
A

p
m
a
a
s
a
©

K

1

r
p
t
t
p
a
i
i
o
o
w
q
e
t
l
t

1
d

Chemical Engineering Journal 136 (2008) 92–98
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bstract

The sorption rates of Cr(VI) ion from acid chromate solutions with Aliquat 336 impregnated microspheres (MS) were examined. MS of
olysulfone (PSf) and poly(styrene-acrylenitrile) (SAN) were prepared by phase inversion process. The MS obtained have different size and
orphology. The sorption behavior and the rate-controlling sorption step have been discussed from the Elovich equation, pseudo-second order

nd Crank kinetic models. Even all models gave satisfactory correlations with the experimental data, the Crank model showed to be more realistic

nd appropriate to interpret the Cr(VI) kinetic sorption results. These analysis indicate that the intraparticle solute diffusion is the rate-controlling
orption step, and suggest that there is a surface diffusion contribution to the overall Cr(VI) mass transport inside the MS which is more important
s the MS pore size decreases.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In a recent work, we reported the microspheres (MS) prepa-
ation by the inversion phase technique from polysulfone and
olyvinylpirrolidone [1]. This procedure has the advantage
hat appropriate porous supports to be used in solvent extrac-
ant impregnation can be prepared from available commercial
olymers. Both, the extractant chemical characteristics and oper-
tional conditions of feed aqueous solution will determine the
on to be recovered. This separation technique using solvent
mpregnated resins SIR [2–6] is similar to the one reported by
ther researchers, which is used as an alternative method to the
f ions extraction by solvents. Recently, metallic ion separation
ith microcapsules (MC) using alkylphosphoric acids [7–9] and
uaternary ammonium salts [10] has been reported. These ion
xtraction techniques (MS, SIR, and MC) have a similar extrac-
ion procedure that is, the ions are extracted by the extractant

iquid phase immobilized into the porous structure or cavities of
he support.

∗ Corresponding author. Tel.: +54 2652 424689; fax: +54 2652 430224.
E-mail address: aochoa@unsl.edu.ar (N.A. Ochoa).
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Although in the literature different kinetic models to interpret
he ion sorption mechanisms on the heterogeneous liquid–solid
hase have been proposed, two models have been mainly
sed to determine the main step in the ion sorption pro-
ess: the homogeneous diffusion model (HDM) based on
ick’s law, and the shrinking core model (SCM) [11]. In

he first case, two main steps are considered: the ion diffu-
ion through the stagnant liquid layer and in the particle. In
he second model, three mechanisms are proposed: diffusion
hrough the stagnant liquid layer, diffusion in the particle and
hemical reaction [10,12]. Cortina and Miralles [12] studied
he extraction kinetic of Cd(II), Cu(II) and Zn(II) ions using
i(2,4,4-trimethylpentyl)phosphinic acid—XAD2 resin. They
ound out that at high metallic ionic concentration the main step
n ion extraction was the diffusion in the resin phase. When low
on concentration was used, the determinant extraction rate step
as the ion diffusion through the stagnant film.
Juang and Chen [13] analyzed the sorption rate of Fe(III),

o(II), Ni(II), Cu(II) and Zn(II) ions with macroporous resins
ontaining bis(2-ethylhexyl) phosphoric acid (D2EHPA) as

xtractant. Their experimental data were not adequately fit-
ed with the HDM and SCM models, while using the Elovich
quation, a good data correlation was obtained. The sorption
echanism of these metallic ions was discussed according to

mailto:aochoa@unsl.edu.ar
dx.doi.org/10.1016/j.cej.2007.03.008
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Table 1
Composition of polymer solutions

Polymer (wt.%) PVP (wt.%) DCM (wt.%)

PSf–PVP 1:1 11.62 11.62 76.75
PSf–PVP 2:1 12.34 6.17 81.49
PSf–PVP 1:3 7.55 22.65 69.80
SAN–PVP 1:1 11.62 11.62 76.75
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2.4.1. Scanning electron microscopy
SEM images were obtained using a Carl Zeiss microscope.

