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a b s t r a c t

Cadmium removal from aqueous solution by polyelectrolyte enhanced ultrafiltration (PEUF) with rel-
atively low transmembrane pressure was investigated at varying conditions of polyelectrolyte and
cadmium concentrations, transmembrane pressure, ionic strength and pH. The poly(ammonium acrylate),
eywords:
admium removal
nionic polyelectrolyte
ltrafiltration
esistance-in-series

with two average molecular weights (8000 and 15 000 Da) were used as polyelectrolyte. Flux declines
during ultrafiltration of polyelectrolyte solutions. An effort has been made to evaluate these resistances
independently at different operating conditions. The hydraulic membrane resistance is higher for pro-
cessing solutions of PAmA8 than solutions of PAmA15. The study of ionic strength effect demonstrates
that it decreases the retention of cadmium ions and increases the permeate flux. More than 99% of cad-
mium was retained for a NaNO3 feed concentration less than 5 × 10−2 mol L−1. The pH effect study on the

ed a m
cadmium recovery reveal

. Introduction

The continuous increase of world needs for the most of the
nown metals, the decrease in grade of the available ores, and strict
nvironmental regulations, make it interesting to find effective and
fficient methods for processing waste solutions containing metal
ons, even at very low concentrations [1].

The use of membrane separation process in treating wastewa-
er containing toxic metal ions is today an attractive and suitable
echnique, and it has to be easily included in whole process, which
s the reason why membrane separations are being used more
nd more frequently. On the other hand, separation can be car-
ied at room temperature; the modular membrane surface can
e easily adjusted to the wastewater flows; and various indus-
rial membranes are now available. In order to retain metallic ions,
everse osmosis (or at least nanofiltration) can be used due to
he size of the ions in aqueous solutions. But the usual perme-
te fluxes of reverse osmosis membranes are limited and require
igh transmembrane pressure, which makes the process expensive
2].
Among the membrane methods, there are two widely used
eparation techniques for the removal of heavy metal ions from
queous solutions: micellar enhanced ultrafiltration (MEUF) and
olyelectrolyte ultrafiltration. MEUF [3–8] and PEUF [9–19] com-
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aximum retention around 98% for pH 4.
© 2009 Elsevier B.V. All rights reserved.

bine ultrafiltration with the presence of water-soluble surfactants
and polymers, respectively. The enhanced ultrafiltration processes
have advantage of operating at relatively low pressures and tem-
peratures resulting in excellent rejection of multivalent metals and
organics.

PEUF is the combination of two phenomena, binding of metal
ions to a water-soluble natural or synthetic polyelectrolyte, and
ultrafiltration. Since pore size of ultrafiltration membranes are not
suitable to separate heavy metal ions, water-soluble polymers are
used to bind the metals to form macromolecular complexes rejected
by ultrafiltration.

The majority of PEUF studies reported to date have focused
mainly on demonstrating the effectiveness of the process on metal
removal under various experimental conditions such as solution
pH, metal loading ratio, the types of polyelectrolytes and metals,
and the molecular weight cut-off (MWCO) and types of membranes.

Flux decline with time of operation is the major problem in UF
[3,10]. In most of the industrial applications, the flux decline dur-
ing the UF is the cumulative effect of several mechanisms including
adsorption of solutes on the membrane surface, pore plugging, con-
centration polarization, etc.

In the present study, using a resistance-in-series model, quan-
tification of membrane resistance, adsorption and concentration
polarization during filtration was attempted. An effort has been

made to evaluate these resistances independently at different oper-
ating conditions. The removal of cadmium from aqueous solutions
by PEUF using the poly(ammonium acrylate) was investigated as
function of some parameters such as ionic strength, pH, concentra-
tion and the molecular weights of polyelectrolyte.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mahmoud.dhahbi@certe.rnrt.tn
mailto:dhahbim@yahoo.fr
dx.doi.org/10.1016/j.cej.2009.07.028
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. Materials and methods

.1. Reagents

A poly(ammonium acrylate) produced by radical polymerisa-
ion of ammonium acrylate monomer in aqueous medium at 60 ◦C
uring 2 h with potassium persulfate (K2S2O8) as initiator and
odium metabisulfite (K2S2O5) as activator. After precipitation in
cetone, the copolymer was isolated, dried under a nitrogen atmo-
phere, then dissolved in water to provide a concentrated solution.

