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a b s t r a c t

In this work, the ultrafiltration of macromolecules was analysed using a response surface methodolog-
ical approach. The behaviour of two different inorganic membranes was investigated. The membranes
selected were a Carbosep M2 membrane (Orelis, France) with a molecular weight cut-off (MWCO) of
15 kDa and a Tami MSKT membrane (Tami Industries, France) with a MWCO of 5 kDa. The solute employed
was polyethylene glycol of 35 kDa molecular weight. The influence of transmembrane pressure (0.1, 0.2,
0.3, 0.4 and 0.5 MPa), crossflow velocity (1, 2 and 3 m/s) and feed concentration (5, 10 and 15 g/L) on
permeate flux and permeate flux decline was investigated. Analysis of variance was proved to be a useful
tool to determine the effect of operating variables on both parameters. The method used demonstrated
the presence of coupled effects between factors as well as squared effects that are relevant to the ultrafil-
tration process. The surface contours obtained from fitted models were used for the optimization of the
ptimization
operating conditions. The goal was to simultaneously maximize the average permeate flux and minimize
the flux decline. The optimal operating conditions for the Carbosep M2 membrane were a transmem-
brane pressure of 0.38 MPa and a crossflow velocity of 3 m/s. The optimal operating conditions for the
Tami MSKT membrane could not be determined by means of multiple response optimization due to the
low accuracy of the regression model obtained for the cumulative permeate flux decline (SFD) response

variable.

. Introduction

Membrane processes are clean separation techniques with
any applications in different areas, such as the dairy industry [1],

rotein bioseparation [2], waste water treatment [3], the removal
f heavy metals [4], etc. Lately, due to a more restrictive legisla-
ion concerning urban and industrial wastewaters and the necessity
f a more responsible use of water resources, the utilization of
embrane separation processes and specially ultrafiltration (UF) is
rowing fast. Although membrane processes show a great number
f applications and advantages, they also have several drawbacks.
ne of the principal limitations is the decrease of permeate flux
ith time, which is mainly due to membrane fouling.
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Permeate flux decline in UF is mainly caused by two phenom-
ena: the formation of a gel layer on the membrane surface and the
obstruction of membrane pores. Moreover, other physical or chem-
ical mechanisms that contribute to membrane fouling can also take
place, such as physical adsorption, deposition of molecules on the
membrane surface, interactions between different solutes in the
feed stream, formation of complexed species, etc.

Membrane fouling causes a reduction of permeate flux, which
also causes changes in selectivity and decreases the overall process
productivity. Permeate flux can be restored by means of cleaning
procedures, but the process must be stopped and great amounts of
chemicals, energy, water and time are consumed. Moreover, suc-
cessive membrane cleaning can reduce membrane lifetime. If the
factors that affect flux decline are known, this phenomenon can be
better controlled and the best operating conditions can be chosen

to increase the permeate flux, thus resulting in a more profitable
process.

Many authors have investigated the influence of different fac-
tors on flux decline such as Hong et al. [5], who analysed the
influence of concentration, pressure, particle size and crossflow
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Nomenclature

A transmembrane pressure in the fitted models
ANOVA analysis of variance
Av. flux average flux
B crossflow velocity in the fitted models
C feed concentration in the fitted models
CFV crossflow velocity
FC feed concentration
JP average permeate flux
JP(t) permeate flux as a function of time
MWCO molecular weight cut-off
PEG polyethylene glycol
R2 coefficient of multiple determination
R2

adj adjusted statistic coefficient
RSM response surface methodology
s2 variance
SFD cumulative permeate flux decline
t time
tN last time considered
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TMP transmembrane pressure
UF ultrafiltration

elocity by means of simple observation of experimental data. In
ecent years other authors, such as Cheng et al. [6] used artifi-
ial neural networks to investigate the effect of different variables
n flux decline. On the other hand, response surface methodology
RSM) is a powerful tool that has not been widely used in the deter-

ination of the best operating conditions for the minimization of
ux decline.

Membrane fouling is a complex phenomenon that is affected
ot only by the operating conditions, membrane properties and

eed characteristics; but also by the complex interactions among all
hese factors [1]. The effect of one factor on the UF process can be
ifferent depending on the values of the other parameters. There-
ore, it is of special interest to investigate how all these parameters
nteract between them in order to perform the optimization of the
rocess. RSM allows the detection of all these interactions, thus
aking feasible the overall optimization of the process.
The main goal of this paper is to investigate the type of mem-

ranes for what the RSM is valid. Moreover, this work determines
he influence of different factors on permeate flux decline in
F for these membranes. Data of flux decline from two differ-
nt membranes and different operating conditions were analysed
mploying a statistical multifactorial analysis of experimental data.
he influence of transmembrane pressure (TMP), crossflow veloc-

ty (CFV) and feed concentration (FC) on the average permeate flux
nd a permeate flux decline indicator was investigated. Statisti-
al multifactorial analysis of experimental data is a useful tool for
nalysing the influence of different factors and their interactions on

able 1
embrane characteristics.

Membrane Active layer Porous suppor

Carbosep M2 ZrO2–TiO2 Carbon
Tami MSKT Al2O3–TiO2 Alumina

able 2
perating conditions tested in the experiments for each membrane.

Membrane TMP (MPa) CFV (m/s)

Carbosep M2 0.1, 0.2, 0.3, 0.4 1, 2, 3
Tami MSKT 0.2, 0.3, 0.4, 0.5 1, 2, 3
ineering Journal 156 (2010) 337–346

a response variable. Moreover, it allows to select the best operating
conditions by means of a regression.

