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Highlights
• We developed three semi-empirical models on dynamic resistance modeling.
• Resistances altered by transmembrane pressures, pH, salt, flow rate and temperature.
• Extent, rate of rise, initial and semi-steady resistances, termed by kinetic model.
• Increasing applied variables enhanced the kinetic model terms except the flow rate.
• Transmembrane pressure was the main factor on the rate of resistance growth.

Sensitivity analyses of the input parameters for prediction of dynamic hydraulic resistance
and kinetic model parameters (R0, initial hydraulic resistance; R∞, infinite (steady-state)
hydraulic resistance; RE, resistance increment extent and k resistance increment rate) in
crossflow ultrafiltration of skimmilk.

Abstract
In this work, different kinetic patterns (homographic, exponential-linear and exponential) of hydraulic resistance in ultrafiltration process of a colloidal system have been investigated.
Exponential kinetic model, as the best approach, was employed for description of dynamic hydraulic resistance of skim milk ultrafiltration at different feed flow rates (FR) (10, 30 and
46 L/min), transmembrane pressures (TMP) (0.3, 0.6 and 1 atm), temperatures (30, 40 and 50°C), pH levels (5.6, 6, 6.6, 6.9 and 7.6) and NaCl concentrations (0, 0.03, 0.06 and 0.12
%w/w). Results indicated that the initial resistance (R0), steady-state resistance (R∞), resistance increment rate (k) and resistance increment extent (RE) increased with TMP and ionic
strength increasing and FR decreasing. The most sensitive factor for prediction of RT (total hydraulic resistance), R0 and R∞ was the NaCl concentration. Also, the highest sensitive
factors for RE and k were temperature (0.77) and TMP (0.60), respectively.
© 2017 MPRL. All rights reserved.

1. Introduction
By applying UF membrane technology to the milk processing, milk can
be modified by separating, clarifying, or fractionating a selected component
in milk from other components [1]. Milk is a complex system and has
diverse components which make the membrane separation practicable but
dependent on hydrodynamic and physicochemical operating conditions
of the UF process [2, 3]. However, both fouling and concentration
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polarization limited the widespread application of membrane separation
in dairy processing industry [4, 5]. The difficulty of fouling analyzing is
that many phenomena occurring simultaneously on the membrane surface
[6] and it is not very clear how the hydrodynamic and physicochemical
operating conditions affect fouling processes in crossflow filtration.
As the membrane resistances are affected by the primary factors of the
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temperature, we studied the effect of a wide range of these parameters on the
total hydraulic resistance kinetic pattern of skim milk system [7, 8]. There are
some hydraulic resistance models which explain the governing mechanisms
of filtration, some of them are simple, while other ones are complex and
difficult to fit to experimental data. The problem is that these models
generally consider just one mechanism for the whole filtration process [9].
As, there is not a completely theoretical model to quantitatively describe
hydraulic resistance kinetic pattern involved in ultrafiltration processes very
accurately, there is a need for alternative such as empirical models.
Several empirical models have been found in the literature to analyze the
fouling of UF [10-13]. Preferentially, a desirable mathematical representation
of a physical phenomenon should include characteristics such as: (i) the least
number of constants, (ii) the constants and the equation components which
transmit meaningful physical information, (iii) the equation is sensitive to
variable physical parameters in the system; and (iv) the mathematical
structure of the equation is uncomplicated. Some of these models are
investigated in this study. These models are able to determine the initial
resistance, steady-state resistance, resistance increment rate and resistance
increment extent, so could help us to realize the kinetic pattern of all
hindering factors growth (resistance offered by the membrane and by the
irreversible and reversible fouling) in a wide range of hydrodynamic and
physicochemical operating conditions in ultrafiltration of colloidal systems
like skim milk. To the best of our knowledge, the mentioned models have not
yet been used in any membrane experiments for the description of membrane
ultrafiltration hydraulic resistance kinetic pattern. Therefore, the objectives of
this study were (i) to evaluate the effect of different conditions such as pH,
NaCl content, transmembrane pressure (TMP), temperature, and feed flow
rate (FR) on total hydraulic resistance (RT) during milk ultrafiltration as a case
study; and (ii) to model dynamically the hydraulic resistance-time profile with
a view to obtain a deep understanding of the phenomena involved in the
performance of the crossflow ultrafiltration system.

