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a b s t r a c t

Application of shear-enhanced crossflow ultrafiltration for separation of cobalt ions from synthetic
wastewaters by prior complexation with polyethyleneimine has been investigated via experimental
design approach. The hydrodynamic conditions in the module with tubular metallic membrane have
been planned according to full factorial design in order to figure out the main and interaction effects of
eywords:
rossflow ultrafiltration
omplexation
eavy metals removal

process factors upon permeate flux and cumulative flux decline. It has been noticed that the turbulent flow
induced by rotation of inner cylinder in the module conducts to growth of permeate flux, normalized flux
and membrane permeability as well as to decreasing of permeate flux decline. In addition, the rotation has
led to self-cleaning effect as a result of the reduction of estimated polymer layer thickness on the mem-
brane surface. The optimal hydrodynamic conditions in the module have been figured out by response sur-

erlap
xima
esponse surface methodology face methodology and ov
In such conditions the ma

. Introduction

The crossflow membrane filtration processes such as micro-
ltration (MF) and ultrafiltration (UF) have been used in diverse

ndustrial applications due to several distinguished advantages
ver conventional separation methods [1]. The membrane sepa-
ation can be performed continuously under various conditions
nd generally requires low energy consumption. The scale-up can
e executed without difficulty owing to the modular structure.
ikewise, variable and easily adjusted membrane properties, as
ell as the possibility of hybrid processing are additional advan-
ages. However, the concentration polarization, cake formation and
embrane fouling that are intrinsic to pressure-driven membrane

rocesses constitutes the main disadvantages of membrane filtra-
ion and cause the limitation of the use of MF and UF [1,2]. One

Abbreviations: ANOVA, analysis of variances; ARE, average relative error; DoE,
esign of experiments; EABS, sum of the absolute errors; ERRSQ, sum of the square of
he errors; FFD, full factorial design; HYBRID, hybrid fractional error function; MEUF,

icellar enhanced ultrafiltration; MF, microfiltration; MPSD, Marquradt’s percent
tandard deviation; PAUF, polymer assisted ultrafiltration; RSM, response surface
ethodology; RS-model, response surface model; UF, ultrafiltration.
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omania. Tel.: +40 742176747.
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contour plot, being as follows: �P = 70 kPa, QR = 108 L/h and W = 2800 rpm.
l permeate flux and the minimal flux decline has been observed.

© 2009 Elsevier B.V. All rights reserved.

of the effective methods to reduce these adverse phenomena is
the enhancement of hydrodynamic conditions in the membrane
module by promoting the turbulence close to the surface of the
membrane [3]. This process known as dynamic or shear-enhanced
filtration consists in creating the shear rate at the membrane sur-
face by rotating disks [4–15], rotating membrane or filter [4,16,17],
rotating shaft [3,18] or by vibration systems known also as vibra-
tory shear-enhanced processing, VSEP [4,7,10,19–22]. Likewise, the
helical, stamped or corrugated membranes as well as screw thread
inserts in tubular membranes can improve the hydrodynamic
conditions by producing the centrifugal instabilities called Dean
vortices [2,23–26]. The most of the shear-enhanced filtration tech-
niques have been shown to be efficient in improving MF and UF
processes in terms of permeate flux increasing. The dynamic fil-
tration systems were successfully implement in different fields
of research and engineering such as chemical and environmen-
tal engineering including water, wastewater and radioactive liquid
waste treatment [4,7–9,11,18–22]; biotechnological separations
[4,6,10,12,13,15–17,26]; as well as medical engineering [4,27].

The polymer assisted ultrafiltration (PAUF) and micellar
enhanced ultrafiltration (MEUF) can be applied successfully for

wastewater treatment laden with heavy metal ions and radionu-
clides if it is designed properly. For instance, in the work [31]
cobalt and nickel ions were simultaneously removed from aqueous
feed using crossflow MEUF. Few studies [3,18] deal with the shear-
enhanced PAUF process. Therefore, the further investigations on