2. Experimental

2.1. Materials

For the preparation of the feed solutions PEG of synthesis grade
supplied by Merck-Schuchardt (Germany) of 35 kDa molecular
weight was used. PEG was selected as the feed solute because it
has been very often used as a standard macromolecule in fouling
ultrafiltration tests carried out for modelling purposes [7,8]. The
preparation of the cleaning solutions was performed using chem-
ically pure NaOH in pellets and a 10% (w/v) NaClO solution, both
supplied by Panreac (Spain). All the solutions were prepared with
deionised water.

Two different monotubular ceramic membranes were used for
the experiments: Carbosep M2 provided by Orelis, S.A. (France) and
Céram Inside, MSKTT02510010 membrane from Tami Industries
(France). Both membranes have the same dimensions: a length
of 0.2 m, an internal diameter of 6 × 10−3 m, an external diame-
ter of 1 × 10−2 m and an effective area of 3.55 × 10−3 m2. The main
characteristics of both membranes are shown in Table 1.

All the experiments were carried out in a typical UF pilot plant
consisting in two differentiated circuits: one for the UF experi-
ments and the other one for the cleaning of the membrane. The
pilot plant was equipped with a temperature control system and
it was described somewhere else [9]. The first set of experiments
was performed with the Carbosep M2 membrane. In order to test
two membranes with similar characteristics (see Table 1), the Tami
MSKT membrane was also selected. Therefore, a second set of
experiments was performed with the latter membrane.

2.2. Crossflow ultrafiltration experiments

2.2.1. Fouling experiments
The experiments were performed at a constant temperature

of 25 ◦C. Permeate flux was gravimetrically measured at different
time intervals. The experiments with the Carbosep M2 membrane
were performed at different TMPs (0.1, 0.2, 0.3 and 0.4 MPa) and
CFVs (1, 2 and 3 m/s), maintaining FC constant at 5 g/L. However,
in the experiments carried out with the Tami MSKT membrane,
FC was varied too. Table 2 summarizes the operating conditions
tested. Differences in selected TMP ranges for both membranes
were due to the very low permeate flux obtained with the Tami
MSKT membranes with the lowest TMP tested. It was not possi-
ble to measure this low permeate flux with the required precision
Each run was stopped after 7 h of operation, when a quasi-
stationary permeate flux was reached. After each experiment, the
membranes were cleaned and their permeability was checked with
deionised water at 25 ◦C, a TMP of 0.3 MPa and a CFV of 3 m/s.

t MWCO (kDa) Effective area (m2)

15 35.5
5 35.5

FC (g/L) Number of experiments

5 12
5, 10, 15 36
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.2.2. Cleaning procedure
After each run the Carbosep M2 membrane was cleaned follow-

ng the stages that are reported below at a constant temperature of
0 ◦C, a TMP slightly lower than 0.1 MPa and a CFV of 3 m/s:

. Rinsing with deionised water during 35 min.

. Cleaning with a NaOH solution of 0.2% (w/w) during 1.5 h.

. Rinsing with deionised water during 35 min.

The Tami MSKT membrane was cleaned with the same proce-
ure, but in the second stage a 250 ppm NaClO solution was used.
dditionally, NaOH was added up to a pH value of 11. After the
leaning step, the water permeability was checked as described
reviously. The initial water permeability of the membranes was
ompletely recovered after each cleaning cycle.

. Methodology

.1. Response surface methodology

Response surface methodology (RSM) is a statistical method of
ata analysis that allows a better understanding of a process than
he conventional methods of experimentation, because it is able
o predict how the inputs affect the outputs in a complex process
here different factors can interact among them [4,10–12]. It is a
seful tool to identify and quantify the effects of the factors that
articipate in a process. The main objective of RSM is the determi-
ation of the optimal operating conditions or the identification of
he causes involved in any operating problem. In order to obtain

reliable analysis, a statistical multifactorial analysis of experi-
ental data must be properly done. In the statistical multifactorial

nalysis of experimental data all factors are varied simultaneously.
When more than one factor is varied, it is possible to identify not

nly the first order influence of the factors, but also higher order
nfluences of the factors on the variable of study. Moreover, the
ffect of one factor could be different depending on the value of
ther factors. When this happens, there is an interaction between
oth factors due to a coupled effect. The RSM is able to predict the

nteraction effects among the considered factors. In this paper, the
nfluences of TMP, CFV and FC on the variation of permeate flux

ith time were analysed by means of a statistical multifactorial
nalysis of experimental data. The different conditions tested for
ach factor are shown in Table 2.

Experimental data can be employed to evaluate the regression
oefficients of a polynomial equation that correlates a dependent
ariable with several independent variables. These regression coef-
cients can give information not only about the influence of the

ndividual factors, but also about the effects among them. In the
onventional methods of experimentation the influence of one
actor is evaluated, while the rest of the factors are maintained
onstant. However, in RSM all factors are varied simultaneously,
hus all the complex conjugated effects are taken into account. The
esponse model can be used for the optimization of the process
4,10,13]. To analyse what operating conditions, squared effects
nd interactions among factors are more significant in the response
ariable, all the coefficients of the different polynomial equations
ere tested for significance with an analysis of variance (ANOVA),
hich is explained in the following section.

.2. Statistical analysis
ANOVA is a powerful statistical technique that studies the effects
f a set of factors on the mean of one variable. ANOVA decom-
oses the total variability of the response variable in the effects of
ach factor of study and their possible interactions plus a residual
ineering Journal 156 (2010) 337–346 339

part related to the uncontrolled factors and variability occurred
by chance. By means of this technique, the error variance can
be estimated as well as the relative contribution of each factor.
The ANOVA technique is thoroughly described in the literature
[11,12].

