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An  ultrafiltration  (UF)  ceramic  membrane  was  used  to  decolorize  Reactive  Black  5  (RB5)  solutions  at
different  dye  concentrations  (50 and  500  mg/L).  Transmembrane  pressure  (TMP)  and  cross-flow  veloc-
ity (CFV)  were  modified  to study  their  influence  on  initial  and  steady-state  permeate  flux  (Jp) and  dye
rejection  (R).  Generally,  Jp increased  with  higher  TMP  and  CFV  and  lower  feed  concentration,  up  to  a
maximum  steady-state  Jp of 266.81  L/(m2 h),  obtained  at 3  bar,  3  m/s  and  50 mg/L.  However,  there  was
a  TMP  value  (which  changed  depending  on  operating  CFV  and  concentration)  beyond  which  slight  or
no further  increase  in  steady-state  Jp was  observed.  Similarly,  the  higher  the  CFV  was,  the  more  slightly
the steady-state  Jp increased.  Furthermore,  the  effectiveness  of  ultrafiltration  treatment  was  evaluated
eramic membrane
eactive dye
esponse surface methodology
ptimization

through  dye  rejection  coefficient.  The  results  showed  significant  dye  removals,  regardless  of  the  tested
conditions,  with  steady-state  R higher  than  79.8%  for the  50 mg/L  runs  and  around  73.2%  for  the  500  mg/L
runs.

Finally response  surface  methodology  (RSM)  was  used  to  optimize  membrane  performance.  At 50 mg/L,
a TMP  of 4  bar  and  a CFV  of  2.53  m/s  were  found  to  be the  conditions  giving  the  highest  steady-state  Jp,
255.86  L/(m2 h),  and  the  highest  R,  95.2%  simultaneously.
. Introduction

Textile dyeing is among the most environmentally unfriendly
ndustrial processes owing to the large quantities of water
emanded and the strongly colored wastewater produced, pol-

uted with dyes and other chemical auxiliaries. Azo reactive dyes, as
eactive Black 5 (RB5), are widely used in dyeing processes since
hey present unique properties and technical characteristics [1].
nfortunately, the use of this class of dyes has also undesirable
onsequences from the ecological point of view. Poor dye-fiber fix-
tion has been a long-standing problem with reactive dyes and as

 result, between 20 and 50% of the applied reactive dye is dis-
harged in wastewater effluent [2].  The first noticeable effect in the
eceiving water is the color, which not only causes aesthetic impact,
ut can also interrupt photosynthesis, thus affecting aquatic life
3]. Other effects are related to dye degradation products, includ-
ng aromatic amines, which are known to be toxic and potentially
arcinogenic [4].  Therefore, these wastewaters must be adequately

reated before disposal.

Biological treatment [5], adsorption onto activated carbon [6]
r other adsorbents [7],  and other non-conventional technologies

∗ Corresponding author. Tel.: +34 96 3879633; fax: +34 96 3877639.
E-mail address: elalde1@txp.upv.es (E. Alventosa-deLara).
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such as electrocoagulation [8] or advanced oxidation processes [9]
have been the subject of a great number of studies for the treatment
of reactive dye containing wastewaters. Nevertheless, the costs of
these processes are relatively high or they might not be able to
achieve satisfactory color removal. As an alternative, membrane
technologies, including reverse osmosis (RO), nanofiltration (NF)
and ultrafiltration (UF), have been successfully used to decolorize
textile wastewater and have proven to save costs and water con-
sumptions by water recycling [10,11]. Within these technologies,
ceramic membranes provide better thermal, chemical and mechan-
ical properties than polymeric ones [12], which made them more
resistant and suitable for severe chemical environments [13]. In
this way ceramic membranes are taking advantage and gaining
popularity over polymeric ones [14]. These intrinsic characteristics
fit perfectly with the nature of textile effluents and, in particular,
dye-bath effluents, characterized by high temperatures and alka-
line conditions [15]. Furthermore, the characteristics of the ceramic
membranes also make possible more aggressive cleaning condi-
tions, which allow extended service lifetimes [16].