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cojocaru_c@yahoo.com
mailto:ccojoc@gmail.com
dx.doi.org/10.1016/j.jhazmat.2009.03.148
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Nomenclature

a0, a1, . . ., a5 regression coefficients for polynomial equation
d number of parameters within the regression equa-

tion
DF degree of freedom
F-value ratio of variances, computed value
i and j subscripts (integer variables)
J permeate flux of solution
JA average permeate flux
ĴA predicted average permeate flux by response surface

model
J(t)calc calculated permeate flux by means of regression

equation
J(t)exp permeate flux, experimental value
JW permeate flux of pure water
K permeability of polyelectrolyte gel layer
LP permeability of membrane
MS mean square
N the number of experimental runs for experimental

design
n number of experimental data points in flux decline

curve
Pin inlet (feed) side pressure
Pout outlet (retentate) side pressure
Pperm permeate side pressure
�P transmembrane pressure
P-value statistical estimator
QR retentate flow rate
r ratio of polymer (PEI) to cobalt (Co2+)
R2 coefficient of multiple determination
R2

adj adjusted statistic coefficient
RC radius of inner cylinder
Rm membrane resistance
Rı polymer layer (“cake”) resistance
SS sum of squares
SD cumulative flux decline
ŜD predicted cumulative flux decline by response sur-

face model
t time
Ta Taylor number
W speed of rotating shaft (rotation frequency)

Greek letters
ε annular gap
� dynamic viscosity of solution
� kinematic viscosity of solution
ω angular speed
� valid region (region of experimentation)

t
o
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w
t
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d

crossflow UF were transmembrane pressure �P (kPa), retentate
�1, �2, �3 coded levels of the factors (design variables)

his topic of research are of paramount interest to advance the state-
f-art concerning the improvement of separation technologies in
nvironmental engineering.

The most of the reported shear-enhanced filtration studies deal
ith the conventional methods of investigation in which one of

he factors is varied maintaining the other factors fixed at con-
tant levels. Such common methods of experimentation involve
any experimental runs being time-consuming; ignore interaction
ffects between the considered factors and lead to low efficiency
or process optimization. These restrictions of the conventional

ethodology of experimentation can be avoided by applying the
esign of experiments (DoE). The experimental design is connected
s Materials 169 (2009) 610–620 611

to the need of minimizing the number of experiments in order
to reduce the experimental cost [28]. This is very important for
the experiments that include the set-up with elaborate modules or
pilot scale-up. Based on the results attained according to DoE the
approximation models can be developed using the response surface
methodology (RSM) [29,30].

The goal of the crossflow ultrafiltration experiments using a
membrane module with rotating shaft (inner cylinder) was to opti-
mize the hydrodynamic conditions in apparatus in order to enhance
the permeate flux and to reduce the fouling phenomena. In this
respect, the DoE and RSM approach was used to investigate the
crossflow PAUF process for cobalt–polyethyleneimine (PEI) system.

2. Materials and methods

The chemicals and analytical methods used for these investi-
gations are the same as reported in the first part of our work. In
case of crossflow PAUF experiments, a membrane module with heli-
cal Couette–Taylor flow (CTF) in the annular space between the
tubular metallic membrane and the surface of rotating inner cylin-
der was applied to separate the cobalt ions after complexation by
macromolecular ligand (PEI). Such construction of the membrane
apparatus is expected to improve the hydrodynamic conditions
in the module, enhance the flow and mass exchange conditions,
promote turbulence as well as allow the increasing of separation
efficiency and reduce the membrane fouling. In the apparatus,
the SIKA-R 0.1 AS (GKN Sinter Metals) tubular metallic membrane
was used with the subsequent chemical composition: 65–72% Fe,
16–18% Cr, 10–14% Ni, 2–3% Mo, and of ∼0.1 �m medium pore size.
The main dimensions and characteristics of the helical membrane
module components were reported more detailed elsewhere [3,18].

The membrane module was a part of the experimental set-up
shown in Fig. 1. The set-up was equipped with the system of rotation
control in helical membrane module being composed of rotor drive
with inverter Hitachi and digital display that allows the rotation fre-
quency adjustment. The samples of the feed solution, retentate and
permeate were drawn periodically from the sampling ports: F, P and
R as can be seen from Fig. 1. The metallic membrane was cleaned
with chemicals after each experimental run using the solutions
of sodium hydroxide (NaOH, 10 g/L) and citric acid (C6H8O7·H2O,
6.7 g/L). The chemical cleaning was followed by backwashing and
rinsing with distilled water. The membrane cleaning procedure was
repeated several times and stopped if the deviation of clean water
flux was less than 5%.

3. Results and discussion

3.1. The main hydrodynamic factors for shear-enhanced
ultrafiltration

The dynamic behavior of permeate flux in shear-enhanced cross-
flow module with rotating part (inner cylinder) is of great interest.
The optimal conditions of cobalt–PEI complexation determined
in the first part of the work for dead-end ultrafiltration process
have been fixed for all crossflow PAUF experiments. Thus, the feed
solutions with constant composition was prepared throughout all
crossflow experiments, i.e. [Co2+]0 = 65 mg/L, r = 5.88 and pH 6.84.
Such composition of solution, as it was shown in the first part of the
work, ensures the enhanced rejection efficiency due to complexa-
tion reaction.