The ANOVA procedure calculates the degrees of freedom, the
sum of squares, the mean square, the F-ratio and the p-value.
Degrees of freedom are related with the number of levels anal-
ysed for each factor and they are employed in the calculation of
the mean squares. For each factor or coupled interaction studied,
the ANOVA table employs one degree of freedom and the rest of
them are used for estimating the variability which is caused by
random. The sum of squares is the sum of the squares of devia-
tions from the mean, and the mean square is equal to the sum of
squares divided by the degrees of freedom. It is possible to associate
a part of the total variability with each factor of study by calculating
the mean squares corresponding to all the factors and interactions
studied.

The mean square is an estimator of the variance of the data.
Residuals are the part of an observation caused by the variabil-
ity of the factors that are not controlled in the experiment, that is
to say the random variability. The ratio between the mean square
of a factor and the mean square of residuals predicts if such fac-
tor has a noticeable influence on the variable of study. This ratio
between both mean squares is known as F-ratio. The F-ratios are
compared to tabulated F-ratios obtained from Fisher distribution
tables. Then the parameter known as p-value measures the prob-
ability that the tabulated F-ratio is higher than the experimental
F-ratio. This parameter represents the probability that the varia-
tion associated to a factor may have occurred by chance. Therefore,
the lower the p-value is, the more significant the influence of a fac-
tor on the response variable is. As a rule, it is assumed that a p-value
lower than 0.05 means that the current factor has significant influ-
ence on the results [11,12]. Furthermore the standardized effect of
each factor on the response variable can be calculated in order to
compare which one has a greater influence. There is also a level of
significance for the ANOVA that distinguishes between the influent
variables and the non-influent ones.

3.3. Response variables of study

Cojocaru and Zakrzewska-Trznadel studied in a previous paper
[4] the effect of different operating conditions on UF experiments in
order to optimize the copper removal by means of maximizing the
average permeate flux and minimizing the permeate flux decline
employing the RSM. In such work the utility of statistical multifac-
torial analysis of experimental data for understanding the effects
of different factors and their interactions on a process was proved.

In the present work, the influence of different operating condi-
tions on permeate flux was analysed by means of RSM. In order to
evaluate the volume of permeate obtained per unit of time and
membrane area, the response variable chosen was the average
permeate flux, which was calculated by means of the following
equation:

JP = 1
tN

·
∫ t

0

JP(t) · dt (1)

where JP(t) is the permeate flux evolution along the time obtained
from experimental data, t is the time of operation and tN is the
time corresponding to the last value of permeate flux considered.

The permeate flux evolution with time was interpolated from the
experimental data of permeate flux obtained at different time inter-
vals as it is explained in Section 4.1.

Moreover, the other purpose of the statistical study was to
analyse the effect of the operating conditions on flux decline.
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Fig. 3. Experimental data for permeate flux for the Carbosep M2 membrane

ig. 1. Experimental data for permeate flux for the Carbosep M2 membrane at
ifferent TMPs, at a crossflow velocity of 1 m/s and a feed concentration of 5 g/L.

he response variable chosen for this purpose was the cumula-
ive flux decline (SFD) which is defined by the following equation
4]:

FD =
N∑

i=1

JP(0) − JP(i)
JP(0)

(2)

here N is the point corresponding to the end of the experiment,
hen the quasi-stationary flux is achieved; JP(0) is the initial per-
eate flux and JP(i) is the permeate flux at different operating

imes. This parameter summarizes the information on the evolu-
ion of permeate flux with time throughout the experiment (and
ot only for one specific time). Therefore, by means of this param-
ter flux decline can be characterized. Then the greater the SFD is,
he faster and more noticeable the flux decline is, thus indicating
hat membrane fouling is more severe.

. Results and discussion

.1. Data treatment

The experimental data of permeate flux were plotted versus

ime (Figs. 1–4). As some experimental error may occur, the data
ere smoothed using the Mathcad® supsmooth tool. Afterwards,

he smoothed data were interpolated and a regression model was
btained. Mathcad supsmooth tool uses linear least square fitting
or this purpose [14].

ig. 2. Experimental data for permeate flux for the Tami MSKT membrane at differ-
nt TMPs, at a crossflow velocity of 1 m/s and a feed concentration of 5 g/L.
at different TMPs, at a crossflow velocity of 2 m/s and a feed concentration
of 5 g/L.

4.2. Experimental results

The curves that represent the evolution of permeate flux with
time usually show a shape composed by two regions: the first
one where the permeate flux declines very sharply, and a second
region where the permeate flux declines more slowly until a quasi-
stationary permeate flux is reached. Fig. 1 shows an example of the
experimental results obtained for the Carbosep M2 membrane at
different TMPs. A fast reduction of permeate flux can be observed
at the beginning of the process. This reduction is more severe at
high TMPs.

An example of the experimental results obtained for the Tami
MSKT membrane at the same operating conditions is shown in
Fig. 2. It can be observed that flux decline is more severe for the
Carbosep M2 membrane, but the values of permeate flux are higher
for this membrane as it has a larger pore size. Higher TMPs result
in higher permeate fluxes. In order to quantify the effect of the
operating conditions on average permeate flux and cumulative flux
decline, a statistical analysis was performed and commented in the
next sections.

Figs. 3 and 4 show the experimental results obtained for both
membranes at a CFV of 2 m/s and a feed concentration of 5 g/L.
It occurs the same as in Figs. 1 and 2, a higher permeate flux

decline was observed for the Carbosep M2 membrane. It can also
be observed that permeate flux increases with CFV as expected.

Fig. 4. Experimental data for permeate flux for the Tami MSKT membrane at differ-
ent TMPs, at a crossflow velocity of 2 m/s and a feed concentration of 5 g/L.
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Table 3
ANOVA table for average permeate flux for the Carbosep M2 membrane (R2 = 97.87%; R2

adj = 96.10%). Level of significance: 2.45.