Membrane fouling, however, is one of the main drawbacks of
membrane technologies, since it causes permeate flux decline and

changes in selectivity. By that, the overall productivity of the pro-
cess decreases. Membrane performance is affected by operating
conditions such as transmembrane pressure (TMP) and cross-flow
velocity (CFV) [17] and by feed characteristics. An important part of

dx.doi.org/10.1016/j.jhazmat.2012.01.065
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. Scheme of th

he pilot-scale studies is therefore to investigate the factors affect-
ng membrane fouling since if they are known, this phenomenon
an be controlled and the optimal operating conditions can be cho-
en to improve membrane performance. In order to determine the
ptimal operating conditions, methods such as response surface
ethodology (RSM) are available. RSM is a set of mathematical and

tatistical tools used for modeling and analyzing complex processes
here a variable response is affected by several factors which can

nteract among them. When more than a factor is varied in a pro-
ess it is possible to identify the first and higher order influences of
he factors on the response variable. Moreover, RSM is able to pre-
ict the interaction effects among the considered factors. In RSM
ll factors are varied simultaneously and therefore all the conju-
ated effects are taken into account. The response model can be
sed for the optimization of the process. RSM has been widely used
or the optimization of various processes in wastewater treatment,
iotechnology and food industry, among others [18–20].  Scarce

iterature studying RSM applied to UF processes was  found [20,21].
In the present study, an UF multichannel ceramic membrane
as used in order to decolorize Reactive Black 5 solutions,
etermining the effectiveness of the filtration treatments by the
valuation of the rejection coefficients. The aim of the work was
o study the impact of operating parameters (TMP and CFV) and
xperimental set-up.

feed characteristics (dye concentration) on the permeate flux and
dye rejection. Subsequently RSM was  used in order to determine
the optimal operating conditions leading to the best membrane
performance.

2. Materials and methods

2.1. Experimental set-up

All the tests performed in this study were carried out in an UF
pilot plant whose diagram is shown in Fig. 1. The main parts of the
installation were a feed tank and a cleaning tank (both including a
stirrer fixed at 3000 rpm), which contained the dye solution and the
cleaning solution, respectively; a temperature regulating system,
which regulated the temperature of the solution in the feed tank;
a variable speed pump which allowed the cross-flow velocity to be
controlled; the membrane module, with two  manometers located
at each side of it in order to measure the pressure drop across
the module and the valve after the membrane module, which was

adjusted to obtain the desired operating TMP. Besides, a 100 �m
metallic filter and a 25 �m filter (NW18 Cintropur®) were situated
upstream and downstream of the pump, respectively. Both reten-
tate and permeate streams were recirculated to the feed tank and
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Table 1
Membrane specifications.

Item Description

Membrane INSIDE CéRAM®

Manufacturer Tami Industries (France)
Type Tubular
Active layer ZrO2–TiO2

Support material Titanium
Molecular Weight Cut Off (MWCO) 150 kDa
Deionized water permeability 145.4 L/(m2 h bar)
Length 250 mm
Diameter 10 mm
Number of channels 7
Channel hydraulic diameter 2 mm
Effective filtration area 132 cm2

Maximum operating temperature 95 ◦C
Maximum operating pressure 10 bar
pH range 0–14
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Fig. 2. Molecular structure of Reactive Black 5.

he permeate flux was gravimetrically measured with a scale (0.01 g
ccuracy).

.2. Membrane module

An INSIDE CéRAM® (Tami Industries) multichannel tubular
eramic membrane was used to filter the colored solutions. The
pecifications of the membrane are given in Table 1.

.3. Experimental feed solution

The dye used in this study to prepare the colored feed solu-
ion was C.I. Reactive Black 5, purchased from Sigma–Aldrich
Germany). Reactive Black 5 is a four valent sodium salt having two
ulfonate groups and two sulfatoethylsulfon groups with negative
harges within an aqueous solution. It has a molecular weight of
91.82 g/mol and its molecular structure is presented in Fig. 2. The
eed solution was prepared by dissolving dye in deionized water
ntil the required concentration was reached. UF experiments were

erformed at two different dye concentrations: 50 and 500 mg/L.
ome characteristics of dye solutions are given in Table 2.

able 2
ye solutions characteristics.

Dye concentration 50 mg/L 500 mg/L

pH 6.5 6.81
Conductivity 44.35 �S/cm 388 �S/cm
us Materials 209– 210 (2012) 492– 500

2.4. Analytical measurements

Feed and permeate concentrations of RB5 were measured using
an UV–visible spectrophotometer (Hewlett-Packard 8453) at the
wavelength at which maximum absorbance occurred (592 nm). The
dye rejection coefficient (R) was  calculated as a percentage accord-
ing to the following equation:

R(%) =
(

1 − CP

Cf

)
100 (1)

where Cp is the permeate dye concentration and Cf the feed dye
concentration.

The permeate flux (Jp) was calculated as follows:

Jp = V

tA
(2)

where V is the volume of water or solution collected from the
permeate stream, t stands for sampling time, and A denotes the
membrane filtration area.