The measurement of the intrinsic viscosity [�] permits to esti-
ate the viscosimetric average molecular weight (Mw) of the

wo polyelectrolytes synthesized, this viscosity is determined by
ark–Houwink relation [20]

�] = KMa
w (1)

here [�] is the intrinsic viscosity in dl g−1.
K and a are constants depending on the nature of the polymer

nd of the solvent. In our case

w =
(

�

3.75 × 10−4

)1/0.7

(2)

ntrinsic viscosity was measured in KCl solution (1 mol L−1) using a
bbelhode viscosimeter.

Ubbelhode capillary viscosimeter was used in this study. It is
perated by filling it with a suitable volume of liquid, drawing the

iquid level to the upper mark above the bulb, and measuring the
ime required for the liquid meniscus to fall from the upper mark
o the lower mark. The viscosity is proportional to the flow time.

The results are summarized in Table 1.
Cadmium chloride (CdCl2·2H2O), sodium hydroxide, nitric acid,

nd sodium nitrate were provided by Sigma–Aldrich. All the
hemicals were of analytical grade. Solutions were prepared with
ltrapure water produced by Milli-Q gradient unit (Millipore).

.2. Analytical methods

Permeate samples were analyzed to determine cadmium con-
entrations using Flame Atomic Absorption Spectrophotometry
FAAS) by the use of the Analytical Jena AAS vario 6 atomic
bsorption spectrophotometer. Measurements were made for each
ample, by direct aspiration into air acetylene flame of the instru-
ent. The instrument was instructed to give the mean value and
tandard deviations of three readings as the final reading of each
ample.

pHmeter (Metrohm 654), equipped with a glass electrode was
sed for measuring pH solutions.

able 1
olyelectrolyte characterization.

olymer Supplier Intrinsic
viscosity [�] in
(dl g−1)

Average
molecular
weight (Mw)

MA-M+ Darvan C–Vanderbilt, GB 2.52 10 000a

AmA8 Synthesized 2.15 8000b

AmA15 Synthesized 3.35 15 000b

a Based on technical data.
b Determined by Eq. (2).
ing Journal 155 (2009) 138–143 139

2.3. Experimental setup and procedure

Ultrafiltration experiments were carried out with a tangential
cell system (Minitan-S, Millipore). The inlet flux was held constant
(up to 0.5 m s−1) and a drop in pressure was varied from 0.6 to 2 bar
by restricting the outlet tube. Polysulfone membranes with molec-
ular weight cut-off (MWCO) of 10 kDa and an effective filtration
area of 30 cm2 were used (PTGC OMS 10, Millipore). By totally recy-
cling the permeate and the retentate, a steady state with respect to
permeate quality is reached after less than half an hour under given
temperature and pressure conditions. The data presented here were
collected under steady state conditions. The temperature of the feed
solution was held constant (30 ◦C).

Permeate flux was calculated using the following equation:

Jv = Vp

St
(3)

where Vp is the volume of permeate, S is effective membrane area
and t is time.

For the comparison of the fluxes measured in different con-
ditions to be rigorously valid, the flux with pure water was
systematically checked between two experiments to ensure that
there was no flux decline due to partial plugging. In case of flux
decline the cleaning procedure was pursued until the reference flux
was obtained, or a new membrane was used.

To evaluate the filtration efficiency in removing the cadmium
ions from the feed solution, we have used the observed retention
defined as:

R = 1 − Cper

Ci
(4)

where Cper and Ci are concentration of metal ions in permeate and
feed, respectively.

2.4. Theoretical background

The pure water flux through membrane at one particular trans-
membrane pressure is usually expressed with Darcy’s Law:

Jwi = Lp �P = �P

�Rm
(5)

Lp is the permeability of solvent. It depends on the solvent viscosity
(�0), and morphologic characteristics of membrane (porosity, spe-
cific surface, etc.). �P is the transmembrane pressure and Rm is the
hydraulic membrane resistance.