2. Theory
Generally, the physics of hydraulic resistance models are evaluated using
the series resistance equation based on the electric–hydraulic analogy. In this
work, based on the characteristic shape of hydraulic resistance-time profile of
colloidal ultrafiltration systems, we concerned with this phenomena regarding
its rate of change, extent of change, change pattern during time and
parameters such as initial and steady state hydraulic resistances using three
kinetic models, i.e., homographic, exponential-linear and exponential models.
These mathematical models are used in this work to describe the dynamic
hydraulic resistance of a vast set of experimental data.

297

exponential time-dependent stage and third, a linear time-dependent stage.
Afterward, the appropriate model was chosen to describe all of these stages as
follows:
(4)
where R0 is the initial hydraulic resistance, R1 and R2 are the hydraulic
resistances of the nonlinear and linear part of curve, and 1/λ is the initial
growth rate of hydraulic resistance. Also, according to this model, the steadystate hydraulic resistance was given as follows:
(5)
2.3. Exponential kinetic model
For investigating the relation of reaction rate and concentration of
substrate in kinetic science, the following equation is used:
(6)
Herein, to model the kinetics of hydraulic resistance in terms of initial
resistance, steady-state resistance and the rate of resistance growth, the Eq.
(6) is rewrite to the following differential equation form in order to relate the
hindrance factor with time:
(7)
where ψ∞ is the hindering factor of the membrane when t→∞, k is the growth
rate constant of hindering factor and n is the kinetic order of resistance change
with time. For simplicity, the first kinetic order was assumed (n=1), so the Eq.
(7) can be solved using the boundary conditions at time=0, ψ(t)= ψ0 and at
time= t, ψ(t)=ψt as follows:
(8)
In order to apply Eq. (8) to experimental hydraulic resistance-time data, we
need to specify a relationship between ψ and hydraulic resistance, therefore, a
dimensionless parameter of ψ(t) was introduced as follows:

2.1. Homographic kinetic model

(9)

Investigation of total hydraulic resistance-time curves feature showed
that there was similarity to some physical phenomena such as battery
charging [14], water absorption [15] and creep behaviour of materials [16].
Herein, we used this procedure for interpretation of total hydraulic resistancetime curve. First, we normalized the experimental hydraulic resistance-time
data using the following relationship:
(1)

Substituting Eq. (9) into Eq. (8) and the rearrangement of Eq. (8) yields:
(10)
where, R0, R and k are the initial hydraulic resistance, the infinite (steadystate) resistance and the resistance increment rate, respectively. The extent of
resistance increment can be defined as follows:

where R (t) is the hydraulic resistance after time t, R0 is the initial hydraulic
resistance, and Rm is intrinsic resistance of the membrane. As the linear form
can simplify verification of the goodness of the equation and calculation of its
constants; the normalized curve was linearized by Eq. (2):

(11)

3. Experimental
(2)
where 1/k1 and 1/k2 represent the initial growth rate of hydraulic resistance
and asymptotic level of Y(t), when t→∞, respectively. Based on Eq. (2), the
steady-state hydraulic resistance was given as follows:
(3)
2.2. Exponential-linear kinetic model
In the mentioned model, it was assumed that the total hydraulic resistance
growth has three distinct stages: First, a time-independent stage; second, an