The hydrodynamic operational factors for shear-enhanced
flow rate QR (L/h) and the rotation frequency or speed of the rotating
inner cylinder W (rpm). The operating levels of the design variables
(factors) are given in Table 1. The first factor, i.e. transmembrane
pressure (�P) is the driving force for permeate streaming in cross-
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Fig. 1. Experimental set-up for crossflow PAUF 1: tank; 2: rotary pump; 3: needle valve; 4: manometer/indicator of inlet pressure Pin 5: membrane apparatus; 6: housing;
7: tubular membrane; 8: release vent; 9: rotor; 10: transmission belt; 11: rotor drive; 12: regulator of rotations (inverter Hitachi) with digital display; 13: needle valve; 14:
flowmeter; 15: flowmeter; 16: manometer/indicator of outlet pressure Pout .

Table 1
Actual and coded values of design variables (factors) used for experimental design.

Design variables (factors) Symbol of coded variable Real values of coded levels
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ransmembrane pressure, �P (kPa) �1

etentate flow rate, QR (L/h) �2

otation frequency, W (rpm) �3

ow ultrafiltration and is calculated as follows [32]:

P = Pin + Pout

2
− Pperm ∼= Pin + Pout

2
(1)

here Pin, Pout, and Pperm are the inlet, outlet, and permeate side
ressure of membrane module, correspondingly. The second factor,
etentate flow rate, gives the volume of liquid which passes through
given surface per unit time, QR (L/h). The last factor, i.e. the rotation
peed of inner cylinder W (rpm), is responsible for enhancing of
hear rate and for generation of turbulent flow. It is well known
hat Couette type systems, with an inner cylinder rotating inside of
concentric one, create toroidal (ring-shaped) instabilities known
s Taylor vortices. The toroidal instabilities appear when the Taylor
umber Ta is higher than 42 and can be ascertained as [4]:
a = ωR0.5
C ε1.5

v
(2)

here ω means the angular speed (s−1), i.e. ω = 2	(W/60); RC
enotes the radius of inner cylinder (m); ε the annular gap (m) and

Fig. 2. Permeate flux vs. time in dynamic conditions for �P = 70 kPa and (a) QR = 108
14 42 70
48 78 108

1000 1900 2800

� is the kinematic viscosity (m2 s−1). The Taylor vortices extremely
enhance the mixing and when Ta > 400 these toroidal instabili-
ties degenerate into turbulent flow [4]. For our specific case (i.e.
RC = 1 × 10−2 m, ε = 5 × 10−3 m and � = 1.053 × 10−6 m2/s) the Tay-
lor number varied from 3516 up to 9845 according to the designed
values of rotation speed W (rpm) (Table 1). Thus, the behavior of per-
meate flux was investigated in the turbulent flow regime created
by Taylor vortices within a Couette type system.

3.2. Kinetics of permeate flux decline

The kinetics of permeate flux decline was investigated under
planned hydrodynamic conditions according to full factorial design

(Table 4). The obtained experimental data concerning permeate
flux versus time are reported in Figs. 2–4. In addition, the regres-
sion analysis was applied to fit the experimental data by means of
regression models. In our previous work [18] it was figured out that
experimental kinetic data of permeate flux decline in dynamic con-

(L/h) and (b) QR = 48 (L/h). Solid lines: predictions given by regression models.
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Fig. 3. Permeate flux vs. time in dynamic conditions for �P = 14 kPa and (a) QR = 108
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ig. 4. Permeate flux vs. time in dynamic conditions for factors levels fixed in the
enter point: QR = 78 (L/h), �P = 42 kPa and W = 1900 rpm. Solid line: prediction given
y regression model.

itions are fitted well by the nonlinear regression equation which
an be written as

(t) = a0 + a1
√

t + a2t + a3t−1 + a4t2 + a5t3 (3)

The values of regression coefficients a , a , . . ., a for shear-
0 1 5
nhanced crossflow PAUF experiments in case of cobalt–PEI system
re reported in Table 2 and have been computed via least square
ethod using the solver add-in with MathCAD software. The

egression analysis of kinetic data was assisted by computation of

able 2
inetic regression models developed for permeate flux predictions.