2.5. Cross-flow filtration

2.5.1. Membrane characterization
The water membrane permeability was  determined by measur-

ing the permeate flux of deionized water at different TMP  (0.5, 1,
2, 3 and 4 bar). The CFV was  set to 3 m/s  and the temperature was
maintained at 25 ◦C, as this was  the temperature used in the UF
experiments of dye solution. The initial water membrane perme-
ability determined was 145.4 L/(m2 h bar).

2.5.2. UF of dye solution
In order to investigate the influence of the operating conditions

on the membrane performance, UF tests were carried out at four dif-
ferent TMP  (1, 2, 3 and 4 bar) and three different CFV (1, 2 and 3 m/s).
All the experiments were performed at a constant temperature of
25 ◦C. Both retentate and permeate streams were recirculated into
the feed tank to maintain a constant concentration filtration mode.
Moreover, two  dye concentrations (50 and 500 mg/L) were tested
to observe the effect of the feed concentration. The experiments
were long enough to reach the steady-state conditions (after 7–9 h
from the beginning of the run). The permeate flux was monitored
throughout the UF experiments and samples from both the feed
tank and permeate stream were collected at the beginning of the
run and subsequently every hour in order to analyze them. Mem-
brane permeability was checked before and after every experiment.

2.6. Membrane cleaning procedure

After each UF run with dye solution, the membrane was  sub-
jected to a cleaning cycle which included in the first place a rinse
with deionized water at 25 ◦C (15 min). Next, an alkaline clean-
ing with aqueous NaOH solution (pH 13) at 60 ◦C (1 h) took place.
Finally, the membrane was rinsed with deionized water until neu-
trality. The cleaning procedure after runs with feed concentration
of 500 mg/L included an additional step since alkaline cleaning was
not enough to recover the initial permeability. It consisted in an
acid cleaning step with aqueous citric acid solution (pH 2) at 40 ◦C
(1 h), followed by rinsing with deionized water until neutrality was
reached. All the cleaning steps, including rinses, were conducted

at a CFV of 3 m/s  and no pressure was applied. Once the mem-
brane was  cleaned, the water permeability was checked following
the procedure described in Section 2.5.1. The mentioned cleaning
process allowed initial flux recoveries higher than 90%.
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Table 3
Experimental design and results for the runs with dye concentration of 50 mg/L.

Run Factors Response variables

TMP (bar) CFV (m/s) Jp (L/(m2 h)) R (%)

1 1 2 160.46 87.4
2  4 2 242.09 91.5
3 2 1 180.14 81.0
4 2 3 215.22 90.4
5 2  2 212.94 95.5
6  2 2 208.59 95.1
7  1 1 107.31 83.1
8  4 1 222.76 88.2
9 1 3 165.98 87.4

10 4 3 265.06 93.0
11 3  1 203.61 79.8
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.7. Statistical procedures

As reported by Figueroa et al. [20], the operating parameters
alues which achieve desired characteristics for more than one
esponse variable simultaneously can be determined by means of
he Multiple Response Optimization (MRO). To use this procedure,
egression models had first to be constructed for each response sep-
rately by means of response surface methodology. The response
ariables were fitted by a second-order model in the form of a
uadratic polynomial equation:

 = b0 +
n∑

i=1

biXi +
n∑

i=1

biiX
2
i +

n−1∑
i=1

n∑
j=i+1

bijXiXj (3)

here Y is the response variable, Xi and Xj the input factors, n
he number of factors, b0 the constant coefficient, bi the linear
oefficients, bii the quadratic coefficients and bij the interaction
oefficients. The statistical analysis was performed for the two  dif-
erent dye concentrations tested individually, using Statgraphics
enturion XVI®. The factors studied were TMP  and CFV and the
esponse variables were permeate flux and dye rejection at steady-
tate conditions. The experiments were performed according to the
ulti-level experimental designs shown in Tables 3 and 4.

. Results and discussion

.1. Influence of operating conditions on permeate flux
.1.1. Effect of TMP
Fig. 3 illustrates permeate flux (Jp) as a function of TMP  for the

hree CFV studied and a dye concentration of 50 mg/L at the initial

able 4
xperimental design and results for the runs with dye concentration of 500 mg/L.

Run Factors Response variables

TMP (bar) CFV (m/s) Jp (L/(m2 h)) R (%)

1 1 2 97.94 88.5
2  4 2 212.94 24.0
3  2 1 84.80 72.6
4  2 3 187.46 67.7
5  2 2 185.56 86.4
6 2  2 180.30 85.0
7  1 1 86.72 54.3
8  4 1 76.50 83.2
9  1 3 104.67 88.8

10  4 3 166.96 87.3
11 3  1 84.34 80.2
12  3 2 211.02 70.2
13  3 3 178.47 75.2
Fig. 3. Effect of TMP on permeate flux at different CFV and dye concentration of
50  mg/L. (a) Initial time, (b) steady-state conditions.

time (a) and at steady-state conditions (b). The steady-state per-
meate flux value was calculated as the arithmetical average of all
the permeate flux measurements in the period between 1 and 2 h
before the end of the run.