3.1. Material and membrane
Reconstituted skim milk was prepared by addition of medium heat skim
milk powder (SMP) to warm distilled water (~50 °C) under fast stirring
condition and employed as the feed for all experiments. The same batch of
SMP was used in all experimental runs to make sure that change in measured
parameters did not result from differences in milk composition. The
composition of SMP is presented in Table 1. Twelve kilograms of
reconstituted skim milk was used for each run. The polymeric hollow fibre
membrane was supplied by Koch Membrane Systems, USA, composed of
polyethersulfone, MWCO 10 kDa, providing effective area of 2.42 m2 with
capability of operating up to 1.2 atm pressure.
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resistances. After the skim milk ultrafiltration processes, the leftover milk was
removed from the system using water rinsing at 50 °C. After the rinsing
procedure, cleaning was performed using 0.5% w/v Ultrasil11 at 50 °C for 20
minutes. The Ultrasil11 pH value was 12.9. After cleaning, the membrane
was rinsed several times using water at 50 °C. For controlling the cleaning
procedure, the water flux measurement was done at the start and end of each
run, the difference between the two measured data checked to be less than 3-5
%, if not fouling was not removed and the cleaning method was repeated until
the flux returned or the membrane was replaced with a new one. The
kinematic viscosity and density of permeate samples were measured using an
Ostwald U-tube capillary viscometer and a 25 ml picnometer, respectively.

Table 1
Average chemical composition of skim milk samples a
Average (%)

Range b

Protein

2.86

0.14

Fat

0.09

0.01

Lactose

4.73

0.28

Ash

0.77

0.05

Total solids

8.44

0.52

pH

6.54

0.01

Component

3.4. Data analysis

a

Each point is the mean of three replicates.
b
Range means the difference between maximum and minimum value of
each component.

3.2. Filtration setup
A schematic diagram of the pilot-scale ultrafiltration unit operated in this
study is illustrated in Figure 1. The inlet and the outlet feed pressures were
monitored by two pressure gauges which positioned as close to the inlet and
the outlet of the membrane module as physically possible. The crossflow
velocity was controlled by changing the rotation speed of the pump 2. The
temperature of feed was continuously controlled by tubular heat exchanger
and then monitored by a temperature probe attached to the feed tank during
each run. The permeate flux was measured and recorded every 60 s.

Fitting and goodness of fit (R2, coefficients of determination; R2Adj,
adjusted R-squared and RMSE, root mean square error) were achieved by
MATLAB 2010 (7.10.0), using the curve fitting toolbox and Trust-Region
algorithm. The choice of the most appropriate model was based on the highest
R2 and R2Adj and the lowest RMSE values, which calculated by Eq. (14), Eq.
(15) and Eq. (16), respectively:
(14)

(15)

(16)

where SS is the sum of squares, Oi is the ith actual value, Ti is the ith predicted
value, N is the number of data and DF is the degree of freedom. In addition,
for validation of models it is required a residual analysis in order to verify that
residuals associated with the correlation has a normal distribution. In this
case, Shapiro-Wilk (α=0.05) test was used. A sensitivity analysis was
conducted to provide a measure of the relative importance among the inputs
of the model and to illustrate how the model output varied in response to
variation of an input.

4. Result and discussion
4.1. Model selection

Fig. 1. Schematic diagram of ultrafiltration pilot plant system used in this study.

3.3. Filtration experiment
The effect of varying TMP (0.3, 0.6 and 1 atm), temperature (30 °C, 40
°C and 50 °C), flow rate (10, 30 and 46 L/min), pH of feed (5.6, 6.0, 6.6, 6.9
and 7.6) and the NaCl concentration (0, 0.03, 0.06 and 0.12 %w/w) on the
total hydraulic resistance, were studied. The transmembrane pressure was
calculated according to the following equation:
(12)
where Pi, Po and Pp are inlet, outlet and permeate pressures, respectively.
The permeate flux dynamic was investigated over a period of 130 min.
For each experimental run, the feed tank was first recycled with distilled
water at the specified operating condition to warm up the system and to
measure the intrinsic membrane resistance. We used the dependence of
permeate flux (Jp) on transmembrane pressure (TMP) based on Darcy’s law
(Eq. (13)), allowing for hydraulic resistance encountered by the liquid
flowing through the membrane:
(13)
where μp is the permeate viscosity and RT is the total hydraulic resistance.
The total hydraulic resistance is the sum of several resistances, e.g., the
intrinsic membrane resistance and the reversible and irreversible fouling