un Conditions

�P = 70 kPa; QR = 108 L/h; W = 2800 rpm

�P = 14 kPa; QR = 108 L/h; W = 2800 rpm

�P = 70 kPa; QR = 48 L/h; W = 2800 rpm

�P = 14 kPa; QR = 48 L/h; W = 2800 rpm

�P = 70 kPa; QR = 108 L/h; W = 1000 rpm

�P = 14 kPa; QR = 108 L/h; W = 1000 rpm

�P = 70 kPa QR = 48 L/h W = 1000 rpm

�P = 14 kPa; QR = 48 L/h; W = 1000 rpm

and 10 �P = 42 kPa; QR = 78 L/h; W = 1900 rpm
(L/h) and (b) QR = 48 (L/h). Solid lines: predictions given by regression models.

different residual error functions [33] that are

- the average relative error (ARE):

ARE = 100
n

n∑
i=1

(∣∣J(t)exp − J(t)calc

∣∣
J(t)exp

)
i

(4)

- the sum of the square of the errors (ERRSQ):

ERRSQ =
n∑

i=1

(J(t)exp − J(t)calc)2
i

(5)

- the hybrid fractional error function (HYBRID):

HYBRID = 100
n − d

n∑
i=1

[
(J(t)exp − J(t)calc)2

J(t)exp

]
i

(6)

- Marquradt’s percent standard deviation (MPSD):

MPSD = 100

⎡
⎣
√√√√ 1

n − d

n∑
i=1

(
J(t)exp − J(t)calc

J(t)exp

)2

i

⎤
⎦ (7)

- the sum of the absolute errors (EABS):

EABS =
n∑

|J(t) − J(t) | (8)
i=1

where J(t)exp denotes the experimental permeate flux; J(t)calc is
the calculated permeate flux by means of regression equation; n
is the number of data points from permeate flux decline curve (in

Regression models for permeate flux J = f(t) and 1 ≤ t ≤ 210 (min)

J(t) = 233.722 − 9.707
√

t + 1.172t + 12.504t−1 − 4.805 × 10−3t2 + 8.744 × 10−6t3

J(t) = 45.203 − 2.533
√

t + 0.193t − 0.355t−1 − 3.437 × 10−4t2 + 3.678 × 10−7t3

J(t) = 212.252 − 2.781
√

t + 0.065t + 10.277t−1 + 2.672 × 10−4t−2 − 1.051 × 10−6t3

J(t) = 69.824 − 4.601
√

t + 0.416t − 0.703t−1 − 1.648 × 10−3t2 + 3.55 × 10−6t3

J(t) = 182.213 − 27.334
√

t + 3.367t + 21.291t−1 − 0.013t2 + 2.386 × 10−5t3

J(t) = 44.759 − 3.524
√

t + 0.357t − 1.339t−1 − 1.318 × 10−3t2 + 2.614 × 10−6t3

J(t) = 238.02 − 44.797
√

t + 5.143t + 0.759t−1 − 0.019t2 + 3.357 × 10−5t3

J(t) = 59.287 − 6.901
√

t + 0.586t − 5.213t−1 − 1.628 × 10−3t2 + 2.698 × 10−6t3

J(t) = 170.352 − 13.21
√

t + 1.173t − 2.563t−1 − 4.164 × 10−3t2 + 7.841 × 10−6t3
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Table 3
The error functions employed in regression analysis.

Run ARE ERRSQ HYBRID MPSD EABS

1 0.626 45.84 1.899 0.931 23.109
2 0.538 1.114 0.275 0.866 3.380
3 0.325 10.832 0.491 0.496 10.983
4 1.016 7.913 1.354 1.598 9.191
5 0.865 51.626 3.164 1.467 21.273
6 0.322 0.432 0.114 0.578 1.888
7
8
9

fl
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J(t) = (9)
0.673 27.998 1.799 1.131 16.738
1.132 5.180 1.208 1.776 7.392

and 10 0.348 4.887 0.352 0.529 7.421

our case n = 17) and d the number of parameters within the regres-
sion equation (i.e. d = 6). The computed values of error functions
are reported in Table 3. As one can see, the experimental data are
fitted well by regression equations with a fitting error lower than
1.132% in terms of ARE and lower than 1.776% in terms of MPSD.

The results from Figs. 2–4 show the dependence of permeate
ux versus time for different hydrodynamic conditions where the
pecial emphases are put on the influence of rotation frequency.
hus, the increasing of rotation speed leads obviously to higher
ermeate fluxes and lower flux decline. This fact can be attributed
o minimization of both concentration polarization and fouling
henomena with the increment of rotation speed as a result of
nhancement of hydrodynamic conditions and promotion of tur-
ulence near to the surface of tubular membrane. As expected, the
rowth of transmembrane pressure from 14 to 70 kPa also con-
ucts to improvement of permeate flux. The data from Fig. 2 reveal
hat for the conditions of �P = 70 kPa and W = 2800 rpm, perme-
te fluxes are the highest and the flux decline is the most reduced
ecause of high turbulence flow in apparatus. For a lower rota-
ion speed of W = 1000 rpm, a marked flux decline can be seen at
he first moments (t < 30 min). After that, i.e. for t > 30 min, per-

eate flux starts to increase as a result of self-cleaning effect of
embrane surface that appears with time. The improvement of per-
eate flux due to self-cleaning effect is valid for the time interval of