According to resistance-in-series model, the flux decline is due
to the combined effects of irreversible membrane fouling and
reversible fouling (concentration polarization) over the membrane
surface in addition to the membrane resistance. The hydraulic fil-
tration resistances during UF were determined as described below
[21,22].

Rm = �P

�Jwi
(6)

Rm + Rf + Rp = �P − ��˘

�Jv
(7)

Rm + Rf = �P

�Jwf
(8)

where Jwi, Jwf, and Jv are the fluxes (L h−1 m−2) using pure deionized
water in the initial and final stages and actual polymer solutions,
respectively; �P is the transmembrane pressure (bar); � is the

dynamic viscosity of permeate (Pa ); Rm is the intrinsic membrane
resistance (m−1); Rp is the polarization layer resistance caused by
the accumulation and deposition of polymers at the membrane sur-
face (m−1); and Rf is the fouling layer resistance caused by internal
pore clogging (m−1) [9].
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ig. 1. Cadmium retention and permeates flux of cadmium solution as a function of
ransmembrane pressure at � = 30 ◦C and [Cd2+] = 10−3 mol L−1.

The calculation of Rm, Rf, and Rp values can be made using the
bove three equations and flux data.

. Results and discussion

.1. Ultrafiltration of cadmium solution

Fig. 1 represents the variation of cadmium retention as a function
f the transmembrane pressure for a feed cadmium concentration
qual to 10−3 mol L−1 at 30 ◦C. It shows that the cadmium rejection
n water remained practically constant at the value of 11%.

In Fig. 1 pure water permeate fluxes (Jvw) and aqueous cad-
ium solution permeate fluxes (Jv) are shown as a function of

ransmembrane pressure �P. First, pure solvent flux is propor-
ional to transmembrane pressure, as it could be predicted by Eq.
5). The slopes of the straight lines are the pure water membrane
ermeability (L0

P = 323.76 L h−1 m−2 bar−1) and aqueous cadmium
olution permeability (Lp = 319.56 L h−1 m−2 bar−1). The resulting
embrane resistance and a hydraulic total resistance have as values

.39 and 1.41 × 1012 m−1 respectively. It implies that the presence
f cadmium ions does not generate some significant additive resis-
ance, generally manifested when solutes where filtered through
he membrane.
.2. Ultrafiltration of PAmA solution

In Fig. 2 is displayed the variation of permeate flux as a function
f the transmembrane pressure for different feed concentrations of

ig. 2. Permeate flux as a function of transmembrane pressure for different PAmA15

eed concentrations at � = 30 ◦C.
ing Journal 155 (2009) 138–143

PAmA15. It shows that the permeate flux increases with transmem-
brane pressure and decreases with the increase of polyelectrolyte
concentration.

It can be seen also, from curves obeying to Darcy law (Jwi = Lp�P),
that in the studied range of the transmembrane pressure and poly-
electrolyte concentration, insignificant polarization concentration
phenomenon and negligible osmotic pressure were observed. In
Table 2 are reported the experimental measurements of perme-
ability and resistances to the solvent transfer of PAmA15 solutions
in absence of cadmium. It reveals a reduction of the perme-
ability followed by an increase in total hydraulic resistance,
when the concentration of PAmA15 increases from 2.89 × 10−6 to
5.78 × 10−4 mol L−1. It is also noticed that total resistance increases
until it reaches four times values higher than the intrinsic hydraulic
membrane resistance. As it is well known that the flux decline is
caused by several factors (concentration polarization, fouling, gel
layer formation and increase of solvent viscosity), and taking into
account the observed results and lower concentrations of polyelec-
trolyte, fouling phenomenon is almost attributed of the resistance
increase.

3.3. Ultrafiltration of the mixture PAmA–cadmium

The variation of the permeate flux according to the transmem-
brane pressure at different concentrations of PAmA (15 and 8) with
the presence of Cd2+ at 10−3 mol L−1 is represented respectively
in Fig. 3(a and b). Experimental measurements of permeability,
osmotic pressure and resistances to the transfer of the solvent in
cadmium–PAmA (15 and 8) mixtures are given in Tables 3 and 4
respectively.