The hydraulic resistance-time profile of skim milk ultrafiltration
displayed a typical asymptotic behavior at all tests. Every model in this
survey were directly applied to the experimental resistance–time data in
various operating and physicochemical conditions to investigate which model
can better describe the dynamic hydraulic resistance pattern. It was found that
the exponential kinetic model best fitted the total hydraulic resistance versus
time data (see Figure 2). In comparison, the fitness of exponential kinetic
model was noticeably better than those can be achieved with theoretical and
some other empirical models [11-13, 17-19]. Rajca et al. [18] found that
relaxation model (a mathematical model based on the analysis of membrane
hydraulic resistance and the mass transport balance during membrane
filtration) did not fit adequately the initial part of the resistance-time curve of
raw water reservoir UF process. The experimental data and the results of
fitting using exponential kinetic model to simulate total resistance-time
pattern during milk ultrafiltration at various temperature, TMP, flow rate, pH
and ionic strength are demonstrated in Figures 3-7, respectively. As it is seen,
the exponential kinetic model predicted well the complex behavior (nonlinearity) of resistance-time profile at different conditions. There was
excellent agreement between the experimental data and predictions at all
cases, (R2>0.90, R2adj>0.91 and RMSE<0.03). Furthermore, the residual
analysis verified that residuals associated with the correlation of this model
have normal distribution which showed the acceptable predictability of
exponential kinetic model. Besides its outstanding ability to describe the
experimental resistance-time data, the model parameters were of highly
practical significance in determining the initial resistance (R0), steady state
resistances (R,), rate of resistance increment (k) and the extent of resistance
increment (RE) in all the tested conditions, which would be discussed in the
following sections. Using these parameters, it is possible to predict hydraulic
resistance at any time under a given operating condition.
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Fig. 2. Fitting ability of three semi-empirical models to experimental data of total
hydraulic resistance -time profile (NaCl concentration 0.12%, Temperature 50°C,
TMP 1.0 atm, pH= 6.6 and flow rate 56 L/min).

Fig. 3. Dynamic hydraulic resistance predictions during the skim milk ultrafiltration
as a function of temperature (TMP 1 atm, pH= 6.6, flow rate 12 L/min, 0%NaCl
and , exponential kinetic model predictions).
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Fig. 6. Dynamic hydraulic resistance predictions during the skim milk ultrafiltration
as a function of pH (Temperature 30°C, TMP 0.3 atm, flow rate 15 L/min, 0%NaCl
and , exponential kinetic model predictions).

Fig. 7. Dynamic hydraulic resistance predictions during the skim milk ultrafiltration
as a function of NaCl concentrations (Temperature 50°C, TMP 1.0 atm, pH= 6.6,
flow rate 56 L/min and , exponential kinetic model predictions).

4.2. Effect of temperature

Fig. 4. Dynamic hydraulic resistance predictions during the skim milk ultrafiltration
as a function of transmembrane pressure (temperature 40 °C, pH= 6.6, flow rate 30
L/min and 0%NaCl , exponential kinetic model predictions).