Microsphere samples were coated by sputtering a thin gold layer.
They were observed under high vacuum. Figs. 1 and 2 show the
C.O. Illanes et al. / Chemical En

he activation energy values. At high metallic ions concentration,
ithin the experimental time range studied, the ion diffusion in

he particle played a dominant role on the sorption rate. The
lovich’s equation has been widely used to study the adsorption
inetic of gases on solid surfaces [14]. This equation has been
lso applied to describe the adsorption in aqueous media of both
hosphate and arsenic species on goethite [15,16]. Juang and
hou [17] found out that sorption kinetics of citric acid from
queous solutions by macroporous resins containing a tertiary
mine can be adequately interpreted by the Elovich equation.

Kamio et al. [9] studied the sorption behavior of Ga(III) and
n(III) ions in MS containing 2-ethylhexylphosphonic acid mono
-ethylhexyl ester. The sorption mechanism was evaluated from
ctivation energy data. The activation energy values for sorption
ndicated that diffusion and chemical reaction steps controlled
on sorption rates.

The aim of this study is to measure and compare the sorption
ate of Cr(VI) ion from acid chromate solutions with Aliquat
36 impregnated microspheres. This extractant is an effective
ompound to remove Cr(VI) from industrial effluents and is
idely used in liquid–liquid extraction process [18]. The effect
f MS morphology on the ion sorption kinetics will be analyzed.
he sorption behavior and the mainly controlling sorption steps
ill be discussed according to kinetic models, such as: Elovich

quation, pseudo-second order and Crank models.

. Experimental

.1. Reagents

Polysulfone P-3500 (PSf) was provided by Amoco,
oly (styrene-co-acrylonitrile) was provided by Bayer. AG
olyvinylpyrrolidone K30 and sodium dodecyl sulfate were
urchased from Fluka, Aliquat 336 was supplied by Cognis.
gar–agar powder, dichloromethane (DCM), potassium dichro-
ate and chromium standard for AA (titrisol) were provided by
erck.

.2. Microsphere preparation

Precursor polymeric solution consists of a mixture of differ-
nt ratios of PSf and PVP. PSf is a linear polymer soluble in
CM and insoluble in water while PVP is a polymer soluble in
CM as well as in water. In this route, MS formation occurs by
hase inversion process of PSf polymer, while the presence of
VP favors the generation of cavities or pores in MS structure.
Sf–PVP mixture was varied according to the following weight
atios: 1:1, 2:1, and 1:3. A detailed composition of precursor
olutions is shown in Table 1.

The experimental methodology of MS synthesis is based
n the following outline: in a 1 dm3 vessel, 0.8 dm3 of dis-
illed water with 2% agar–agar and 2% sodium dodecyl sulfate
ere added. The polymeric solution was added dropwise to the
queous phase under continuous mixing with a blade stirrer
800 rpm). After the last drop was added, emulsion temperature
as gradually increased up to 50 ◦C. Finally, MS were filtered,
ashed with distilled water and air-dried at room temperature.
AN–PVP 2:1 12.34 6.17 81.49
AN–PVP 1:3 7.55 22.65 69.80

he same procedure for SAN–PVP microspheres preparation
as carried out.

.3. Microsphere impregnation and batch sorption
xperiments

MS samples were impregnated in solution of Aliquat 336, a
elective extractant of ion Cr(VI). Impregnation was performed
y the following methodology: 0.33 g of MS was put into con-
act with 1 g Aliquat 336 for 24 h. Impregnated MS (IMS) were
eparated by filtration from the excess of extractant solution and
ashed three times with distilled water. Extraction batch tests at
98 K were carried out. Extraction procedure consisted in plac-
ng 0.3 g of IMS in contact with 80 cm3 of 40 ppm Cr(VI) ion
queous solution at pH 4. During extraction tests, solutions in
ontact with MS were constantly stirred at 100 rpm and samples
f aqueous solutions were taken at different intervals. The Cr(VI)
oncentration was determined by atomic adsorption spectrome-
ry using a Varian 50AA spectrometer. Aliquat 336 final content
n the MS was determined by change of weight before and after
eptane extraction.