Jp values at steady-state conditions were lower than Jp initial
values under any operating condition (Fig. 3), which indicates that
there was  a decrease of permeate flux during the experiments. As
reported, permeate flux decline is a consequence of membrane
fouling and might be due to several factors such as adsorption
of dye molecules onto the membrane surface and into the pores,
concentration polarization and cake layer formation [22]. The dif-
ferences between initial and steady-state Jp values were more
pronounced at higher TMP  (at a fixed CFV of 2 m/s, the flux reduc-
tion at 1 bar was  10.4% while at 4 bar was  much higher, 45.1%),
probably because under these conditions the convection of parti-
cles toward the membrane surface is enhanced [23] and thus, dye
molecules are more easily deposited onto the membrane surface or
into the pores, increasing membrane fouling and leading to a major
decrease of permeate flux.

Initially, permeate flux increased with an increase in operat-
ing pressure nearly corresponding to a linear equation (Fig. 3a), as
expected, since TMP  is the driving force of the UF process. Nev-
ertheless, at steady-state conditions (Fig. 3b), when membrane
fouling was  likely to had occurred as a consequence of the different
mechanisms previously stated, the trend was  slightly different. For
instance, at a fixed CFV of 2 m/s, permeate flux increased by 32.7% as
TMP was  changed from 1 to 2 bar. By further increasing operating
pressure, less significant improvement in steady-state permeate
flux was obtained. This was  observed at any CFV tested. Moreover,
it is worth noting that at the highest CFV, at TMP  higher than 3 bar,
permeate flux was  independent of TMP. This could be attributed
to the accumulation of solute particles near the membrane surface

and the formation of a cake layer [24]. Steady-state in cross-flow
membrane filtration is reached when the solute flux driven toward
the membrane by convection is compensated by the back trans-
port of the solute away from the membrane [25]. In this way, this
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Fig. 4. Effect of TMP  on permeate flux at different CFV and dye concentration of
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depending on TMP. At experiments with higher concentration,
00 mg/L. (a) Initial time, (b) steady-state conditions.

ltration stage is characterized by a constant thickness of the cake
ayer. When feed pressure increases, a thicker and more compacted
ake layer is obtained at the equilibrium state. By that, both the
riving force of the filtration process and the filtration resistance
re increasing. When these opposed effects are compensating each
ther, steady-state permeate flux is independent of TMP [26], and
he process becomes mass transfer-controlled.

Regarding the experiments with fixed dye concentration of
00 mg/L (Fig. 4), the differences between initial (a) and steady-
tate behavior (b) were more accused than in the case of lower
eed concentration. As it occurred at tests with dye concentration
f 50 mg/L, at initial time permeate flux increased, almost linearly,
s TMP  rose. In this case, however, at the lowest CFV, permeate flux
ecreased as TMP  increased from 3 to 4 bar, probably due to the
act that such a low CFV might not be able to produce adequate
urbulence to counteract the effect of higher feed concentration
nd higher TMP. In this way, more dye molecules could easily
pproximate to the membrane surface causing membrane fouling
n the initial moments, which could indicate pore blocking [27] and
esulting in a Jp lower than expected.

Furthermore, the previously commented phenomenon of cake
ayer formation and compaction was even more significant at the
xperiments with higher feed concentration (Fig. 4b). At the lowest
FV tested (1 m/s), the permeate flux was independent of TMP  and
he process was mass transfer-controlled. At CFV of 2 and 3 m/s
ermeate flux increased with TMP  to represent an improvement

n steady-state permeate flux of 89.5% and 79.1% respectively at a
orresponding TMP  increase from 1 to 2 bar. However, at pressures
igher than 2 bar slight or no further increase of permeate flux was
bserved. In fact, at 3 m/s  the flux rather started to decrease. This
act may  be attributed to the increasing compaction of the sur-
ace deposit on the membrane surface, to counteract the effect of

igher TMP  values [28]. A more compacted cake layer results in a
reater filtration resistance, leading to a decrease in steady-state
ermeate flux. Similar results are reported by Waeger et al. [29]
us Materials 209– 210 (2012) 492– 500

using ceramic ultrafiltration membranes for particle removal from
anaerobic digester effluent.