The results of modeling for dynamic hydraulic resistance at three
temperatures (30, 40, and 50 °C) are demonstrated in Table 2. R0, R, RE and
k parameters varied significantly with temperature. According to Table 2, R0
decreased with the elevation of temperature, which may be because, the
viscosity of the bulk fluid decreased and the molecules’ motion increased at
higher temperature, thereby, the diffusion constant of skim milk components
increased and the effect of concentration polarization diminished. [20].
Furthermore, an increase in temperature can expand the pore radius of
membrane [7]. As time passed, other resistance parameters (R, RE and k)
increased with temperature (see Table 2). The effect of each 1 °C increase of
temperature on RE and all the kinetic model parameters at the range of 30 to
40 °C were almost twice of those at 40 to 50 °C. In addition, the most
sensitive parameter to temperature was k at both temperature ranges (see
Table 3). At low temperature, molecules of skim milk have low activation
energy, so, these molecules adsorb on the membrane surface with weak bonds
such as the hydrogen bonds. However, at higher temperature, chemical
reactions influence the interaction between solutes and membrane [7,20],
which results in the increase of steady-state resistance, resistance increment
rate and resistance increment extent values (see Table 2). Moreover, the
enhancement of solutes diffusion can lead to higher accessibility of foulants
into the pores, thus increases the membrane pore blocking fouling [21]. In
addition, the increment of the temperature increases slightly the osmotic
pressure [22]. Razavi et al. [12] found that the total hydraulic resistance
increased with temperature during ultrafiltration of skim milk. In other words,
temperature has a bilateral effect on total resistance.
4.3. Effect of transmembrane pressure

Fig. 5. Dynamic hydraulic resistance predictions during the skim milk ultrafiltration
as a function of crossflow velocity (Temperature 50°C, TMP 0.3 atm, pH= 6.6,
0%NaCl and , exponential kinetic model predictions).

The results of fitting hydraulic resistance-time data with exponential
kinetic model at various TMPs (temperature 40 °C, pH= 6.6, flow rate 30
L/min and 0%NaCl) are presented in Table 2. Results showed that there was
weak form of critical flux in all experiments. For the weak form of critical
flux, it is assumed that there is very rapid fouling on start-up which consists
of both intrinsic membrane resistance and concentration polarization and so
the flux-TMP relationship is below that of the pure water line. The critical
flux is the point at which this line becomes non-linear [23]. The critical
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pressure and flux were determined according to Astudillo-Castro method
[21], which were equal to 0.451 atm and 0.381 kg/m2.min, respectively,
indicating that up to 0.451 atm, flux reduction was induced by concentration
polarization (reversible resistance), and fouling (irreversible resistance) was
not exist in this region. This region is ideal for membrane process. The TMP
higher than critical pressure resulted in fouling phenomena. In addition, the
limiting flux (Eq. 17) and limiting pressure (Eq. 18) were determined as
follows [24]:
(17)
(18)

The limiting flux and pressure were 0.631 kg/m2.min and 1.353 atm,
respectively, while the maximum of pressure in all experimental runs was 1
atm. So, any of the experimental runs was not in the limiting flux region.
The R0, R, RE and k parameters increased significantly as TMP increased
(see Table 2). Each 0.1 atm enhancement in the TMP at the range of 0.3-0.6
atm and 0.6-1.0 atm resulted in an increase in RE by 4.21 and 2.78%, and k
parameter by 3.81 and 6.21%, respectively, indicated higher sensitivity of RE
to the lower TMP range and k to the higher TMP range (see Table 3). On the
other hand, the effect of each 0.1 atm enhancement in the TMP on the
increase of R0 and R did not show significant differences between two
mentioned TMP ranges. In addition, 0.1 atm increase in TMP showed higher
impact on k and RE than R0 and R. This phenomenon may have several
reasons. For example, with increase in TMP, the deposit progressively
spreads and reaches the opening of the membrane channel.

Table 2
Parameters of exponential kinetic model determined for the total hydraulic resistance-time profile at different operating and physio-chemical conditions of skim milk ultrafiltration*
Conditions
Variable

Temperature

TMP

Flow rate

pH

NaCl

exponential kinetic model parameters

Temperature
(°C)

TMP
(atm)

Flow rate
(L/min)

pH

30

1.0

12

6.6

NaCl
(%)

R0
(×1013)

0.0

1.131b ± 0.030
b

RE

K
(1/s)