.4. Characterization
Fig. 1. Microphotograph of PSf 2–1 MS.
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Table 2
MS structural parameters from Hg intrusion and SEM images

Microspheres PSf–PVP 2:1 PSf–PVP 1:1 PSf–PVP 1:3 SAN–PVP 2:1 SAN–PVP 1:1 SAN–PVP 1:3

Total intrusion volume (mL/g) 0.3566 0.4855 0.2147 0.9158 0.3446 0.0430
Average pore diameter (4V/A) (�m) 0.1243 0.3238 0.0121 0.0406 0.0165 0.0215
Porosity (%) 14.705 17.602 13.266 29.269 25.500 13.151
Particle diameter (�m) (SEM) 18 120 3
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Fig. 2. Microphotograph of SAN 1–1 MS.

icrograph of PSf–PVP 2:1 and SAN–PVP 1:1. The particle
ize distribution and mean particle size were determined using an
mage analyzer. Table 2 shows the mean particle sizes obtained
rom this analysis.

.4.2. Hg porosimetry
MS pore size distribution, mean pore diameter and porosity

ere studied with an Autopore III 9410 Micromeritics Porom-
ter. Table 2 shows the MS structural parameter values.

The effect of operational parameters on the ME structural
haracteristics has been discussed in previous work [1].

. Sorption mechanisms

.1. Elovich equation

The Elovich equation is given by:

dq

dt
= A e(−αq) (1)

here q (mol Cr/g MS) is the amount of solute adsorbed at time
(s), A (mol/g s) and α (g/mol) are constant. The parameter A
an be considered as the initial rate since (dq/dt) → A as q → 0.
t has extensively been accepted that the chemisorption process
an be described by this semi-empirical equation. Zhang and

tanforth [16], by quotation from Parravano and Boudart’s work
19], mentioned that the Elovich equation allows to establish if
he process is based on diffusion or chemical reaction control.

hen the adsorption is based on energetically heterogeneous

a

S

0 25 333 150

urface, the parameter α is related to the distribution of activa-
ion energies. In the diffusion control model, α is a function of
oth the particle structural–chemical characteristics and solute
iffusion coefficient. Pavlatou and Polyzopoulos [20] suggested
hat the conformity of Elovich equation may only be taken as
vidence that the rate-controlling step is the solute diffusion.
haroni et al. [21] also suggested that diffusion accounted for

he Elovich kinetic patterns.

.2. The kinetic model of pseudo-second order

Ho and McKay [22] developed the pseudo-second order
inetic model where the chemisorption equation is represented
y:

dq

dt
= k2(qe − qt)

2 (2a)

here, in our chromium-microspheres system, k2 is the pseudo-
econd order rate constant for sorption (mol/g s), qe and qt are
he chromium sorbed at equilibrium and at time t, respectively.
rranging Eq. (2a) and integrating (with q = 0 at t = 0 and q = q

t t = t) the following expression is obtained:

1

(qe − q)
= 1

qe
+ kt (2b)

Eq. (2b) can be rearranged to obtain a linear form:

t

q
= 1

k2q2
e

+ t

qe
(3)

.3. Crank model

In their kinetic data interpretation, Matthews and Weber [23]
nd Choy and McKay [24], used the diffusion model proposed
y Crank [25]. In their analysis, the mass-transfer rate, Nt, at the
xternal surface of MS is given by:

t = ∂Ct

∂t
= kiSA(C(t) − Cs) (4)

here Cs is the liquid phase concentration at the surface in equi-
ibrium with the solid-phase concentration, q, ki the external

ass-transfer coefficient (m/s) and SA is the specific surface

rea of sorbent:

A = 6ms

dpρs
(5)
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Fig. 3. Elovich equation PSf-MS. Experimental points (symbols), fitting curve
(solid curve).