According to Fig. 3, it can be noticed that the variation of flux
with the transmembrane pressure does not follow the Darcy’s law,
but flux varies according to Eq. (7). Obtained results indicate that
ultrafiltration of mixtures of PAmA–cadmium is affected by the
osmotic pressure gradient. Tables 3 and 4 show that osmotic pres-
sure increases with increasing feed polyelectrolyte concentration.
This behaviour can be explained by the fact that ultrafiltration
membranes are permeable to water and salt but not to polyelec-
trolyte molecules. And then, due to the unequal ion distribution,
osmotic and swelling pressures between the two phases exist [23].

Fig. 3 also demonstrates that flux decreases with an increase of
feed polyelectrolyte concentration. Nevertheless, PAmA15 perme-
ability values are the highest compared to PAmA8. These higher
values can be explained by the membrane pores plugging when
PAmA8 is used (the molecular weight is equal to the cut-off of
the membrane). In the case of PAmA15, the former remains at the
membrane surface and will be swept under the effect of the fluid
tangential circulation (the molecular weight is higher than the
cut-off of the membrane). For low polyelectrolyte concentrations,
i.e. 1.44 and 3.71 × 10−4 mol L−1 PAmA (15 and 8) concentrations,
respectively, Fig. 3 shows a linear variation in the range of the stud-
ied pressure (0–2 bar). Above these concentration values, the shape
of curves is similar to the shape when concentration polarization
phenomenon occurs. In addition to this concentration polarization
phenomenon, polymer–polymer interactions became significant
at higher concentration leading to the overlapping of polymer
molecules. In fact, the transition concentration of polymer solution
from dilute to semi-dilute regimes, which is defined as the overlap
concentration, affects the processing of the solutions and then the
permeability values.

Zhu and Choo [24] have developed new simplified equation that

incorporated resistance-in-series UF model into the osmosis phe-
nomenon caused by polymers, and then applied to estimate the
threshold concentration for macromolecular overlap.

Tables 3 and 4 revealed a reduction of permeability Lp followed
by an increase of the total hydraulic resistance Rtot, when the con-
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Table 2
Experimental measurements of permeability and resistances to the solvent transfer as a function of PAmA15 concentration.

[PAmA]15 (mol L−1) Lp (L h−1 m−2 bar−1) r2 Rtot (m−1) Rf (m−1)

2.89 × 10−6 243.54 0.987 1.85 × 1012 4.62 × 1011

1.44 × 10−5 142.88 0.974 3.15 × 1012 1.76 × 1012

2.89 × 10−5 141.25 0.996 3.19 × 1012 1.80 × 1012

1.44 × 10−4 127.80 0.984 3.52 × 1012 2.13 × 1012

2.89 × 10−4 98.35 0.999 4.58 × 1012 3.19 × 1012

5.78 × 10−4 76.64 0.983 5.88 × 1012 4.49 × 1012

Table 3
Experimental measurements of permeability, osmotic pressure and resistances to the transfer of the solvent in cadmium–PAmA15 mixtures.

[PAmA]15 (mol L−1) Lp (L h−1 m−2 bar−1) ��� Rf (m−1) Rtot (m−1) RCP (m−1)

2.89 × 10−6 140.93 0.031 1.85 × 1012 3.23 × 1012 0
1.44 × 10−5 132.62 0.045 2.05 × 1012 3.47 × 1012 0
2.89 × 10−5 129.44 0.095 2.13 × 1012 3.53 × 1012 0
1.44 × 10−4 119.60 0.131 2.42 × 1012 4.40 × 1012 5.92 × 1011

2.89 × 10−3 99.40 0.151 3.19 × 1012 5.17 × 1012 5.80 × 1011

5.78 × 10−3 83.50 0.252 4.08 × 1012 6.72 × 1012 1.24 × 1012

Rtot and Rcp are determined at 2 bar transmembrane pressure.

Table 4
Experimental measurements of the permeability, osmotic pressure and resistances to the transfer of the solvent in cadmium–PAmA8 mixtures.