0.195a ± 0.005

0.021a ± 0.001

R
13

(×10 )
1.405a ± 0.039

40

1.0

12

6.6

0.0

1.074 ± 0.040

1.484 ± 0.007

0.277 ± 0.007

0.029a ± 0.003

50

1.0

12

6.6

0.0

0.998a ± 0.031

1.546c ± 0.006

0.354c ± 0.009

0.047b ± 0.004

a

b

b

40

0.3

30

6.6

0.0

0.641 ± 0.071

0.903 ± 0.090

0.290 ± 0.021

0.007a ± 0.002

40

0.6

30

6.6

0.0

0.792b ± 0.055

1.217b ± 0.126

0.349b ± 0.016

0.016b ± 0.004

b

a

a

40

1.0

30

6.6

0.0

0.890 ± 0.072

1.463 ± 0.101

0.391 ± 0.019

0.028c ± 0.006

50

0.3

10

6.6

0.0

0.962b ± 0.062

1.598b ± 0.090

0.398b ± 0.028

0.021b ± 0.003

ab

c

c

50

0.3

30

6.6

0.0

0.902 ± 0.051

1.351 ± 0.178

0.332 ± 0.030

0.012a ± 0.002

50

0.3

46

6.6

0.0

0.843a ± 0.058

1.185a ± 0.113

0.288a ± 0.037

0.008a ± 0.002

30

0.3

15

5.6

0.0

0.458b ± 0.048

0.534e ± 0.008

0.143d ± 0.004

0.015b ± 0.003

a

ab

a

30

0.3

15

6.0

0.0

0.373 ± 0.014

0.433 ± 0.005

0.140 ± 0.005

0.021c ± 0.003

30

0.3

15

6.6

0.0

0.363a ± 0.035

0.417c ± 0.007

0.129bc ± 0.007

0.020c ± 0.002

a

d

cd

30

0.3

15

6.9

0.0

0.331 ± 0.020

0.376 ± 0.008

0.119 ± 0.008

0.026c ± 0.003

30

0.3

15

7.6

0.0

0.316a± 0.040

0.347a ± 0.009

0.089a ± 0.007

0.006a ± 0.001

a

b

b

50

1.0

57

6.6

0.00

0.951 ± 0.112

1.357 ± 0.198

0.299 ± 0.069

0.038a ± 0.004

50

1.0

57

6.6

0.03

1.265b ± 0.086

1.951b ± 0.189

0.351ab ± 0.050

0.043ab ± 0.004

b

a

a

c

bc

50

1.0

57

6.6

0.06

1.477 ± 0.161

2.577 ± 0.290

0.422 ± 0.057

0.049bc ± 0.004

50

1.0

57

6.6

0.12

1.821c ± 0.101

3.804d ± 0.214

0.521c ± 0.068

0.053c ± 0.002

* ‘R0’, initial hydraulic resistance; ‘R’, infinite (steady-state) hydraulic resistance; ‘RE’, resistance increment extent and ‘k’ resistance increment rate.

Table 3
Effect of increasing temperature, pH, TMP, flow rate, and NaCl concentration on changes (%) of the exponential kinetic
model parameters*
Parameters

Range

R0 (1/m)

R (1/m)

RE

K (1/s)

TMP (atm)

0.30 - 0.60

0.50

0.56

4.21

3.81

T (°C)

FR (L/min)

pH

NaCl (%)