3.1.2. Effect of CFV
The results obtained during experiments with dye concen-

tration of 50 mg/L showed that permeate flux decline from the
beginning of the run to the steady-state condition was  lower at
higher CFV (Fig. 3). In fact, as an example, for a fixed TMP of 4 bar,
permeate flux decreased by 53.6% from its initial value when oper-
ating CFV was  set at 1 m/s, whereas it decreased by 45.1% and
40.2% at CFV of 2 and 3 m/s, respectively. Lower permeate flux
decline as CFV increases is a consequence of the reduction of mem-
brane fouling and concentration polarization under higher CFV. By
increasing CFV a greater turbulence is created at the membrane
interface, which prevents particle deposition and even removes
some of the dye molecules accumulated in the surface [30]. Owing
to this fact, concentration polarization is reduced and the deposit
layer becomes thinner, which results in a lower filtration resistance
and thus, a higher permeate flux.

As it can be seen from Fig. 3b, an increase in CFV from 1 to 2 m/s
leads to an increase in steady-state permeate flux ranging from 8.7%
to 49.5%, depending on operating pressure. Nevertheless, by further
increasing CFV, slighter improvements are observed (1.1–16.5%).

It is worth noting that despite having great influence on steady-
state permeate flux, very slight effect of CFV on initial Jp was
observed at the runs with 50 mg/L (Fig. 3a), since the measured Jp
values were similar. However, the influence of CFV can be noticed
under certain conditions even at the beginning of the run with
high dye concentration (Fig. 4a). The observed differences among
the tested CFV are more evident at TMP  greater than 1 bar. In
this case, generally the lowest initial Jp values were obtained for
the lowest CFV tested (1 m/s), which might be attributed to the
inadequate turbulence produced at low CFV. Consequently, fouling
cannot be effectively combated, leading to lower values of Jp. At
steady-state conditions (Fig. 4b), as it occurred at low dye concen-
tration, an increase in flux values by increasing CFV was observed,
due to the decrease in dye deposition and concentration polariza-
tion. The steady-state permeate flux increased significantly when
CFV was  increased from 1 to 2 m/s. However, at TMP  beyond 2 bar
the permeate flux declined at a CFV of 3 m/s. This finding might be
explained because, under these conditions, the permeate flux was
limited by the dense structure of the deposited fouling layer. As
reported by Petrov and Stoychev [31], dye aggregation is possible
at high concentrations in the solution and by that, greater particles
are formed. At high CFV, the greatest particles are removed due to
the turbulence created, allowing the smaller particles to approxi-
mate to the membrane surface. In this way, the stratification of the
particles according to their size is promoted and a more compact
cake layer is formed, resulting in a greater filtration resistance and
thus, a permeate flux decline. The counterproductive effect of CFV
occurs at high TMP  when the tangential forces caused by CFV are
lower than the driving force of TMP  which approximates the par-
ticles to the membrane surface. Similar trends have been observed
in previous studies with ceramic ultrafiltration membranes for the
filtration of seawater [28] and polyethylene glycol [21].

3.1.3. Effect of feed concentration
As expected, flux decline was greater at higher concentration

since as feed concentration increases membrane fouling is more
severe. As an example, at a fixed CFV of 2 m/s  and dye concentra-
tion of 50 mg/L, permeate flux decreased from initial time until
steady-state conditions a percentage ranging from 10.4% to 45.1%,
instead, it decreased by 24.6–53%. An increase in dye adsorption
on the membrane surface and concentration polarization might be
the responsible factors for this observation [32,33]. The influence
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ig. 5. Effect of TMP  on dye rejection coefficient at different CFV and dye concen-
ration of 50 mg/L. (a) Initial time, (b) steady-state conditions.

f feed concentration was more noticeable at steady-state con-
itions, where Jp values were lower at higher dye concentration.
urthermore, not only Jp values were different depending on feed
oncentration but also the influence of operating parameters (TMP
nd CFV) was different according to the concentration used, as
tated in Sections 3.1.1 and 3.1.2.

.2. Influence of operating conditions on dye rejection

Fig. 5 depicts the obtained percentage rejections of RB5 with
MP  for the three tested CFV at the initial time (a) and once the
teady-state behavior was reached (b) when the dye concentration
s 50 mg/L. Due to the low molecular weight of the dye in relation
o the MWCO  of the tested membrane, the rapid internal fouling
ue to dye adsorption into the membrane pores is likely to occur.
his process is assumed to be the main responsible for the high
btained rejections in the initial minutes of filtration. This adsorp-
ion phenomena was also reported in previous studies with dye
articles and ceramic membranes [34].