[PAmA]8 (mol L−1) Lp (L h−1 m−2 bar−1) ��� Rf (m−1) Rtot (m−1) Rcp (m−1)

7.43 × 10−6 135.82 0.136 1.98 × 1012 3.62 × 1012 0
3.71 × 10−5 123.19 0.171 2.29 × 1012 3.72 × 1012 0
7.43 × 10−5 116.77 0.211 2.50 × 1012 3.91 × 1012 0
3.71 × 10−4 103.13 0.236 3.03 × 1012 5.09 × 1012 6.71 × 1011
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charge on the polymer surface and then an expansion of the chains
.43 × 10−4 90.65 0.254

.48 × 10−3 69.08 0.371

tot and Rcp are determined at 2 bar transmembrane pressure.

entration of PAmA increases. For higher polymer concentrations,
decline of permeate flux can be explained by gel layer formation

nd concentration polarization occurrence.
The total hydraulic resistances for ultrafiltration of

AmA15–cadmium mixture were almost two times higher than
AmA15 resistance values (see Table 2). This can be explained
y the difference of molecular weight between PA–Cd2+ and
A–NH4

+. In fact, the increase of the molecular weight of PAmA,
fter complexing the cadmium ions, produces a decrease of the
olyelectrolyte mobility leading to a reduction of the diffusion

rom the membrane to the feed solution. On the other hand, it was
hought that the overlapping of polymer chains at the membrane
urface would cause an exponential augmentation in filtration
esistance.

Considering that the background electrolytes and the types
f background ions may affect the overlap concentration. Cad-
ium which replaces ammonium present in the negatively charged

olymer chains may cause a change of the polymeric solution
haracteristics. In fact, the polyelectrolyte viscosity decreased
nd was stiffer when ammonium was replaced by cadmium
25], which may have given rise to an increase in the overlap
oncentration.

In Fig. 4 is displayed the variation of cadmium retention and
olvent permeate flux as a function of monomer unit PAmA8 and
AmA15 concentration, respectively. It shows that, when poly-
lectrolyte monomers concentration rises, cadmium retention
ncreases until reaching 99 and 95% at 2.43 × 10−3 mol L−1 (about
-fold cadmium concentration) and 3.33 × 10−3 mol L−1 PAmA15
nd PAmA8 monomer unit concentration, respectively. Above these

alues, retention remains higher than 99%. For acrylate moieties
oncentrations lower than 5 × 10−3 mol L−1, observed cadmium
ejection values, obtained when PAmA15 has been used, are higher
han rejection values found with PAmA8, which has an average

olecular weight lower than the membrane MWCO, the showed
3.65 × 1012 6.20 × 1012 1.17 × 1012

5.20 × 1012 8.1012 1.41 × 1012

results can be explained by the possible leakage of the PAmA8 and,
consequently, the adsorbed Cd(II).

Moreover and for the both cases, it can be observed that the
permeate flux remained constant for a monomeric unit concen-
tration equal to 5 × 10−3 mol L−1. For higher concentrations, a flux
decline was observed. Correspondingly, as demonstrated by Zhu
and Choo [24], there was a linear increase in filtration resistance
with low polymer concentrations, whereas with higher polymer
concentrations, an exponential increase took place indicating the
overlap concentration.

3.4. Effect of ionic strength

The effect of ionic strength on UF cadmium rejection and
permeate fluxes is depicted in Fig. 5. This figure shows that the cad-
mium retention remains around 99% until 5 × 10−2 mol L−1 NaNO3.
Beyond this concentration, rejection of cadmium decreases sharply
to attain 17% at 5 × 10−1 mol L−1 of NaNO3. It shows also that per-
meate fluxes increase slightly (not exceeding 22%) with the increase
of NaNO3 concentration. These results can be explained by a confor-
mational change on the polymer chains, a competitive adsorption
between Na+ and Cd2+ on negatively charged polymer and the
attenuation of the electrostatic repulsion. It is well known that neg-
atively charged polyelectrolytes interact with positively charged
divalent metal ions stronger than with monovalent ions [26,27].
Nevertheless, the filtration of metal ions and their subsequent
release from the polymer induces an increase of the net negative
in order to increase the total surface, minimizing the electrostatic
repulsions. Related with this, the decrease on the surface charge
density of the polymer induces a decrease on the strength of the
interactions with the metal ions, and in consequence, their easier
release to the solution from the polymer domain during filtration.
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Fig. 3. Permeate flux as a function of transmembrane pressure at different PAmA
concentrations in presence of initial cadmium concentration equal to 10−3 mol L−1

(a) PAmA15 and (b) PAmA8.