Source Sum of squares Degrees of freedom Mean square F-Ratio p-Value Standardized effect

A: TMP 2300 1 2300 109 0.00 10.4
B: CFV 3394 1 3394 161 0.00 12.7
AA 10 1 10 0 0.52 −0.7
AB 96 1 96 4 0.08 2.1
BB 10 1 10 0 0.51 −0.7
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Table 4 shows the results of the ANOVA for average permeate
flux for the Tami MSKT membrane. These results confirm that all
possible factors and interaction effects are influential on average
Total error 126 6
Total (corr.) 5936 11

.3. Effect of operating conditions on average permeate flux

.3.1. Carbosep M2 membrane
Two independent variables were chosen to perform the statis-

ical analysis: TMP (A) and CFV (B), whereas the average permeate
ux was chosen as the response variable. The fitting equation
btained for the Carbosep M2 membrane was the following:

P = 0.507 + 107.084 · A + 20.726 · B − 90.183 · A2 + 30.914 · A · B

− 1.964 · B2, 0.1 < A < 0.4 MPa, 1 < B < 3 m/s (3)

Table 3 shows the ANOVA table obtained for the average per-
eate flux for this membrane. ANOVA table includes the sum of

quares, degrees of freedom, mean square, F-ratio, p-value and
tandardized effect for each factor studied and their interactions.

As it was explained in Section 3.2, if the p-value of one factor
s lower than 0.05, this factor has a significant influence on the
esponse variable. In addition, the magnitude of each effect can be
etermined by means of the standardized effect. For each ANOVA
tudy there is a level of significance, that is surpassed only by the
tandardized effect of one factor if its p-value is lower than 0.05.
hen, the more the standardized effect of one factor surpasses the
evel of significance, the higher the influence of this factor on the
esponse variable is.

The statistical analysis results for average permeate flux for the
arbosep M2 membrane illustrate that both the TMP and CFV have
remarkable influence on average flux, since they have a p-value
ractically equal to zero. However, the squared effects are not sig-
ificant enough, while the interaction between CFV and TMP is in
he limit of significance with a p-value close to 0.05. It has to be
oted that the level of significance was estimated at 2.45, therefore
he factor whose standardized effect is much higher than this value
as the greatest influence on the response variable. Hence, the fac-
or with the greatest influence on average flux is CFV followed by
MP. The standardized effects of both factors are positive, which
eans that average flux increases as CFV and TMP are raised. The

nfluence of the interaction between both factors is positive too,
ut it is not significant enough because its standardized effect is

ower than 2.45. Fig. 5 shows the average flux calculated for all
he range of values of CFV at the maximum and minimum levels
f TMP tested. By means of this figure it is possible to analyse
he influence of the interaction between both operating condi-
ions. As TMP raises, the average flux increases, but this increase
s higher at higher values of CFV, which confirms the positive inter-
ction. Nevertheless, the standardized effect of the interaction is
elow the level of significance, so it is not considered statistically

ignificant.

Fig. 6 represents the surface contours for the estimated response
ariable as a function of the factors studied. The maximum average
ux was obtained at the maximum values of CFV and TMP tested.
evertheless, higher values of those parameters represent greater
osts and could result in higher flux decline.
Fig. 5. Interaction plot for average permeate flux for the Carbosep M2 membrane.

4.3.2. Tami MSKT membrane
As it is shown in Table 2, for this membrane the influence of

three variables (TMP (A), CFV (B) and FC (C)) on average flux was
evaluated. When a statistical analysis is performed with three fac-
tors of study, interaction effects among factors can be determined.
Nevertheless, for scientific interpretation, main effects and interac-
tion effects are more descriptive. The regression equation obtained
from the experimental data considering interaction effects among
factors for this membrane is the following:

JP = −12.725 + 157.497 · A + 6.590 · B + 1.167 · C − 158.253 · A2

+ 34.423 · A · B − 5.432 · A · C − 3.323 · B2 + 0.303 · B · C

− 0.065 · C2, 0.2 < A < 0.5 MPa, 1 < B < 3 m/s,

5 < C < 15 g/L (4)
Fig. 6. Surface contours for average permeate flux for the Carbosep M2 membrane.
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Table 4
ANOVA table for average permeate flux for the Tami MSKT membrane (R2 = 98.83%; R2

adj = 98.43%). Level of significance: 2.04.

Source Sum of squares Degrees of freedom Mean square F-Ratio p-Value Standardized effect

A: TMP 1688 1 1688 687 0.00 26.2
B: CFV 1684 1 1684 685 0.00 26.1
C: FC 1231 1 1231 501 0.00 −22.4
AA 90 1 90 37 0.00 −6.1
AB 355 1 355 145 0.00 12.0
AC 221 1 221 90 0.00 −9.5
BB 88 1 88 36 0.00 −6.0
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BC 37 1
CC 21 1
Total error 64 26
Total (corr.) 5481 35

ermeate flux because all of them have p-values lower than 0.05.
FV and TMP show the greatest influence on average permeate flux
ecause their standardized effects are the highest. These variables
ave a positive effect on average permeate flux. FC has a negative

nfluence, but the effects of TMP and CFV are greater. Moreover two
nteraction effects have also greater influence on average flux than
MP. These two interaction effects are related to TMP, so to achieve
he best operating conditions it is preferred taking into account the
oupled effects of TMP with other factors than the direct influence
f TMP. The influence of FC on average flux resulted to be negative
nd the second in order of importance. Then, the less concentrated
he feed is, the greater the average permeate flux is.