Evident differences between R values at the various CFV tested
ere observed at the initial time (Fig. 5a), where higher percentage

emovals were obtained for the highest CFV (72.5–84.1%) while at
 m/s  the R values measured were lower (2.6–44.7%). The higher
hear forces induced by the flow velocity over the membrane
urface enhance back diffusion of solutes into the bulk solution,
ounteracting the convective solute flux caused by the imposed
riving force (TMP), as well as reducing the concentration polar-

zation layer [35]. In this way, a higher number of dye particles are
aintained away from pass through the membrane, thus involving

igher percentage of dye removal. On the other hand, for the lowest
FV, the lift forces of the particles are lower. Therefore, the convec-
ive forces overcome the shear induced forces and allow a higher

umber of dye molecules accumulating near the membrane surface
nd pass through its pores, resulting in a lower retention coeffi-
ients. This behavior was  corroborated when the applied pressure
as increased. Once the applied pressure was increased beyond
Fig. 6. Effect of TMP  on dye rejection coefficient at different CFV and dye concen-
tration of 500 mg/L. (a) Initial time, (b) steady-state conditions.

2 bar, the removal efficiency kept similar values at 3 m/s. However,
for lower CFV, the effect exerted by the applied pressure was more
noticeable causing more particles pass through the membrane and,
therefore, reducing removal efficiency.

Once the steady-state was reached, the differences between R
values were not so pronounced (Fig. 5b). In this way, similar results
were obtained for the different operating conditions tested, with
removals between 79.8% and 95.5%. Similarly to the initial time,
the lowest rejection percentages corresponded to the lowest tested
CFV. However in this case the highest R values were obtained for
CFV of 2 m/s. These considerably satisfactory results highlighted the
suitability of this technology in the treatment of colored effluents.
The increase in the TMP  entails an increase in the number of dye
particles transported toward the membrane surface, which may
allow the formation of aggregates that increase in size rapidly [36].
The accumulation of these aggregates during the run and the for-
mation of the polarization layer may  lead to the formation of a cake
layer onto the membrane surface, once the polarization layer has
been formed, that controls the filtration process. The formation of
adsorbed layers onto the membrane surface was  also observed by
Bernat et al. in the treatment of iron (III) with ceramic membranes
[37].

Regarding the experiments with higher dye concentration Fig. 6
illustrates the rejection coefficients with TMP  at the three tested
velocities for the 500 mg/L dye solutions at the initial time (a) and
for the steady-state conditions (b). It is clear from the figure that,
initially (Fig. 6a), process performance in terms of dye rejection
diminished either when CFV was  reduced or when TMP  increased.
As explained above, the higher CFV entails higher shear forces
and turbulence over the membrane surface sweeping part of the
particles and returning them back to the bulk solution [30]. Conse-
quently, dye rejection is improved. On the other hand, the increase

in dye concentration increases the possibility of particles passing
throughout the membrane. This effect is enhanced by the increase
in the driving forces, which increase the convective flow of dye par-
ticles toward the membrane surface, allowing their accumulation



4 azardous Materials 209– 210 (2012) 492– 500

a
m
r
d
b
I
m
c
o
l

a
i
c
n
p
p
t
t
r
s
t
d
a
c
A
T
i
e
d
d
f

h
u
r
d
d
e
7

3

v
T
f
F
r
a
(
s
s

J

c
e
E
5
o
t
5
0
t

(a)

(b)

Standardized effect

0 10 20 30 40 50

AB

BB

AA

B:CFV

A:TMP +
-

Standardized effect

0 10 20 30 40

AB

AA

A:TMP

BB

B:CFV
+
-

98 E. Alventosa-deLara et al. / Journal of H

nd increasing the proportion of dye molecules passing through the
embrane. It is highlighted that an increase in TMP  beyond 3 bar

esulted in a change in the mentioned trend, with an increase in the
ye rejection. This behavior might be attributed to the rapid pore
locking due to the high driving force and high dye concentration.
n this case, the rapid pore blockage may  hinder the pass of dye

olecules to some extent increasing slightly the rejection coeffi-
ients. Likewise, Lin et al. observed that rapid membrane fouling
ccurred mainly due to inner pore adsorption and blockage in a
oose UF membrane [38].

When the steady-state was reached, the behavior did not show
 clear trend (Fig. 6b). In this way, for the lowest tested CFV an
ncrease in TMP  entailed higher dye rejection. This effect is asso-
iated to the accumulation of a higher number of dye particles
ear the membrane surface, which enhances the increase of the
olarization layer thickness. At the same time, the higher applied
ressure may  involve the compression of the formed layer leading
o a denser structure [39]. The opposite effect was  observed when
he CFV was raised to 2 m/s, since an increase in TMP  entailed lower
ejection percentages. The higher shear forces allow the back diffu-
ion of some dye particles to the bulk solution, reducing the layer
hickness. This fact combined with an increase in the convective
rag forces would enhance the permeation through the membrane
nd hence, the rejection coefficients would be reduced [40]. In the
ase of the highest tested CFV a different behavior was observed.
lthough an initial decrease in dye retention was observed with
MP, beyond 2 bar, the dye retention slightly increased with sim-
lar percentages obtained for the lowest applied pressure. These
ffects are attributed to the influence of counteracting effects pro-
uced by the different forces involved in the process like the shear
iffusion, electroviscous effects, convective forces and electrostatic
orces.