0 ≤ t ≤ 120 min. After this time period, permeate flux has a trend

f stabilizing (steady state). Thus, the shear-enhanced ultrafiltra-
ion process that involve the self-cleaning effect can be segmented
n three distinguished parts over the time interval according
o achieved experimental data for �P = 70 kPa and W = 1000 rpm

Fig. 5. Normalized permeate flux (a) and membrane permeability (b) vs. time for �
s Materials 169 (2009) 610–620

(Fig. 2). In the first stage, related to initial moments t < 30 min, the
permeate flux drop is noticeable because of the transmembrane
pressure effect. For the second stage, i.e. 30 ≤ t ≤ 120 min, permeate
flux begins to rise as a result of stronger effect of rotation frequency
that is developed within time. The last stage, given by t > 120 min, is
characterized by stabilizing of permeate flux as a result of achieving
of equilibrium state between the effects of transmembrane pressure
and rotation speed. Fig. 3 reports permeate fluxes versus time for
a transmembrane pressure of 14 kPa. In this case the self-cleaning
effect is not as obvious as for �P = 70 kPa and permeate flow seems
to be more unstructured because of low transmembrane pressure.
Fig. 4 illustrates the kinetics of permeate flux when design variables
were hold at their central levels. In such conditions the replication
of experiments was performed to determine the average values of
permeate flux in each point as well as the corresponding errors bars.
The replication error is higher in the first moments.

In addition, the normalized permeate flux (or relative flux) was
determined as the ratio between permeate flux of solution J (L/m2 h)
and that of pure water JW (L/m2 h) recorded in the same hydro-
dynamic conditions. Likewise, the permeability of membrane LP

(L/m2 h kPa) for different hydrodynamic conditions was calculated
as permeate flux J (L/m2 h) divided by the transmembrane pressure
�P (kPa). The normalized fluxes as well as membrane permeabil-
ities are reported in Fig. 5 for a transmembrane pressure of 70 kPa
and for different shear-enhanced conditions. The results shown in
Fig. 5 indicate that the increasing of rotation frequency in the mod-
ule leads to the improving of both permeate normalized flux and
membrane permeability.

3.3. Approximation of gel layer formation

According to resistance-in-series model, permeate flux depends
on the cake layer and membrane resistance. In case of PAUF
experiments, the cake layer is equivalent with polymer layer for-
mation. Thus, permeate flux can be expressed as a function of
total membrane-polymer (“cake”) resistance by using the following
equation [3]:

�P
�[Rm + Rı(t)]

where Rm and Rı denotes the membrane resistance and polymer
layer (“cake”) resistance, respectively; � is the dynamic viscosity
of the liquid (solution). In our case the viscosity of solution was

P = 70 kPa and different hydrodynamic conditions in the membrane module.
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Fig. 6. Appraisal of boundary layer thickness developed in time fo

etermined experimentally at temperature of 25 ± 1 ◦C by using
Ubbelohde viscometer and it was equal � = 1.05 × 10−3 Pa s. The
embrane resistance was estimated from water permeability and
as found to be Rm = 5.4 × 1011 m−1. The polymer layer resistance

ı was determined from Eq. (9) as follows:

ı(t) = �P

J(t) �
− Rm (10)

The thickness of the residual deposit layer was estimated by the
ubsequent equation:

(t) = K Rı(t) (11)

here K-value for the polymer layer was assumed as K = 10−17 m2

nd represents the permeability of polyelectrolyte gel layer accord-
ng to Ref. [3]. The approximation of K-value was considered just
o ascertain the influence of the rotation on permeate flux and
o reveal the tendency of ı-value variation. The thickness of the
eposit layer formed by the polymer medium on the membrane
urface determined for different operating conditions and with
ssumption that K = 10−17 m2, was in the range of 1.9–14 �m for
ynamic conditions in apparatus. The variation of polymer layer
hickness showed the evident influence of rotation: the ı-values
ecreased with increment of rotation frequency in the helical-flow
embrane apparatus (Fig. 6). This fact is the evidence that by pro-
oting the turbulence in apparatus, the resistance of boundary

ayer and the resistance of the deposit accumulated on the mem-
rane surface are reducing. Also, the self-cleaning effect is observed

n terms of ı-value variation. The polymer layer formed in first
oments is followed by the decreasing of its thickness (Fig. 6).

ven if one considered the estimated values of the thickness ı only
s approximated ones, the influence of the rotation motion was
bvious.

