% were used.
The parameters in equation (13) were estimates using a non-linear
solver (nls function) in R [49]. This function minimized the square of
residuals between the predicted and measured viscosity (equation (39)).
�2
SRη ¼ ηmeasured
 ηpredicted
(39)

In this section, we discuss the effect of the temperature on the
membrane resistance and the flux in total, as a combination of both the
viscosity and the membrane resistance. The resistance and the clean
water flux are discussed first, and later extended to systems with solutes.
Fig. 6 confirms the linearity of the relationship between the tem
perature and the membrane resistance. The estimated parameters from
Darcy’s law are summarized in Table 3. Both the figure and the table
show that the GH and GK membranes had a lower resistance at higher
temperatures, while the GE membrane showed the opposite. The
behaviour of the GH and GK membranes was expected, because the
membrane material expands at higher temperatures, which also en
larges the pores. The opposite behaviour of the GE membrane might
come from the fabrication of the membrane itself. Whereas the GH and
GK were both polysulfone/polyamide composites, the GE membrane
was a composite polyamide.
Fig. 6 also depicts that the estimated inaccuracies were much larger
in the GE membrane, and they were smaller in the GH membrane and
even smaller in the GK membrane. This could be related to measurement
inaccuracies. The measured permeate flow rate was used to calculate the
flux, which was later used to estimate the membrane resistance. The GE
membrane exhibited low permeate flows, which resulted in larger
inaccuracies than with the higher flow rates that were measured with
the GH and GK membranes. Regardless, the inaccuracy in the temper
ature constant, αRm , did not show this relationship; all errors were in the
same order of magnitude with the estimates. This may result from error
propagation in the calculation.
Because both the viscosity and the membrane resistance depend on
the temperature, the clean water flux through the membrane also de
pends on the temperature. Fig. 7 shows the temperature effect on the
flux for 3 different membranes. All membranes showed strong increases
in the clean water flux with temperature, despite the opposite behaviour
of the membrane resistance of the GE membrane. The viscosity is
therefore the dominant factor in the temperature dependence of the
clean water flux for the GE membrane.

4. Results and discussion
4.1. Viscosity model
Our extension of the model by Chirife and Buera [40], shown in
equation (13), showed good agreement with experiments using FOS at
various concentrations (mole fraction) as shown in Fig. 5. The fitted
parameters were estimated and expressed in equation (39). In this
equation, fitted parameter b* is presented in J=g and c* in J= mol. Using
this equation, the viscosity of oligosaccharide mixtures at any temper
ature and concentration can be predicted. In addition to the temperature
effect, the ability to predict the viscosities at any concentration is also
important for further application in a cascaded design. In a cascade
system, each stage has different concentrations as the streams are get
ting more concentrated at the bottom stage and less concentrated at the
top stage.
�
�
ηs
ð228:2  �  24:91Þ  MW  þð27;620  �10;400Þ
¼ð1:043  �0:011Þexp
X
Rg T
ηw
(40)

Fig. 5. Validation of the temperature-dependent viscosity model (equation (13)) using various FOS concentrations (as mole fractions) at a temperature range of
25� C-45 � C.
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Fig. 6. Linear relationship between temperature and membrane resistance for 3 different membranes. Membrane resistances were estimated using clean water flux at
various pressures.

4.3. Temperature effect on membrane pore size

Table 3
Estimated parameters for the temperature dependency model of membrane
resistance (equation (34)).
Membrane