0.60 – 1.00

0.71

0.42

2.78

6.21

30 - 40

-7.85

11.59

6.78

29.54

40 - 50

-3.09

5.05

3.01

18.75

10 - 30

-0.31

-0.77

-0.83

-2.14

30 - 46

-0.41

-0.62

-0.61

-2.08

5.60 – 6.00

-4.64

-4.73

-0.51

6.53

6.00 - 6.60

-0.45

-0.62

-1.31

-0.86

6.60 - 6.90

-2.94

-3.28

-2.58

5.21

6.90 - 7.60

-0.50

-0.77

-2.41

-6.45

0.00 - 0.03

11.01

14.59

5.80

4.39

0.03 - 0.06

5.59

10.70

6.74

4.65

0.06 - 0.12

5.01

8.37

5.88

1.36

* ‘R0’, initial hydraulic resistance; ‘R’, infinite (steady-state) hydraulic resistance; ‘RE’, resistance increment extent and
‘k’ resistance increment rate.
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Also, there is always an aggregation of particles close to the membrane
surface which can act as a filter cake. As this cake develops, the hydraulic
resistance increases [25]. Higher TMP may consequence in a higher
deformation of the molecules and a higher cake compression [17, 26]. Also,
the membrane resistance for polymeric membranes increases with increasing
TMP and operating time due to membrane compaction [27]. Bahnasawy and
Shenana [28] found that the medium resistance increased linearly with the
time at different operational pressures, with greater increase at higher TMP,
during the concentrating of milk. Grandinson et al. [27] found that both
reversible and irreversible fouling increased with increasing TMP during
ultrafiltration of skim milk. With decrease in TMP, membrane fouling would
be alleviated, but permeate flux and filtration efficiency would drop [29].
Selecting a suitable TMP could improve permeate flux and control membrane
fouling.
4.4. Effect of crossflow velocity
Results showed that during all the trials the Reynolds number (Re) inside
the module was in the range of 383.73-2651.12. The laminar regime was
obtained in most runs (Re < 2100) which is a typical regime in the hollow
fiber modulus [30], except of those at FR higher than 30 L/min which showed
transient regime (2100 < Re < 4000). As FR increased from 10 to 46 L/min,
the Re increased from 465.11 to 2139.50 and transformed from laminar to
transient regime (ρave = 998.2 kg.m-3 and µave = 646×10-6 Pa.s at 50 °C). Table
2 presents the hydraulic resistance modeling results under various UF
crossflow velocities. It can be seen that R0, R, RE and k decreased as FR
increased from 10 to 46 L/min. In addition, k was the most affected parameter
by the cross flow velocity (see Table 3). All parameters showed almost the
same sensitivity to FR at 10-30 and 30-46 L/min ranges. The cross flow
velocity has a role in detaching of particles (e.g. casein micelles, whey
proteins or insoluble matter) away from the membrane surface by erosion,
increase in back diffusion and shear enhanced diffusion [31]. Grandinson et
al. [27] also found that the increase of wall shear stress resulted in the
reduction in both reversible and irreversible fouling. Jaffrin et al. [32]
compared the effects of various hydrodynamic parameters such as
transmembrane pressure, shear rate, fluid viscosity and solute concentration
on the permeate flux and found that flux was mainly governed by the
maximum shear rate during skim milk ultrafiltration because very high shear
rate effectively reduced concentration polarization.
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increasing ionic strength leads to an increase in ionic calcium. The calcium
ions of milk are assumed to form bonds in the deposit between the membrane
and the micelles and between micelles themselves [3, 34]. Youravong et al.
[33] reported irreversible fouling increased with increase in the ionic strength
of skim milk during ultrafiltration. Babu and Gaikar [35] also found that the
protein layer resistance increased with an increase in salt concentration.
4.7. Sensitivity analysis
Sensitivity analysis (SA) has been used to study the uncertainty of the
output relative to the uncertainty of different inputs to identify the relevant
input factors [36]. Among several methods of SA (e.g., scatter plot, ANOVA
and variance-based), regression analysis method was conducted in this study.
Regression analysis, in the context of sensitivity analysis, contains fitting
a linear regression to the model response and uses standardized regression
coefficients as direct measures of sensitivity. As given in Table 4, NaCl
concentration was the most effective factor in predicting the total hydraulic
resistance (RT) in milk UF process, while flow rate had the lowest effect on it.
In addition, sensitivity analysis of exponential kinetic model parameters
revealed that NaCl concentration and FR showed the highest and lowest
impact on both R0 and R parameters, respectively. RE was mainly affected by
temperature, while FR almost did not show significant effect on RE. Among
other input variables, TMP showed the highest impact on k, while similar to
other parameters, FR showed the least impact on k.