.4. Experimental design and response surface modeling

In order to investigate the main and interaction effects of the

ydrodynamic factors upon the performance of shear-enhanced
rossflow ultrafiltration process two responses have been derived
rom experimental curves of permeate flux decline. The first con-
idered response was the average permeate flux JA that have been
alculated by integration of J(t) regression function from t1 = 1 min
rent experimental conditions: (a) �P = 70 kPa and (b) �P = 14 kPa.

up to tn = 210 min as follows:

JA = 1
tn

∫ tn

t1

J(t) dt (12)

where the regression functions J(t) of permeate flux given by
regression analysis are reported in detail in Table 2 for different
hydrodynamic conditions planned according to factorial design.

The second response was chosen to quantify the intensity of
fouling phenomena in dynamic conditions given by rotating inner
cylinder in the membrane module. In this respect, the cumulative
flux decline (SD) was considered as the most suitable response in
this case, being defined in our previous work as [18]:

SD =
n∑

j=2

(
J1 − Jj

J1

)
(13)

where J1 denotes the permeate flux measured in the first moment
(t1 = 1 min) and Jj is the permeate flux measured in the next
moments tj > t1. The SD-response gives information about the evolu-
tion of permeate flux from initial to final moment of the experiment.
Therefore, this response is suitable for the estimation of fouling
phenomena in the dynamic conditions (membrane modules with
rotating part) when turbulence flow pattern may lead to self-
cleaning effect of the membrane surface and the evolution of flux is
very important. The design of experiments used for statistical mod-
eling of PAUF process is reported in Table 4, which includes N = 10
experimental runs.

Based on factorial design (Table 4) the interaction response
models in terms of coded variables were constructed by means of
multiple linear regression method [29,30]. After testing the signifi-
cance of all regression coefficients by Student’s t-test the response
surface models (RS-models) in terms of coded variables are as fol-
lows:

JA = 106.023 + 66.033�1 − 1.063�2 + 17.515�3 + 3.343�1�2

+ 12.835�1�3 + 1.735�2�3 + 5.41�1�2�3 (14)
ŜD = 2.652 − 0.382�2 − 0.622�3 + 0.195�1�2 − 0.403�1�3

subjected to : �i ∈ �; � =
{

�i

∣∣−1 ≤ �i ≤ +1
}

; ∀i = 1, 3
(15)
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Table 4
Full factorial design (FFD) for crossflow PAUF process.

Run number
(N) and typea

Factors (controllable input variables) Responses

Transmembrane pressure Retentate flow rate Rotation frequency Average permeate
flux

Cumulative
flux decline

�P (kPa) Levelb �1 QR (L/h) �2 W (rpm) �3 JA (L/m2 h) SD

1 O1 70 1 108 1 2800 1 211.83 1.530
2 O2 14 −1 108 1 2800 1 36.59 2.020
3 O3 70 1 48 −1 2800 1 192.98 1.818
4 O4 14 −1 48 −1 2800 1 52.75 2.751
5 O5 70 1 108 1 1000 −1 136.84 3.494
6 O6 14 −1 108 1 1000 −1 34.58 2.036
7 O7 70 1 48 −1 1000 −1 146.57 3.956
8 O8 14 −1 48 −1 1000 −1 36.04 3.611
9 C1 42 0 78 0 1900 0 122.01 2.865

10 C2 42 0 78 0 1900 0 122.31 2.988

a O = orthogonal design points, C = center points.
b −1 = low value, 0 = center value, +1 = high value.

Table 5
Analysis of variance (ANOVA) for response surface model (response: JA , average flux).

Source DFa SSb MSc F-value P-value R2 R2
adj

Model 7 38906.74 5558.105 21.334 0.0455 0.987 0.941
Residual 2 521.04 260.522

Total 15 39427.78

w
a
a

Ĵ

2 × 1
≤

I
R
(

i

Table 6
Analysis of variance (ANOVA) for RS-model (response: SD , cumulative flux decline).