Rm0 ð � 1013 m

GE
GH
GK

20.33 � 0.99
9.93 � 0.79
6.02 � 0.27

1

Þ

αRm ð � 10

3

m

1

K

1

The membrane pore size was estimated by fitting the pore size to the
data using the modified SPM (Section 2.3). Fig. 8 shows the rejections
from the fitted model and the experimental data at 45 � C. The same
estimation procedure was repeated for every temperature point in
duplicate; figures similar to Fig. 8 can be constructed for every repetition
(see supplementary material). Using the estimates at all repetitions, a
linear relationship between the pore size and the temperature was then
determined by estimating the standard pore size, rp;i;0 , and the temper
ature coefficient, αrp .
This was done for every solute, resulting in 5 values of pore sizes
corresponding to 5 solutes. These values could be compiled into a mean
pore size and a standard distribution, as explained in the work of Kuhn
et al. [3]. However, in this work, we directly used the different pore size
values that correspond to the 5 solutes. The translation towards a normal
distribution would not have added predictive value to the model, and
the direct use avoids the assumption of having a normal pore size dis
tribution, which is an approximation at best.
Fig. 9 shows linear relationships between the temperature and the
membrane pore sizes for DP4. Other solutes give similar relations (see
supplementary material), which are summarized for the pore size rp;i;0
and temperature increment αrp in Table 4. Using both rp;i;0 and αrp
values, the pore sizes at any temperature can be calculated using
equation (28). The estimated pore sizes are in the range of those
commonly reported for nanofiltration membranes (0.7–2 nm). The pore
sizes for the GK membrane were the largest while the GH membrane had
a similar pore size compared with the GE membrane. However, it was
not clear what the operating temperature was for these specifications,
which might have been higher than 25 � C; despite the similar pore size at
25 � C, the GH membrane had a higher temperature increment of the
pore size. Therefore, the pore size of this membrane could be higher and
different from that of a GE membrane at higher temperatures.
In addition, for all solutes, we observed larger temperature in
crements with a GK membrane compared with the other membranes, as
shown in Fig. 9 and Table 4. The difference in these properties for

Þ

2.94 � 3.98
3.94 � 6.53
4.77 � 3.68

The 3 membranes used in this study, being polymeric membranes,
might show an irreversible response to heating, as commonly observed
in many polymers as they cross their glass transition temperature (Tg).
We observed a hysteresis upon immediate cooling in the GE membrane.
The membrane resistance at lower temperatures showed higher values
than its initial resistance after being operated at 45 � C, resulting in lower
fluxes. This implied that the Tg for the GE membrane lies within 25� C-45
�
C. Further detail about the glass transition was not studied in this
research. However, from Fig. 6, we guess that this point existed between
30 � C and 35 � C for the GE membrane. The resistance initially decreased
from 25 � C to 30 � C, as expected from the other membranes, and then
increased from 30 � C to 45 � C. Membranes that operate above the glass
transition temperature might experience a compaction resulting in a
non-linear relationship between TMP and the flux. We indeed observed
this behaviour in the GE membrane as shown inFig. 7.
This effect was only observed in the GE membrane upon immediate
cooling. We did observe that the resistance of the GE membrane
returned to its original value, as reported in Fig. 6, after storage. This
implies that the membrane was able to slowly restructure during stor
age. For the other membranes, the resistance returned to its initial value
upon immediate cooling after being operated at 45 � C. This better
explained the linear relationships for both temperature–resistance and
TMP–flux for GH and GK membranes.
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Fig. 7. Temperature effect of clean water flux for 3 different membranes.

Fig. 8. The real rejection as function of pressure for 3 different membranes at 45 � C using 0.5% FOS syrup. The symbols represent the experiments. The lines are the
fitted models with the estimated pore sizes.

different membranes might relate to the different materials and struc
ture of the membrane.
Table 4 tells us that the thermal increments of the pore sizes (αrp )
over the temperature range considered were far lower than the absolute
pore size (rp;i;0 ). These values varied by a maximum of 2% for GK
membrane. That gave us an increase of a maximum of 0.4 nm with a
temperature increase of 20 � C, as used in this study.

As the temperature increases, both the solute and the membrane
expand. Both changes affect the solute rejection. According to the
modified SPM, the solute rejection was dependent on the solute to pore
size ratio. When both change, a change in rejection would occur
depending on the sizes of the 2 changes. Here, we report that the tem
perature expansions of the pore size and the hydrated volume of sugar
are in the same order of magnitude. Despite the similar orders of
9
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Fig. 9. Linear relationship of temperature and pore size corresponding to DP4 for different membranes.

4.4. Prediction of single-stage separations

Table 4
Estimate parameters (standard pore size and thermal increment) for the tem
perature dependency model of pore size with respect to each solute.
Membrane