Regarding the feed concentration, it can be observed that
igher dye concentration entailed lower dye rejection. In partic-
lar, dye rejection for the less concentrated solution (50 mg/L)
anged between 79.8 and 95.5%, with an average rejection of 88.6%,
epending on the operating conditions. On the other hand, when
ye concentration was increased to 500 mg/L, the loss in removal
fficiency was significant with a final average rejection around
3.2%.

.3. Statistical analysis

The effects of the factors and their interactions on the response
ariables were obtained by means of analysis of variance (ANOVA).
he Pareto chart resulting from the analysis of the permeate flux
or the experiments with dye concentration of 50 mg/L is shown in
ig. 7a. The bars crossing the vertical line indicate that the cor-
esponding effect is significant at a confidence level of 95%. In
ddition, the sign of the effect indicates if it produces an increase
+) or a decrease (−) of the variable response. The quadratic regres-
ion equation obtained for the permeate flux including only the
tatistically significant coefficients was the following:

p = 12.9901 + 94.9486TMP + 24.9064CFV − 12.4979TMP2 (4)

The regression
oefficient R2, which indicates the variability in permeate flux
xplained by the model as fitted, was 96.28% and the Standard
rror was 3.07309. The p-value for lack-of-fit was greater than
% (p = 0.2216), thus the model appears to be adequate for the
bserved data at a 95% confidence level. Residual analysis showed

hat since the p-value of Durbin–Watson statistic was  greater than
% (p = 0.7781) and the Lag 1 Residual Autocorrelation was nearly

 (−0.364557), there was no indication of serial autocorrelation in
he residuals at the 5% significance level.
Fig. 7. Pareto charts from the analysis of (a) permeate flux and (b) dye rejection at
dye  concentration of 50 mg/L.

Fig. 7b shows the Pareto chart obtained from the analysis of dye
rejection for runs with 50 mg/L. Eq. (5) was  the quadratic regres-
sion equation obtained for the dye rejection including only the
statistically significant coefficients:

R = 57.8482 + 1.33941TMP + 27.839CFV − 6.00819CFV2 (5)

The R2 statistic indicated that 76.6% of the variability in dye
rejection was explained by the model as fitted. The Standard Error
was  0.282843 and the p-value for lack-of-fit was greater than 5%
(p = 0.0699). Therefore, the model seems adequate for the observed
data at a confidence level of 95%. Additionally, the p-value of
Durbin–Watson statistic (p = 0.0615) and the Lag 1 Residual Auto-
correlation (0.317347) showed that there was no indication of serial
autocorrelation in the residuals.

In the same way, the statistical analysis was  performed for the
runs with dye concentration of 500 mg/L. The results of the analysis
of Jp are shown in the Pareto chart in Fig. 8a. Once the no statistically
significant coefficients were removed, the equation describing the
effect of the process variables on Jp was the following:

Jp = −239.744 + 93.7323TMP + 258.101CFV − 15.2814TMP2

−54.9876CFV2 (6)

In this case, the R2 statistic and the Standard Error were 83.43%
and 3.7215 respectively. The p-value for lack-of-fit (p = 0.0988)
indicated that the model appeared to be adequate for the data
at a 95% confidence level. The obtained results for the p-value of
Durbin–Watson, which was  greater than 5% (p = 0.7596) and the
Lag 1 Residual Autocorrelation, which was around 0 (−0.348344),
showed no indication of serial autocorrelation in the residuals at
the 5% significance level.

Finally, Fig. 8b presents the Pareto chart resulting from the
analysis of dye rejection for runs with 500 mg/L. The R2 of the
model obtained after removing the no statistically significant coef-

ficients was 11.61% and the p-value for lack-of-fit was lower than
5% (p = 0.0387), which indicated that the model was  not adequate
to represent the experimental data. Therefore it was decided do not
include it in the study.
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Fig. 9. Surface plot for the overall desirability function at dye concentration of
50  mg/L.

Table 5
Optimization results for the runs with dye concentration of 50 mg/L.

Optimized factors TMP (bar) 4
CFV (m/s) 2.53

Overall desirability 0.96
ig. 8. Pareto charts from the analysis of (a) permeate flux and (b) dye rejection at
ye concentration of 500 mg/L.