The influence of coupled effects is more significant for this mem-
rane than for the Carbosep M2 membrane. In Figs. 7–9 the values
f average permeate flux are plotted as a function of different vari-
bles in order to analyse the influence of the interactions. The
ffect of the interactions between TMP and the other two factors
an be observed to be remarkable. While the interaction between
MP and CFV is positive, the interaction between TMP and FC is
egative because the highest values of average permeate flux are
btained for the lowest FC. In Fig. 7 it can be observed that at low
alues of TMP (0.2 MPa) the difference between the average per-
eate flux obtained at 1 and 3 m/s is not very high, but at high
alues of TMP the significance of CFV becomes greater. Something
imilar can be observed for the interaction between TMP and FC
lotted in Fig. 8: at higher values of TMP the difference in aver-
ge permeate flux between the experiments at low and high FC is

ig. 7. Interaction plot of TMP and CFV for average permeate flux for the Tami MSKT
embrane at a FC of 5 g/L.
7 15 0.00 3.9
1 9 0.01 −2.9
2

greater. With regards to the interaction between CFV and FC, its
influence is smaller since the standardized effect is lower than the
level of significance. The lower significance of this interaction can
be observed in Fig. 9, because at high values of CFV (3 m/s) the dif-
ference between the average flux at high and low levels of FC is
smaller but similar to that observed at low values of CFV (1 m/s).

Other important influences are those due to squared effects of
factors like TMP and CFV. As it can be observed in Table 4, these
interactions effects have a negative effect on average permeate flux
while their main effects are positive. Therefore the understanding
of the real influence of these factors on average flux is more difficult.
This squared effect is more pronounced in the case of TMP, while
the significance of the linear and the squared effect is very similar.
This result agrees with the assumption that there is a limit in the
positive influence of TMP and CFV on average permeate flux due
to membrane fouling and cake build-up. Then, there is a need for
analysing the influence of these factors on flux decline, which is
reported in Section 4.4.

Due to the main effects, interaction effects and squared effects,
the global effect of each factor is better understood from the
response surface plots shown in Figs. 10 and 11. The data shown
in these figures are in agreement with the conclusions obtained
attending to the main effects: to achieve high average permeate

flux, the best operating conditions are high values of TMP and CFV
and low values of FC. These results confirm the expected effect of
each factor but they are submitted to different interactions among
those factors.

Fig. 8. Interaction plot of TMP and FC for average permeate flux for the Tami MSKT
membrane at a CFV of 2 m/s.
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ig. 9. Interaction plot of CFV and FC for average permeate flux for the Tami MSKT
embrane at a TMP of 0.35 MPa.

TMP is the driven force of the UF process, which explains its
ositive effect on permeate flux. Nevertheless the effect of TMP is
estricted because there is a squared effect that has negative influ-
nce on average permeate flux, which is related to pore blockage
nd the formation of the gel layer. Regarding to gel layer formation,
s TMP increases, the particles are more compressed, their ability
o return to the bulk solution is reduced and the thickness of the gel
ayer increases [15,16]. This phenomenon could explain the shape
f the curves of permeate flux versus TMP shown in Figs. 2 and 3
here the values of the stationary permeate flux become indepen-
ent of TMP at high values of TMP, and then the process becomes
ass transfer-controlled [1,15–17]. The formation of a gel layer
ould cause that, above a certain TMP the average permeate flux
ecreases with an increase in TMP. This behaviour can be explained
y means of the regression model predicted by ANOVA, due to the
egative influence of the squared effect of TMP on average flux.

ig. 10. Surface contours for estimated average permeate flux for the Tami MSKT
embrane at medium values of feed concentration (10 g/L).

ig. 11. Surface contours for estimated average permeate flux surface for the Tami
SKT membrane at medium values of crossflow velocity (2 m/s).
ineering Journal 156 (2010) 337–346 343

The experimental results confirm that the effect of the gel layer
is more intense in the case of the Tami MSKT membrane because
the squared effects are significant. This is due to the fact that the
MWCO of the Tami MSKT membrane is lower; therefore a larger
amount of molecules can accumulate on the membrane surface.
That difference between both membranes can also be observed
from Figs. 6 and 10: in the case of the Carbosep M2 membrane,
the iso-average permeate flux contours are close to a straight line
while for the Tami MSKT membrane they are more curved due to
the influence of the squared effect and the interactions among the
variables.

On the other hand, as CFV increases higher values of average
permeate flux are obtained. Many authors have reported that at
the first stages of crossflow filtration there is no influence of CFV on
permeate flux [2,5], while the effect of CFV is attributed to the “self-
cleaning” of the membrane in the later stages of the UF process. This
variable is related to membrane fouling and it has a great influence
on the SFD, what will be analysed in Section 4.4. As CFV increases,
more turbulence is created near the membrane surface and there-
fore a larger amount of particles are removed from the membrane
surface. Therefore, fouling is expected to decrease with CFV as the
thickness of the gel layer is reduced. This factor has also a signif-
icant squared effect on average permeate flux for the Tami MSKT
membrane. This squared effect has a negative influence on average
permeate flux and it can be related to the limit in the “self-cleaning”
of the membrane. At high velocities, the greatest particles of solute
can be removed away from the membrane surface, allowing the
insertion of smaller molecules close to the surface and promoting
the stratification of the particles on the membrane surface accord-
ing to their size, thus causing the compression of the fouling layer,
increasing its hydraulic resistance and allowing a higher pore plug-
ging. The effect of CFV on average permeate flux is also related to
the interaction between TMP and CFV, since the counterproductive
effect of CFV occurs at high TMPs when the lateral forces caused by
CFV are lower than the driven force due to TMP that transports the
particles towards the membrane surface. The effect of CFV on aver-
age permeate flux and the interaction of CFV with TMP that have
been observed in this work are in agreement with the findings and
explanations reported by Cheryan [1]. ANOVA table reveals that
the squared effect of CFV for the Carbosep M2 membrane is less
significant. Therefore, for this membrane the increase of CFV is also
effective at high TMPs due to its higher MWCO. This implies a lower
retention of solute molecules on the membrane surface and that the
stratification of molecules becomes more difficult. It has to be also
noted that the experiments with the Carbosep M2 membrane were
only carried out at a FC of 5 g/L, while for the Tami MSKT membrane
greater FC were considered as well (5, 10 and 15 g/L). At higher FC
the squared effect of CFV could be more significant.