Table 4
Sensitivity analyses of the input parameters for prediction of dynamic hydraulic resistance and
exponential kinetic model parameters in crossflow ultrafiltration of skim milk.
Parameters

Rt
(1/m)

R0
(1/m)

R
(1/m)

RE
(1/m)

K
(1/s)

TMP (1atm)

0.35

0.43

0.29

0.19

0.60

T (°C)

0.05

0.45

0.44

0.77

0.18

FR (L/min)

-0.01

-0.06

-0.04

-0.09

-0.16

pH

-0.12

-0.16

-0.19

-0.20

-0.11

NaCl (%)

0.70

0.48

0.68

0.35

0.44

Time (min)

0.19

-

-

-

-

4.5. Effect of feed pH
The variations in the exponential kinetic model parameters and RE with
pH of the feed are presented in Tables 2 and 3. R0, RE and R decreased with
increase in the pH from 5.6-7.9 (see Table 2). Except at the range of 6-6.6 pH,
at other ranges of pH, k was the most affected parameter during UF process.
The most effective range of pH on R0, R and k was the lowest pH range
(5.60-6.00), while it was at the range of 6.60-6.90 (2.58%) for RE (see Table
3). Reduction of pH would decrease the surface charge of particles in
skimmed milk, such as whey proteins and casein micelles; thereby, decreases
the repulsive electrostatic forces both between proteins and between proteins
and the membrane surface. Consequently, proteins tend to deposit more on
the membrane surface which led to higher total hydraulic resistance.
Furthermore, ionic calcium concentration increases as pH decreases, so it
may cause an increase in fouling [25]. Also, the effective radius of solute
molecules may decrease at low pH, making it easier to be adsorbed onto
membrane surface. On the other hand, under alkaline conditions, membrane
charge and hydrophilicity are improved, so, electrostatic repulsion between
membrane and solutes reduces the concentration polarization and membrane
fouling [21]. This result is in agreement with those reported for BSA solution
by Chen et al. [31]. Youravong, Grandison and Lewis [33] also observed
irreversible fouling increased with the decrease of pH during ultrafiltration of
skim milk.
4.6. Effect of feed ionic strength
The results of dynamic modeling of hydraulic resistance at four NaCl
concentrations (0, 0.03, 0.06 and 0.12 %w/w) are revealed in Table 2.
According to this table, R0, R, RE and k increased as NaCl concentration
increased from 0 to 0.12 %w/w. The most important range of NaCl
concentration on R0 and R was the lowest range (0-0.03%), while it was
0.03-0.06% for other two parameters (see Table 3). R was the most affected
parameter by NaCl concentration at all concentration ranges. Ionic strength
impacts on the interaction within the cake layer and the porosity or packing
density of the deposition. When NaCl is added to skim milk, due to a decrease
in electrostatic repulsion force, a tighter fouling layer forms and causes pore
blocking and formation of a more compact cake layer [21]. Furthermore,

5. Conclusions
In this research, three semi-empirical models applied to better understand
the kinetic of hydraulic resistance pattern in ultrafiltration of skim milk, as a
case study. All three mentioned models, which didn’t used for description of
the membrane hydraulic resistance kinetics so far, were greatly significant for
modelling the dynamic hydraulic resistance of skim milk (R2 =0.801-0.998
and RMSE =0.002-2.502), but from the point of being in better agreement
with the experimental data, the exponential kinetic model did the best. From
the results obtained in this paper, the effect of TMP, temperature, crossflow
velocity, NaCl concentration, and pH played important roles in resistancetime pattern. Except to k parameter which increased as pH increased, with
increasing the flow rate and pH all the hydraulic resistance parameters
increased. With each 1°C temperature, 0.1 atm TMP, 1 L/min FR and 1 unit
pH increase, the most affected exponential kinetic model parameter at all the
corresponding ranges was k, while R was the most affected parameter with
each 1% NaCl concentration enhancement. Furthermore, sensitivity analysis
indicated that among the input variables, NaCl concentration was the most
sensitive factor for prediction of RT, R0 and R, while temperature and TMP
showed the most impact on RE and k, respectively.
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