Table 3
Elovich equation’s parameters

Microspheres A (×108 mol/g s) α (×10−4 g/mol) χ2

PSf–PVP 2:1 26.155 ± 2.151 1.499 ± 0.201 4.7077E−16
PSf–PVP 1:1 11.586 ± 0.686 1.889 ± 0.171 5.2871E−17
PSf–PVP 1:3 10.117 ± 0.639 2.590 ± 0.272 4.3404E−17
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4.2. Kinetic model of pseudo-second order

Figs. 5 and 6 show the experimental data representation of
t/q versus t (Eq. (3)). The pseudo-second order constant (k2), the
C.O. Illanes et al. / Chemical En

here ms is the solid-phase concentration in liquid phase (kg),
p the particle diameter (m), and ρs is the skeletal density of
icrosphere (kg/m3).
The external mass-transfer coefficient can be directly calcu-

ated by the film diffusion equation proposed by Matthews and
eber [23]:

n

(
C(t)

C0

)
= −kiSAt (6)

hen t → 0 and Cs → 0.
According to Crank diffusion model [25], the concentration

f solute (q) inside microsphere at distance r, from the centre
nd at time t, is governed by the following diffusion equation:

t = ∂q

∂t
= Dapp

r2

∂

∂r

[
r2 ∂q

∂r

]
(7)

here Dapp is the apparent diffusion coefficient (m2/s) of the
orbent in the particle.

For the two resistances model, external film mass transport
nd intraparticle diffusion, the differential equation solution pro-
osed by Crank is:

app
∂q

∂r

∣∣∣∣
r

= kiSA(Ce − Cs) = kiSAms(qe − qs|r) (8)

here Cs is the liquid phase concentration at the surface in
quilibrium with the solid-phase concentration q|r. The final
quilibrium concentration in the bulk liquid phase is Ce and qe
s the equilibrium solid-phase concentration.

For a step change in the bulk concentration from C0 to Ce at
= 0, the solution for the uptake curve is:

q̄ − q0

qe − q0
= 1 −

∞∑
n=1

6L2 exp(−β2Dappt/r2
p)

β2
n[β2

n + L(L − 1)]
(9)

here q̄ is an average solid-phase concentration of the particle;
0 is an initial mean equilibrium solid-phase concentration;

= kirpms

Dapp
(10)

nd βn represents the roots of the equation:

n cot βn + L − 1 = 0 (11)

Eqs. (6) and (8)–(11) have been solved for each experiment
nd best-fit mass-transfer coefficients and diffusivities, ki and
app, have been obtained.

. Results and discussion

.1. Elovich equation

Experimental data of chromium absorption were analyzed

ith the Elovich equation. The dq/dt versus q values are shown

n Figs. 3 and 4. Solid lines indicate the data fit obtained with
he Levenberg–Marquardt minimization method (chi-square).
itting parameters are given in Table 3.

F
c

AN–PVP 2:1 8.355 ± 0.807 4.663 ± 0.684 6.6407E−17
AN–PVP 1:1 7.882 ± 0.383 3.056 ± 0.246 1.5920E−17
AN–PVP 1:3 4.231 ± 0.343 8.281 ± 1.091 1.2069E−17

Juang and Chen [13] found out that the parameter A of the
lovich equation reached a maximum value when it is repre-
ented in a log–log plot versus the metallic ion concentration
xtracted with D2EHPA (Zn (II), Fe(III) and Cu(II) in aqueous
hase). These authors also reported that higher initial sorp-
ion rates give smaller α values. Table 3 data corroborated this
ast tendency in contrast with gas–solid chemisorptions systems
eported by other authors [26,27].
ig. 4. Elovich equation in SAN-MS. Experimental points (symbols), fitting
urve (solid curve).
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Fig. 5. t/q vs. t in PSf-MS. Experimental points (symbols), pseudo-second order
model (—).

Table 4
Parameters for pseudo kinetic second order model

Microspheres k2 (mol/g s) q (mol Cr/g MS) t1/2 (s) R2

PSf–PVP 2:1 21.30 1.82E−4 257.96 0.9989
PSf–PVP 1:1 2.55 1.77E−4 2215.58 0.9900
PSf–PVP 1:3 2.94 1.56E−4 2180.36 0.9989
SAN–PVP 2:1 2.65 1.34E−4 2816.11 0.9944
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AN–PVP 1:1 1.54 1.49E−4 4358.06 0.9970
AN–PVP 1:3 5.78 5.45E−5 3174.50 0.9984

bsorption concentration at equilibrium (qe) and the initial sorp-
ion rate (k2qe

2) calculated by fitting the straight lines of these
lots are summarized in Table 4. A good correlation coefficient
rom the linear regression was achieved (R2 > 0.99).