Regarding the effect of FC on average permeate flux, as it was
commented this influence is negative, as expected. As FC increases
membrane fouling is more severe as reported by several authors
[1,15]. Regarding the squared effects and interactions of FC, almost
all of them lead to a decrease in average permeate flux. Higher
FC causes a greater accumulation of particles on the membrane
surface, and then the minimum concentration of solutes required
to form a gel layer is easily reached. However, Table 4 shows a
positive coupled effect of FC and CFV on average permeate flux.
This can be explained considering that the positive influence of CFV
is higher than the negative influence of FC, resulting in a global
positive influence of the combination of these two factors. In fact,
as the standardized effect of CFV is slightly higher than that of FC,

the positive coupled effect is low. The coupled effect of FC and CFV
on average permeate flux can also be observed in Fig. 9. As CFV
increases the influence of FC on average permeate flux is slightly
lower, as expected. This is due to the fact that high CFVs prevent
the deposition of feed solutes over the membrane surface.
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Table 5
ANOVA table for SFD for the Carbosep M2 membrane (R2 = 95.17%; R2

adj = 91.14%). Level of significance: 2.44.

Source Sum of squares Degrees of freedom Mean square F-Ratio p-Value Standardized effect

A: TMP 22457 1 22457 60 0.00 7.7
B: CFV 8356 1 8356 22 0.00 −4.7
AA 1238 1 1238 3 0.12 1.8
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AB 11151 1
BB 1190 1
Total error 2255 6
Total (corr.) 46647 11

.4. Effect of operating conditions on permeate flux decline

.4.1. Carbosep M2 membrane
The regression model that relates permeate flux decline with

MP (A) and CFV (B) resulted to be the following:

FD = −9.549 + 546.998 · A − 33.352 · B + 1015.570 · A2

− 333.929 · A · B + 21.130 · B2, 0.1 < A < 0.4 MPa,

1 < B < 3 m/s (5)

Table 5 shows the ANOVA table obtained. It can be observed
hat both factors (TMP and CFV) as well as their coupled effect have
ignificant influence on SFD because their p-values are lower than
.05 and their standardized effects are higher than the level of sig-
ificance. The squared effects of TMP and CFV have a p-value higher
han 0.05, so they do not have remarkable influence on the response
ariable. It can also be observed from the sign of the standard-
zed effect that permeate flux decline increases with TMP, while
t decreases with CFV. It has to be pointed out that the interac-
ion between TMP and CFV has a noticeable influence on SFD. In
ig. 12, SFD is plotted as a function of TMP and CFV. From that fig-
re, the effect of the interaction between both variables on SFD can
e observed. At low values of TMP, the effect of an increase in CFV

s lower than in the case of high TMP, as it was expected, and the
ariations could be due to the experimental error committed [18].
n the other hand, at high values of TMP the same increase in CFV
ntails an improvement of the UF process because permeate flux

ecline is significantly reduced, thus the values of SFD becoming
ery similar for the highest and lowest values of TMP. Moreover,
he standardized effect for this interaction is much higher than the
evel of significance. The reason for the great interaction between

Fig. 12. Interaction plot for SFD for the Carbosep M2 membrane.
51 30 0.00 −5.4
99 3 0.12 1.8
76

both variables can be the higher amount of molecules that are trans-
ported towards the membrane surface as TMP rises. Therefore, the
effect of CFV on permeate flux decline is more pronounced at the
higher TMPs. It has to be noted that the regression coefficient of
the model predicted by ANOVA is lower than that obtained for the
average permeate flux analysis. Nevertheless, the model fits well
the experimental data in most of the conditions tested.

The optimal conditions that cause the lowest permeate flux
decline can be observed in Fig. 13. TMP has a greater influence on
permeate flux decline than CFV. Although a high TMP is required
to obtain a high average permeate flux, TMP should be low in order
to reduce permeate flux decline. Therefore, an intermediate solu-
tion should be found to treat high volumes of liquid streams with
low values of fouling in order to improve the performance of the
process. A possible approximation to this intermediate solution is
discussed in Section 4.5.

4.4.2. Tami MSKT membrane
The regression model obtained for this membrane is the follow-

ing:

SFD = 47.175 − 78.076 · A + 4.880 · B − 4.234 · C

+ 221.222 · A2 − 14.420 · A · B − 5.564 · A · C

+ 1.246 · B2 − 0.127 · B · C + 0.291 · C2,

0.2 < A < 0.5 MPa, 1 < B < 3 m/s, 5 < C < 15 g/L (6)

An ANOVA was also performed for SFD for this membrane.
Table 6 shows the results of the ANOVA. Squared effects of TMP
and FC are significant for SFD response, as their p-values are lower
than 0.05. This differs from the results obtained with the Carbosep
M2 membrane, where only factors and the coupled effect were
significant. The difference could be due to the different operat-
ing conditions tested for both membranes. Moreover, the analysis
for the Tami MSKT membrane resulted to be less accurate, as the
regression coefficient is very low. The value of the regression coeffi-
cient indicates that only the 56.11% of variability in SFD is explained
by the analysis. In addition, when Figs. 1 and 2 are compared, it can

be observed that flux decline was more noticeable for the Carbosep
M2 membrane. Therefore, the utilization of SFD to characterize
permeate flux decline is more quantifiable and representative for
such membrane. The adjusted coefficient of determination (R2

adj)

Fig. 13. Surface contours for SFD for the Carbosep M2 membrane.
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Table 6
ANOVA table for SFD for the Tami MSKT membrane (R2 = 58.90%; R2

adj = 44.68%). Level of significance: 2.06.