Solute

rG;i ð�10
25 � C

GE

DP1

0.407

DP2

0.601

DP3

0.794

DP4

0.987

DP � 5

1.330

DP1

0.407

DP2

0.601

DP3

0.794

DP4

0.987

DP � 5

1.330

DP1

0.407

DP2

0.601

DP3

0.794

DP4

0.987

DP � 5

1.330

GH

GK

9

mÞ at

rp;i;0 ð �
10 9 mÞ

αrp ð �

0.746
0.014
0.950
0.015
1.070
0.016
1.176
0.018
1.461
0.015

�

0.011 � 0.016

�

0.039 � 0.013

�

0.045 � 0.013

�

0.035 � 0.013

�

0.023 � 0.009

0.703
0.007
0.921
0.004
1.058
0.006
1.184
0.005
1.486
0.006

�

0.013 � 0.008

�

0.059 � 0.004

�

0.054 � 0.004

�

0.044 � 0.003

�

0.026 � 0.003

0.948
0.062
1.598
0.151
1.783
0.096
1.851
0.054
2.101
0.024

�

0.070 � 0.054

�

0.195 � 0.079

�

0.168 � 0.045

�

0.127 � 0.024

�

0.089 � 0.009

10

10

With all parameters estimated using low concentrations, we can now
predict the single-stage performance at realistic concentrations.
At higher solute concentrations, the concentration polarization effect
is more prominent. This leads to a larger osmotic pressure difference
over the membrane and hence a lower effective driving force. At the
same time, the larger concentration of solutes at the membrane also
implies more transmission of the solutes through the membrane and
hence a lower effective rejection than the real rejection would indicate.
The concentration polarization depends on the transmembrane flux,
which depends on the membrane resistance and on the viscosity. In
general, the membrane resistance decreases with temperature, and the
solution viscosity decreases strongly. This together leads to a strong
increase in the transmembrane flux with temperature.
The strong increase in the water flux with temperature is not fol
lowed by the solute flux. Even though the membrane expands with
temperature, the solute itself also expands. This limits the solute trans
port, resulting in only a slight increase in the solute flux. A rapid increase
in the water flux that is not followed by the solute flux results in only a
slight increase in the solute rejection. Fig. 10 shows that the product
purity indeed increases slightly with temperature. This was expected
because the solute rejection only increased slightly. Among the 3
membranes, the GK membrane was the most sensitive to temperature
change, because it had the highest temperature coefficient. Therefore, a
higher FOS purity was obtained at higher temperatures.
The increase in flux at higher temperature resulted in a declining
yield. As the temperature increases, the transmembrane flux increases
strongly, and therefore, more of the feed ends up as permeate. As a
consequence, less liquid is obtained as retentate. Most of the product
stayed at the retentate side, but as the rejection was not 100%, a part of
it also ended up in the permeate. Hence, if the permeate forms a larger
part of the total volume, more of the product is lost into the permeate
and hence the yield is lower. At the same time, producing more
permeate also means that more of the “impurities” (smaller DPs) end up
in the permeate. This effect was stronger for the smaller DPs than for the
� DP5 product, because their rejections were smaller, and the purity was

m =KÞ

magnitude, higher values were observed for the solute dimension, which
results in a small increase in the solute to pore size ratio. Thus, we
predict a small increase in the rejection.
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Fig. 10. Prediction of the temperature effect on the performance of single-stage membranes validated with 5% FOS syrup (experimentally) using a feed flow rate of
50 kg/h. The discontinued line for the GK membrane at 16 bar was due to insufficient flow rate at the retentate.

therefore slightly increased. The strongest decline in yield was observed
with the GK membrane because it exhibited the largest flux increase
with temperature (Section 4.2).
Fig. 10 shows a classic trade-off between purity and yield, but this
trade-off was not the same for every membrane. In addition, the tem
perature effect in the product yield is strong. Based on these phenomena,
we conclude that we can improve the separation performance by
decreasing the temperature, resulting in a higher yield without losing
product purity; however, this is at the cost of a lower throughput.

the separation process for 2 scenarios: a homogeneous and an inhomo
geneous temperature configuration. In the homogeneous configuration,
the temperature was equal at all stages and was varied as a whole. In the
inhomogeneous configuration, the temperature at 1 stage differed from
the others. Here, 3 different cases were assessed: the feed, top and
bottom cases. In these cases, the temperature in 1 stage was varied from
25 � C to 45 � C, and the temperatures of the other stages were constant at
45 � C.
Fig. 11 shows the effect of the temperature on the purities and yields
obtained with the membrane cascade as a function of the temperature,
with the homogeneous (a) and inhomogeneous (b) temperature con
figurations. For all systems, qualitatively similar behaviour as in a
single-stage separation was observed. The yield could be increased by
lowering the temperature while the purity remained essentially the
same (around 80%). The purity achieved using a cascade system (see
Fig. 11) was higher than using a single-stage separation (see Fig. 10),
which of course was the main purpose of using a cascaded system.
In an inhomogeneous configuration, the temperature effect on the
product yield varies depending on which stage is varied in temperature.
The effect of temperature was more substantial for the top stage,
whereas it had hardly any effect at the bottom stage. This was related to
the destination of the permeate flow at each stage. The permeate of the
bottom stage was recycled to the feed stage, and the permeate of the feed