Source DF SS MS F-value P-value R2 R2
adj
a Degree of freedom.
b Sum of squares.
c Mean square.

here �i denotes the coded variable and � means the valid region
lso known as region of experimentation. In terms of actual vari-
bles the RS-models are written as follows:

A = −8.58 + 2.14�P + 0.25QR + 0.017W − 9.6 × 10−3�PQR

− 4.9 × 10−5�PW − 2.4 × 10−4QRW + 7.2 × 10−6�PQRW

(16)

ŜD = 4.44 + 1.23 × 10−2�P − 2.25 × 10−2QR − 1.91 × 10−5W + 2.3
subjected to : 14 ≤ �P ≤ 70 kPa; 48 ≤ QR ≤ 108 L/h; 1000 ≤ W
n order to check the statistical significance of interaction
S-models the analysis of variance (ANOVA) was employed
Tables 5 and 6).

According to ANOVA tables both models are statistically signif-
cant and can be used for the prediction of average flux (JA) and

Fig. 7. Experimental data plotted against the predicted ones for both res
0−4�PQR − 1.60 × 10−5�PW
2800 rpm

(17)

Model 4 5.968 1.492 32.095 0.0009 0.963 0.933
Residual 5 0.232 0.046

Total 9 6.20

cumulative flux decline (SD) in the studied region of experimen-
tation of operating variables (transmembrane pressure, retentate
flow rate and rotating frequency of the rotor). The experimental
data plotted against the predicted ones for both interaction models
are illustrated in Fig. 7. The goodness-of-fit between experimental
and predicted data is evident. Likewise the average relative error
in percentage was calculated for both models. The average relative
errors of 2.64% and 6.19% were achieved in case of average permeate
flux and cumulative flux decline, respectively. The obtained aver-
age relative errors were lower than 7% for both regression models
considered.
The response surface plots and contour line maps for both
response functions, i.e. ĴA and ŜD are presented in the next fig-
ures (Figs. 8–13). The graphical response surface analysis resulted
from Figs. 8–10 indicates that increasing of both transmembrane

ponses (a) average permeate flux and (b) cumulative flux decline.
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Fig. 8. ĴA-response surface plot and contour-line map depending on W and �P variables, holding the other variable at its center level QR = 78 L/h.
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Fig. 9. ĴA-response surface and contour-line plots depending on �P a

ressure �P (kPa) and rotating frequency W (rpm) conducts to
nhancing of permeate flux (average value). The third factor (reten-
ate flow rate QR) has the utmost reduced influence upon average
ux in dynamic conditions than the other two factors. Also, the

nteraction effects between this factor and the other two are more
ignificant than the main effect of QR. According to response surface
lots, the increment of retentate flow rate in the dynamic condi-

ions leads mainly to decreasing of permeate flux especially for
ower operating pressure (�P < 50 kPa) and for lower rotating fre-
uency. Similar observation, related to increasing of permeate flux
ith decreasing of retentate flow rate in dynamic conditions, was
oted in our previous work [18] dealing with copper removal by

Fig. 10. ĴA-response surface and contour-line plots depending on W and Q
variables, holding the other variable at its center level W = 1900 rpm.

PAUF in helical module using polyacrilic acid as chelating agent.
In this case (cobalt–PEI system) at higher transmembrane pres-
sure and intensive rotations the slight increasing of permeate flux
with increment of retentate flow rate was also noted. It is worthy
to note that the influence of retentate flow rate on permeate flux
in the dynamic conditions (membrane module with rotating parts)
is different than the influence in conventional systems (without

rotating parts) and the further investigations should be carried out
to understand better its complexity. According to response surface
plot depicted in Fig. 8 the strong interaction effect occurs between
applied pressure �P and rotating frequency W, i.e. the increasing
of transmembrane pressure it is more significant at higher rotation

R variables, holding the other variable at its center level �P = 42 kPa.
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Fig. 11. ŜD-response surface and contour-line plots depending on W and �P variables, holding the other variable at its center level QR = 78 L/h.

and QR
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Fig. 12. ŜD-response surface and contour-line plots depending on �P

requency as well as the influence of rotation is more important at
igher applied pressure. These interaction effects between �P and

conduct to enhancing of permeate flux.
In Figs. 11–13, the response surface plots and contour maps for

umulative flux decline are presented. The most important effect in
his case is attributed to the speed of rotating shaft that obviously
educes the fouling phenomena. Thus, the increasing of rotating

requency W gives lower values of the cumulative flux decline.
he main effect of transmembrane pressure upon SD-response is
ot significant in dynamic conditions for this system (Co–PEI), at

east for the investigated region of 14–70 kPa. In spite of this, the
pplied pressure plays an essential role in the interaction effects

Fig. 13. ŜD-response surface and contour-line plots depending on W and Q
variables, holding the other variable at its center level W = 1900 rpm.

together with other factors, i.e. rotation frequency and retentate
flow rate. For example, at lower rotation frequency (W < 1900 rpm)
the increasing of applied pressure leads to increasing of cumula-
tive flux decline (the fouling phenomena are favored). At very high
rotation frequency (W > 2500 rpm) the main effect of W factor is too
strong and the increasing of transmembrane pressure conducts to
decreasing of cumulative flux decline SD.
Since the highest rotation frequency conducts to improving of
permeate flux as well as leads to minimization of the cumula-
tive flux decline the overlap contour plot were drawn for both
responses JA and SD at the rotation level of W = 2800 rpm (Fig. 14).
This plot was carried out in order to identify the optimal region.