.4. Optimization of operating conditions

An optimal membrane performance ensures maximum perme-
te flux while having maximum solute rejection [41] and it is highly
ffected by operating conditions such as TMP  and CFV. There-
ore, the goal of the optimization in the present study was to find
perating conditions (TMP and CFV) which maximized both the
ermeate flux and dye rejection at steady-state conditions simulta-
eously. Once the fitted models were obtained, Multiple Response
ptimization was used to determine settings of the experimental

actors which achieved optimal operating conditions. As reported
efore, owing to the low accuracy of the model for the dye rejec-
ion for runs with 500 mg/L feed concentration, it was  not taken
nto account for the study. Therefore, MRO  was performed for
he runs with feed concentration of 50 mg/L. This was  done by
sing the desirability function (DF) method. In this method, the
tatistical software retrieves information from each of the previ-
usly analyzed designs in order to construct a DF based on values
f the response variables, which is then maximized. In order to
ombine multiple responses into a single function that can be maxi-
ized, a desirability function, d(y), is first defined for each response,

xpressing the desirability of a response value equal to y on a scale
f 0–1. If a response variable is to be maximized, d(y) is defined by:

 =

⎧⎪⎨
⎪⎩

0 ŷ < low(
ŷ-low

high-low

)s

low ≤ ŷ ≤ high

1 ŷ > high

(7)

here ŷ is the predicted value of the response variable, low is a
alue below which the response is completely unacceptable, and
igh is a value above which the desirability is at its maximum. The
arameter s defines the shape of the function. By default, the DF
re linear. To combine the desirabilities of all responses, a single
omposite function, D, is created. If all the response variables are
onsidered to be equally important, then D is the geometric mean
f the separate desirabilities. The minimum and maximum limits

sed for Jp and R were 107.31 L/(m2 h) (d = 0), 266.81 L/(m2 h) (d = 1),
9.8% (d = 0) and 95.5% (d = 1) respectively, which corresponded to
he minimum and maximum values obtained experimentally. The
urface plot corresponding to the resulting desirability function
Predicted
response variables

Jp (L/(m2 h)) 255.86
R  (%) 95.2

D is shown in Fig. 9. The values of the operating conditions that
maximize the overall desirability function and the corresponding
response variable values predicted are shown in Table 5. At these
conditions the overall desirability is predicted to equal almost 0.96.
The optimal value of TMP  corresponded to the highest TMP  tested
while optimal CFV was slightly lower than the highest value tested.
Under optimal operating conditions, the predicted values of Jp and
R were close to the maximum values obtained experimentally.

4. Conclusions

The performance of an ultrafiltration ceramic membrane dur-
ing the removal of Reactive Black 5 was evaluated by modifying
the operating conditions (TMP and CFV) and the feed dye concen-
tration. The influence of these parameters on both the permeate
flux and dye rejection at initial and steady-state conditions was
discussed. The experimental results revealed that flux decline was
more pronounced at higher TMP, lower CFV and higher feed con-
centration. There was a positive influence of TMP  on permeate flux,
which initially increased almost linearly with TMP. Nevertheless,
at steady-state conditions there was a value of TMP  beyond which
permeate flux did not increase with the applied TMP. This value
was  different depending on CFV and feed concentration.

CFV exerted a positive influence on permeate flux as well,
although this influence diminished as CFV was higher. However,
there was a limit on this positive effect since at runs with high dye
concentration an increase in CFV from 2 to 3 m/s  led to a decline on
steady-state permeate flux.

Dye rejection coefficients were used to evaluate the effec-
tiveness of UF treatment on the removal of dye. For the runs
at 50 mg/L, the results were quite similar once the steady-state
behavior was  reached, although the lowest rejection percentages
corresponded to the lowest tested CFV. The dye rejection observed
when the dye concentration was  500 mg/L showed no clear trend
and was  dependent on the different forces involved in the fil-
tration process. Regardless of the tested conditions, a decrease
in rejection performance was observed when dye concentration
increased. Nevertheless, the obtained results showed a significant
dye removal by means of the ultrafiltration process with rejection

coefficients higher than 79.8% and an average rejection of 88.6% for
the lowest tested concentration and around 73.2% for the 500 mg/L
runs.
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Finally, the response surface methodology proved to be a useful
ool to optimize the process, making it possible to establish the best
perating conditions leading to the maximum steady-state perme-
te flux and the highest dye rejection coefficient simultaneously.
or the runs with dye concentration of 50 mg/L, the optimal condi-
ions found were 4 bar and 2.53 m/s. Regarding dye concentration
f 500 mg/L, the optimal operating conditions could not be deter-
ined owing to the low accuracy of the model obtained for dye

ejection coefficient.
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