In Table 4 the half sorption time (t1/2) has been included. This
s defined as the required time to uptake the half of the maximum
mount of sorbed Cr(VI) at equilibrium. The half-sorption time
lso characterize the sorption process. It can be observed from

ables 4 and 2 that for microspheres with lower diameter size
PSf–PVP 2:1 and SAN–PVP 2:1) the lowest half sorption time
s obtained. These results indicate that when the particle size is
ncreased, the sorption process will occur more slowly. It can be

ig. 6. t/q vs. t in SAN-MS. Experimental points (symbols), pseudo-second
rder model (—).
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ig. 7. Cr(VI) sorption vs. t in PSf-MS. Experimental points (symbols), Crank
odel (solid curve).

lso observed that when the lower the particle size is, the greater
quilibrium concentration of Cr(VI) is reached.

.3. Crank model

To illustrate the ability of Crank model to characterize the
xperimental data, sorption kinetics plots are represented in
igs. 7 and 8. These results show the good correlation between

he theoretical (solid lines) and experimental values of Cr(VI)
orption in the MS.

The Crank parameters (ki and Dapp) for sorption kinetics of
r(VI) calculated by fitting the experimental data with Eqs. (6)
nd (8)–(11) are summarized in Table 5.

Biot’s number allows distinguishing if the sorption process is
ontrolled by the mass transport in the particle external boundary
ayer or by the Cr–Aliquat 336 complex diffusion inside the pore,
ccording to the following expression

iot = kirp

Dapp
(12)

here rp is the particle radius. A Biot’s number higher than
ne indicates that, the complex diffusion through the parti-
le pore is the controlling transport step. When Biot � 1, the

xternal mass transfer becomes the predominant mechanism.
iot numbers calculated with parameters obtained from the

orption kinetics model are given in Table 5. These Biot num-
er values (�1) suggest that the sorption process is mainly

ig. 8. Cr(VI) sorption vs. t in SAN-MS. Experimental points (symbols), Crank
odel (solid curve).
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Table 5
Kinetics data from Crank model, Langmuir isotherm, and surface diffusion

Microspheres ki (×107 m/s) Dapp (m2/s) Biot Re KL (L/g) aL (×10−4 L/mol) R2
La Deff (m2/s) Ds (m2/s)

PSf–PVP 2:1 1.89 6.0 × 10−15 288 12.14 5.8431 3.01 0.90 7.2 × 10−16 6.4 × 10−20

PSf–PVP 1:1 3.60 4.5 × 10−14 477 147.5 1.3910 4.22 0.96 1.1 × 10−15 3.0 × 10−18

PSf–PVP 1:3 1.23 3.5 × 10−15 527 23.36 25.0618 69.4 0.99 5.8 × 10−16 3.9 × 10−19

SAN–PVP 2:1 0.84 2.2 × 10−14 46 18.32 0.1918 1.00 0.98 7.7 × 10−16 2.7 × 10−17
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AN–PVP 1:1 50.60 2.0 × 10−12 281 580.88
AN–PVP 1:3 13.30 4.7 × 10−13 212 203.33

ontrolled by the intraparticle diffusion. Saha et al. [28] in
heir extraction experiments with SIR founded diffusion coeffi-
ients, Dapp, for Cr(VI) sorption for all samples lie in the range
4.28–11.90) × 10−12 m2/s by assuming a intraparticle diffu-
ion control governed by Fick’s second law. Their SIR were
ormed by impregnating Amberlite XAD-7 with Aliquat 336 as
he extractant at pH 6.