R variables, holding the other variable at its center level �P = 42 kPa.
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Fig. 14. Overlap contours plot of response surfaces for W = 2800 rpm.

he overlap contour map shown in Fig. 14 indicates that for the
ighest turbulent conditions (i.e. W = 2800 rpm), the average per-
eate flux JA will grow and cumulative flux decline SD will decrease
ith increasing of both transmembrane pressure and retentate flow

ate. Thus, the overlap contour plot analysis gave the following
ptimal point of operating hydrodynamic conditions: �P = 70 kPa,

= 2800 rpm and QR = 108 L/h. This point lies on the boundary of
he region of experimentation. In fact, the established optimal point
s a factorial point (+1 +1 +1) in our FFD matrix (Table 4), i.e. point
umber 1. Thus, the effect of the optimal hydrodynamics conditions
�P = 70 kPa, W = 2800 rpm and QR = 108 L/h) upon the permeate
ux behavior is given in Fig. 2a. As one can see from Fig. 2a the
verage permeate flux in the optimal conditions is the maximal
ne and the flux decline is the most reduced.

For the optimum hydrodynamic conditions of crossflow PAUF
he rejection efficiency was determined using an optimal amount

f polymer of r = 5.88. Likewise, the rejection of cobalt without
dding polymer was assessed in order to figure out if there is some
embrane–solute interaction. The results concerning the rejection

fficiency for these both cases are shown in Fig. 15. As one can see,
here is a significant difference between the rejections obtained

ig. 15. Rejection efficiency determined for optimal conditions of crossflow PAUF:
Co2+]0 = 65 mg/L; pH 6.84; P = 70 kPa; Q = 108 L/h and W = 2800 rpm and for both
ases (a) with adding of polymer (PEI) and (b) without polymer.
s Materials 169 (2009) 610–620 619

with and without adding of polymer (PEI). In the presence of poly-
mer, the cobalt rejection was about 90%. Surely, this value is lower
than the rejection of 96.65% obtained for the same complexation
conditions using the regenerated cellulose membrane and dead-
end system (see part 1 of the work). This may be attributed to the
fact that tubular metallic membrane used in crossflow experiments
is less dense than flat sheet cellulose membrane. Concerning the
rejection when no polymer is added, Fig. 15 shows clearly that there
is no rejection without adding of polymer. In fact for this case the
rejection is fluctuating near zero within the limits of experimental
error of ±3%. Thus, the membrane–solute interaction is negligible.

4. Conclusions

The crossflow ultrafiltration experiments dealing with cobalt
removal from synthetic wastewaters by prior complexation with
PEI were carried out in a homemade membrane module with rotat-
ing inner cylinder to promote turbulence and to reduce membrane
fouling. The operating hydrodynamic conditions were planned
according to full factorial experimental design and the kinetics
curves of permeate flux decline were determined experimentally.

The experimental results revealed that the high rotation fre-
quency led to improvement of permeate flux, normalized flux
and membrane permeability. Also, the rotation may cause the
self-cleaning effects resulting in the reduction of polymer layer
thickness on the membrane surface due to turbulent hydrodynamic
conditions.

The self-cleaning effect obtained for conditions of �P = 70 kPa
and W = 1000 rpm involves three distinguished stages within time.
In the first moments, i.e. stage-I (t < 30 min), the permeate flux
decline is the highest because of the transmembrane pressure
effect. For stage-II (30 ≤ t ≤ 120 min), permeate flux begins to rise
as a result of stronger effect of rotation frequency. The last stage-
III (t > 120 min) is characterized by stabilizing of permeate flux as
a result of achieving of equilibrium state between the effects of
transmembrane pressure and rotation frequency.

The optimal hydrodynamic conditions in membrane module
with rotating part was established by means of response surface
methodology and overlap contour plot analysis for two selected
responses, i.e. average permeate flux JA and cumulative flux
decline SD. In the optimal hydrodynamic conditions of �P = 70 kPa,
QR = 108 L/h and W = 2800 rpm the maximal permeate flux and the
minimal flux decline were observed.
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