4.5. Performance of a 3-stage filtration cascade
The predictive model that was validated for single-stage membranes
was extended to a cascaded system (Fig. 4). We selected 1 combination
of process parameters as a standard, which was chosen based on the
work of Aguirre et al. [29]. A membrane with double area at the feed
stage was chosen. To achieve this in practice, two GK membranes were
used at the feed stage and operated at a TMP of 8 bar. After the feed
stage, a GH membrane was used at the top stage using a TMP of 16 bar
and a GK membrane operated at a TMP of 12 bar at the bottom. The feed
stream entered the feed stage at 50 kg/h.
One of the advantages of using a cascade is that each stage can be run
at a different temperature. To simplify the investigation, we simulated
11
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Fig. 11. Temperature effect in the cascaded filtration system using the homogeneous (a) and inhomogeneous (b) temperature setup. In the inhomogeneous setup, the
temperature at 2 other stages were set at 45 � C, and 1 was varied according to the case. All simulations were done using a feed flow rate of 50 kg/h.

stage forms the feed of the top stage. Therefore, the permeate streams of
these 2 stages were processed again. On the other hand, the permeate of
the top stage was directly extracted from the system. In the case of FOS
(� DP3), the oligosaccharides in the permeate of the top stage are
considered as a loss, lowering the yield of the oligosaccharides in the
bottom retentate. Although the purity of the stream remained more or
less the same, the increase in the permeate flow rate at the top stage
directly reduced the yield. Using this treatment, the separation can
achieve 97% yield.

directly extracted off the system.
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5. Conclusions
The effect of the temperature on the nanofiltration of a mixture of
fructo-oligosaccharides was investigated through experiment and
through modelling. An increase in the temperature affects the process in
3 ways: (1) it expands the solute, (2) it reduces the solution viscosity,
and (3) it expands the membrane pore size while at the same time
reducing its hydraulic resistance. All these factors contribute to the
overall performance of a filtration process, which was assessed by
measuring and modelling its purity and yield.
Although the fluxes become much larger with increasing tempera
ture, the temperature hardly affects the product rejection and purity.
However, the yield is strongly affected by the temperature, with higher
yields at lower temperatures. This is related to the larger fluxes at higher
temperature, leading to a larger split of the feed into the permeate, and
more of the product ending up in the permeate flow. Similar behaviour
was observed in a 3-stage cascaded system. The temperature effect was
more prominent at the top stage, due to the permeate stream that is
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Nomenclature
C
D
dh
Dp
E
Fl
Jv
k
k*
kB
Kc
KD
KY
L0
L1
MW
nh
P
Pe
Rg
rG
Rm
rp
Rr
rS
T
T0
TMP
u
V
Vm;b
Vm;bw
Vm;h
X
Y

solute concentration [g L 1]
diffusion coefficient [m2 s 1]
hydraulic diameter [m]
diffusion coefficient inside the pore [m2 s 1]
dimensionless parameter in the viscosity model [dimensionless]
flow rate [kg h 1]
volumetric flux [m3 s 1 m-2]
mass transfer coefficient [m s 1]
corrected mass transfer coefficient [m s 1]
Boltzmann constant [1.38 � 10 23 m2 kg s 2 K 1]
convective hindrance coefficient [dimensionless]
diffusive hindrance coefficient [dimensionless]
lumped parameter in the modified SPM [dimensionless]
capsule diameter [m]
capsule length [m]
molecular weight [kg mol 1]
hydration number [dimensionless]
product purity [wt%]
Peclet number [dimensionless]
gas constant [J mol 1 K 1]
Giddings radius [m]
membrane resistance [m 1]
pore radius [m]
real rejection coefficient [dimensionless]
Stokes radius [m]
process temperature [K]
reference temperature [25 � C]
transmembrane pressure [Pa]
crossflow velocity [m s 1]
solvent velocity [m s 1]
bare molar volume of non-hydrated components [m3]
molar volume of bound water [m3]
molar volume of hydrated components [m3]
total sugar molar fraction [dimensionless]
product yield [%]

Greek letters
temperature coefficient for membrane resistance [K 1]
temperature coefficient for membrane pore radius [K 1]
solution viscosity [Pa s]
water viscosity [Pa s]
λ
solute to pore ratio [dimensionless]
πo
osmotic pressure [Pa]
ρ
density [kg m 3]
φ
partition coefficient [dimensionless]

αRm
αrp
ηs
ηw

Subscripts
F; T1; B1
i
m
p
P, R
r

stage
solute, degree of polymerization
membrane wall
permeate side
permeate and retentate streams
retentate side
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