Furusawa and Smith [29] have established that the Reynolds
umber (Re) of sorbent particles can be defined as

e =
(

∈ d4
p

ν3

)1/3

(13)

here ∈ is the energy dissipation rate per unit mass of particle-
ree liquid, ergs/(g s), which is a function of potential number and
he impeller both rpm and geometry [29]; and ν the kinematic
iscosity. It can be noted from this equation that keeping the
ame particle stirring, the Re number increases with the particle
iameter, which in turn produces an increase in the mass-transfer
oefficient. It can be noted from Table 5 that the mass-transfer
oefficient follows the expected trends, as far as they increase
ith the MS diameter.
If we compare the Cr–Aliquat complex diffusion coefficients

btained from Crank Model with the free diffusion coefficient
¯ = 1.15 × 10−13 m2/s calculated from the semiempirical
xpression given by Wilke-Chang [30], it can be seen that Dapp
n SAN–PVP 1:1 and 1:3 MS are much larger than D̄. Furusawa
nd Smith [29] account from this behavior by considering that
here is (exist) a surface diffusion of the solute which is described
s a surface migration or hopping between adjacent sites of dif-
erent adsorption strength. Several researchers [31–34] have also
xplained their experimental data of solute diffusion through gel
icroporous resins considering this surface migration mecha-

isms.
To account this surface diffusion contribution Furusawa and

mith [29] found out the following relation

app = Deff + ρpKLDs

ε
(14)

here Ds is the surface diffusivity (m2/s), Deff the effective dif-
usion coefficient inside of the pore, ρp the particle density, ε the
olid porosity, and KL is the Langmuir adsorption equilibrium

onstant (m3/kg). Deff can be calculated by [35]:

eff = εD̄

τ
(15)

t
m
s
f

2.7334 8.40 0.99 3.4 × 10−15 0.5 × 10−
0.3422 0.79 0.97 2.4 × 10−15 0.6 × 10−

ith

= (2 − ε)2

ε
(16)

here τ is the solid tortuosity.
The Langmuir isotherm for solute sorption can be expressed

s [9]:

= KLC

1 + aLC
(17)

here aL is a constant in Langmuir isotherm, L/mol, KL the
dsorption equilibrium constant, L/g of MS, and C is the Cr(VI)
ulk concentration at equilibrium (mol/L).

The Langmuir parameters (KL, aL) obtained by fitting our
xperimental data of absorbed Cr(VI) concentration in the MS
ersus Cr(VI) concentration at equilibrium in the bulk solution
Eq. (14)), and Deff and Ds data obtained from Eqs. (14)–(16) are
hown in Table 5. The good correlation between the theoretical
angmuir isotherm and experimental data, given by the corre-

ation coefficient R2
L, suggests that this sorption mechanisms is

dequate to interpret the of Cr(VI) sorption at equilibrium with
S.
From these results the Deff and Ds values can be compared.

hey show clearly that the surface diffusion coefficient increases
s the microsphere pore size decreases. When Cr(VI) sorption is
arry out with PSf–PVP and with SAN–PVP 2:1 microspheres,
he surface diffusion contribution is negligible compared with
he effective diffusion transport (Deff � Ds). On the other hand,
n the Cr(VI) sorption process with SAN–PVP 1:1 and 1:3 MS
he solute surface diffusion contribution becomes more impor-
ant (Ds of the same order than Deff), which in turn produces
n enhance on the apparent diffusion coefficient overcoming the
olecular diffusion coefficient (Dapp > D̄).

. Conclusions

In this study, a thorough analysis of kinetic sorption of Cr(VI)
nto a solvent impregnated porous microspheres is provided.
olymeric microspheres from PSf and SAN impregnated with
liquat solvent were prepared and tested for Cr(VI) sorption.
ifferent theoretical models were tested to interpret the Cr(VI)
inetic sorption. Even though the Elovich equation and the
seudo-second order model give satisfactory correlations with

he experimental data, we found out that the Crank model is

ore realistic and appropriate to interpreted our Cr(VI) kinetic
orption results. From this model, it can be seen that there is a sur-
ace diffusion contribution to the overall Cr(VI) mass transport
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ize decreases. While the Deff values are in the range of 10−15
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