Source Sum of squares Degrees of freedom Mean square F-Ratio p-Value Standardized effect

A: TMP 27 1 26.71 1 0.42 −0.8
B: CFV 302 1 302 8 0.01 2.8
C: FC 229 1 229 6 0.02 −2.4
AA 176 1 176 4 0.04 2.1
AB 62 1 62 2 0.22 −1.2
AC 232 1 232 6 0.02 −2.4
BB 12 1 12 0 0.58 0.6
BC 6 1 6 0 0.69 −0.4

423 11 0.00 3.3
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Table 7
Boundary and optimal values of the operating conditions for the Carbosep M2
membrane.

Factor Low level High level Optimum value

TMP 0.10 0.40 0.38
CFV 1.00 3.00 3.00

Table 8
Boundary and optimal values of the response variables for the Carbosep M2
membrane.

Response Minimum
experimental
value

Maximum
experimental
value

Optimal
value

permeate flux value very close to the maximum experimentally
obtained was achieved. However, the optimal value of the permeate
flux decline was not close to the minimum experimental value, as it
was expected. In this case, as it is shown in Fig. 14, the result of the
CC 423 1
Total error 1026 26
Total (corr.) 2496 35

s useful to compare models with different number of indepen-
ent variables. When the R2

adj are compared, it is confirmed that
he model fits best to the experimental data for the Carbosep M2

embrane.
The most significant influence on SFD for Tami MSKT membrane

s due to the squared effect of FC. Permeate flux decline increases
ith the amount of particles deposited on the membrane surface,

hus increasing the thickness of the gel layer, as it was explained in
ection 4.3.2. Another significant effect is the interaction between
C and TMP. Their negative coupled effect on SFD may be due to
he low accuracy of the regression model obtained for SFD for the
ami MSKT membrane. The remarkable effect of TMP on perme-
te flux decline can also be noted taking into account the squared
ffect of TMP, whose standardized effect is higher than the level of
ignificance. The higher the TMP is, the more intense the perme-
te flux decline is. As the TMP raises, the gel layer thickness and/or
ts compaction increases, thus increasing the hydraulic resistance
o permeation and neutralizing the effect of an increasing driving
orce [15,19].

The interaction plot that shows the effect of the interaction
mong variables on SFD is not presented, since no significant con-
lusions could be obtained, due to the low accuracy of the model
btained for this membrane. The same occurs with the surface
ontour plots of SFD. The different behaviour for both membranes
an be due to the different active layer and support materials and
o the different MWCO, which can affect the fouling mechanism.
igs. 1 and 3 show that Carbosep M2 membranes present a notice-
ble permeate flux decline in the first moments of operation, which
as been attributed by many authors to solute-membrane interac-
ions that result in a quick physical adsorption of the solute on
he surface or inside the membrane pores. Related to this, Cheryan
1] reported that solute adsorption on the carbon support of Car-
osep membranes is remarkable while it does not occur in the
ase of membranes with an alumina support, such as Tami MSKT
embranes. The MWCO also plays a significant role in the devel-

pment of permeate flux decline. As it is shown in Table 1, the
WCO of the Carbosep M2 membrane (15 kDa) is more similar to

he molecular weight of PEG molecules (35 kDa) than that of the
ami MSKT membrane (5 kDa). This difference can also affect per-
eate flux decline because if the size of the molecules is much

igher than the pore size it is more difficult that solute molecules
an penetrate the membrane and cause internal pore blocking.
hen, the more similar in shape and size the particles and the pores
re, the greater the permeate flux decline is, as reported by Song
15]. On the other hand, the formation of a gel layer is more feasi-
le in the case of Tami MSKT membrane due to the higher solute

ejection, which results in higher concentrations of solute near the
embrane surface. Therefore both membranes may be affected by

ifferent fouling mechanisms according to the experimental results
btained in this work and to the results reported by other authors
1,15].
Average permeate flux 34.58 109.29 108.32
SFD 8.29 239.50 55.36

4.5. Multiple response optimization

4.5.1. Carbosep M2 membrane
There are different methods to perform multiple response opti-

mization. When a fitted model is obtained by means of RSM, the
optimization of the operating conditions can be carried out for two
response variables simultaneously. For this purpose the contour
plots of both response variables can be superimposed. In this case,
the goal of the multiple response optimization was to maximize the
average permeate flux and minimize the SFD. The optimal operat-
ing conditions that were obtained for the Carbosep M2 membrane
are shown in Tables 7 and 8.

By means of the optimization performed, an optimal average
Fig. 14. Superimposed contour plots of the response variables as a function of TMP
and CFV.
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ultiple response optimization is very similar to the one that would
e obtained if the goal was only the maximization of the average
ermeate flux. The optimal value of CFV (represented in Fig. 14 by a
iamond-shape symbol) corresponds to the highest experimental
alue, while the optimal value of TMP is close to it. As both response
ariables are related, good values of average permeate flux and SFD
ould be obtained at the same time. Finally, the multiple response
ptimization for the Tami MSKT membrane could not be performed
ue to the low accuracy of the model for the SFD response variable
see Table 6).

. Conclusions

RSM was demonstrated to be a useful tool to investigate the
nfluence of operating conditions on UF processes and to perform
he optimization of the operating conditions simultaneously. For
hose purposes, statistically fitted models were used. High values
f TMP and CFV were observed to induce high average permeate
uxes while low FC caused an increase in the average permeate
ux. These effects agree with the conclusions of many authors
ut there is a limitation in such affirmations due to the develop-
ent of the gel layer and the fouling of the membranes. By means

f ANOVA it is possible to determine opposed effects, which are
elated to the presence of squared effects and coupled interactions
etween factors. The results confirm the presence of a critical value
f TMP that separates the pressure-controlled UF process from the
ass transfer-controlled UF process. When TMP is higher than this

alue permeate flux does not increase with the applied TMP. The
nteraction between TMP and CFV shows that this critical TMP
ncreases as CFV raises, due to the contribution of CFV to the “self-
leaning” of the membrane. There is also a limit in the values of
FV, which is related to the stratification of molecules by size in
he gel layer.