Fig. 4. Cadmium retention and permeates flux as a function of monomeric unit
PAmA (8 and 15) concentration at � = 30 ◦C, pH = 6.5 and �P = 2 bar.
Fig. 5. Cadmium retention and permeate flux as a function of NaNO3 concentra-
tion. [Cd2+] = 10−3 mol L−1, [PAmA]8 = 3.71 × 10−4 mol L−1, at � = 30 ◦C, pH = 6.5 and
�P = 2 bar.

3.5. pH effect

Fig. 6 depicts the influence of pH feed solution on perme-
ate flux and cadmium retention in the presence of PAmA8 at
3.71 × 10−4 mol L−1 (3.33 × 10−2 mol L−1 monomer unit concentra-
tion). The selected pH value interval was from 1.32 to 6.32, as it is
not advisable to work over pH 6.5 to avoid the formation of metal
hydroxides. This figure illustrates that retention increases with the
rise of pH to reach a plateau around 98% for pH superior to 4.
The increase in pH leads to an increase in deprotoned carboxylic
groups concentration, which favours the formation of macromolec-
ular polymer–metal complexes, and subsequently an increase in
metal rejection coefficients [28,29]. It can be also observed that per-
meate flux increases as far as pH increases. In fact, this behaviour
can be explained in basis of conformational changes of polymer
structure and interactions between polymer molecules themselves
and membrane. Since the ionization degree of carboxylic groups
is low at low pH values, the charge repulsion between polyelec-

trolyte and membrane diminishes and then the polymer sorption
efficiency rises [30]. At low pH, carboxylic functional groups (COOH)
of polymer would not be dissociated and the poly(acrylic acid)
(PAA) chain forms highly compact clusters, which are joined by
short extended parts of a polymer chain whose microenvironment

Fig. 6. Cadmium retention and permeate flux according to the pH at initial concen-
tration of cadmium equal to 10−3 mol L−1 at � = 30 ◦C and �P = 2 bar.
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olarity is identical with that of hydrophobic areas of PAA. On the
ther hand, the membrane charge varies with the pH around its

soelectric point. At pH beyond isoelectric point the membrane is
egatively charged. Associated with pH solution, carboxylic groups
f polymer start dissociating and the presence of carboxylate anions
COO−) is more important. The electrical charges existing in the

olecules lead to apparition of intramolecular and intermolecular
epulsion forces’.

This fact means expansion of polyelectrolyte chains, acquisition
f a rod-like structure, and the lack of aggregation between polymer
olecules.

. Conclusion

In this paper, enhanced ultrafiltration by the addition of
oly(ammonium acrylate), with two average molecular weights
8000 and 15 000 Da), for the removal of Cd(II) from aqueous solu-
ions has been studied.

The resistance-in-series model was followed and membrane
esistance, adsorption and concentration polarization during ultra-
ltration was quantified. An effort has been made to evaluate these
esistances independently at different operating conditions.

The variation of permeate flux as a function of the trans-
embrane pressure for different feed concentrations of PAmA15
ere studied. It showed that the permeate flux increases with

ransmembrane pressure and decreases with the increase of poly-
lectrolyte concentration, insignificant polarization concentration
henomenon and negligible osmotic pressure were observed.

The study of ionic strength effect demonstrates that it decreases
he retention of cadmium ions and increases the permeate flux.

ore than 99% of cadmium was retained for a NaNO3 feed concen-
ration less than 5 × 10−2 mol L−1.

The pH effect study on the cadmium recovery revealed a max-
mum retention around 98% for pH 4. It can be also observed that
ermeate flux increases with increasing pH. These results can be
xplained by a conformational change on the polymer chains, a
ompetitive adsorption between Na+ or H+ and Cd2+ on negatively
harged polymer and the attenuation of the electrostatic repulsion.
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