RSM was also used to investigate the effect of operating vari-
bles on permeate flux decline. The lowest flux decline is achieved
t medium-high CFVs and low TMPs. The use of RSM was observed
o be more adequate when permeate flux decline was noticeable. In
he case of the Tami MSKT membrane, a low permeate flux decline
as observed, thus explaining the worst fit of the model to the

xperimental results. Finally, the models obtained by ANOVA were

sed to optimize the operating conditions to simultaneously max-

mize the average permeate flux and minimize the permeate flux
ecline. The optimum conditions were a TMP of 0.38 MPa and a CFV
f 3 m/s. The fitted models can also serve as a tool to perform the
ontrol of the UF process.

[

[

[

ineering Journal 156 (2010) 337–346

Acknowledgements

The authors of this work wish to gratefully acknowledge the
financial support of the Spanish Ministry of Science and Technology
(MCYT) through the project no. CTQ2005-03398.

References

[1] M. Cheryan (Ed.), Ultrafiltration and Microfiltration Handbook, second ed., CRC
Press, New York, 1998.

[2] D.M. Kanani, R. Ghosh, A constant flux based mathematical model for predicting
permeate flux decline in constant pressure protein ultrafiltration, J. Membr. Sci.
290 (2007) 207–215.

[3] K. Katsoufidou, S.G. Yiantos, A.J. Karabelas, A study of ultrafiltration membrane
fouling by humic acids and flux recovery by backwashing: experiments and
modeling, J. Membr. Sci. 266 (2005) 40–50.

[4] C. Cojocaru, G. Zakrzewska-Trznadel, Response surface modeling and opti-
mization of copper removal from aqua solutions using polymer assisted
ultrafiltration, J. Membr. Sci. 298 (2007) 56–70.

[5] S. Hong, R.S. Faibish, M. Elimelech, Kinetics of permeate flux decline in crossflow
membrane filtration of colloidal suspensions, J. Colloid Interf. Sci. 196 (1997)
267–277.

[6] L. Cheng, Y. Cheng, J. Chen, Predicting effect of interparticle interactions on
permeate flux decline in CMF of colloidal suspensions: an overlapped type of
local neural network, J. Membr. Sci. 308 (2008) 54–65.

[7] S. Ganguly, P.K. Bhattacharya, Development of concentration profile and pre-
diction of flux for ultrafiltration in radial cross-flowcell, J. Membr. Sci. 97 (1994)
185–198.

[8] S. Ghose, C. Battacharjee, S. Datta, Simulation of unstirred batch ultrafiltration
process based on a reversible pore-plugging mode, J. Membr. Sci. 169 (2000)
29–38.

[9] M.C. Vincent, S. Álvarez, J. Lora, J.M. Gozálvez-Zafrilla, E. Bergantiños, Modelling
of flux decline in crossflow ultrafiltration of macromolecules: comparison
between predicted and experimental results, Desalination 204 (2007) 328–334.

10] U.K. Garg, M.P. Kaur, V.K. Garg, D. Sud, Removal of nickel (II) from aqueous
solution by adsorption on agricultural waste biomass using a response surface
methodological approach, Bioresource Technol. 99 (2008) 1325–1331.

11] H. Kobayashi, Modeling and Analysis: An Introduction to System Performance
Evaluation Methodology, first ed., Addison-Wesley Publishing Company,
Boston, 1978.

12] J.L. Devore, Probability and Statistics for Engineering and the Sciences, fifth ed.,
Brooks/Cole Publishing Company, Boston, 1999.

13] E. Polom, D. Szaniawska, Rejection of lactic acid solutions by dynamically
formed nanofiltration membranes using a statistical design method, Desali-
nation 198 (2006) 208–214.

14] MathSoft Inc., Mathcad. User’s Guide, MathSoft Inc., Massachusetts, 1999.
15] L. Song, Flux decline in crossflow microfiltration and ultrafiltration: mecha-

nisms and modeling of membrane fouling, J. Membr. Sci. 139 (1998) 183–200.
16] R.W. Baker, E.L. Cussler, W. Eykamp, W.J. Koros, R.L. Riley, H. Strathmann, Mem-

brane Separation Systems: Recent Developments and Future Directions, first
ed., Noyes Data Corporation, New Jersey, 1991.
17] R.W. Baker, Membrane Technology and Applications, second ed., John Wiley &
Sons, Ltd., West Sussex, 2004.

18] M.C. Vincent, S. Álvarez, J. Lora, Crossflow ultrafiltration of cake forming
solutes: a non-steady state model, Desalination 184 (2005) 347–356.

19] M.C. Porter, Handbook of Industrial Membrane Technology, first ed., Noyes
Publications, New Jersey, 1990.


	Analysis and optimization of the influence of operating conditions in the ultrafiltration of macromolecules using a response surface methodological approach
	Introduction
	Experimental
	Materials
	Crossflow ultrafiltration experiments
	Fouling experiments
	Cleaning procedure


	Methodology
	Response surface methodology
	Statistical analysis
	Response variables of study

	Results and discussion
	Data treatment
	Experimental results
	Effect of operating conditions on average permeate flux
	Carbosep M2 membrane
	Tami MSKT membrane

	Effect of operating conditions on permeate flux decline
	Carbosep M2 membrane
	Tami MSKT membrane

	Multiple response optimization
	Carbosep M2 membrane


	Conclusions
	Acknowledgements
	References


