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ABSTRACT

The removal of chromium (VI) from aqueous solutions by Donnan dialysis has been investigated in this paper. In this
process, two anion-exchange membranes (AEMs) were used: Selemion® AMV and Neosepta® AFN. The amount of
chromium (VI) removed was determined in terms of the following parameters: initial concentration of chromium (VI),
type of anion-exchange membrane, concentration of counter-ion and magnetic stirring rate. A 24 full factorial design
analysis was performed to screen the parameters affecting the Cr (VI) removal efficiency. Using the experimental re-
sults, a linear mathematical model representing the influence of the different parameters as well as their interactions was
obtained. Analysis of the variance (ANOVA), the F-test and the student’s test shows that the type of anion-exchange
membrane is the most significant parameter affecting the chromium (VI) removal. The statistical analysis of the ex-

perimental data assumes it to be a normal distribution.
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1. Introduction

Chromium and its derivatives are widely used in Indus-
trial products such as electroplates, dies, textiles, lea-
ther... in which chromium in wastewater is present either
in hexavalent form Cr (VI) or in the trivalent form Cr
(1IT). Generally, chromium appears to be a nutrient for some
plants and animals, including humans; On the other hand,
chromium (VI) species have been reported to be toxic to
bacteria, plants and animals. Human toxicity includes lung
cancer, liver, kidney, gastric damage and epidermal irri-
tation [1]. The maximum contaminant level of chromium
in drinking water is 0.05 mg-L' [2]. Due to its high toxi-
city, especially in its hexavalent form, the tolerated con-
centrations are controlled by strict standards and measures.
Therefore, it is necessary to eliminate Cr (VI) from the
environment in order to prevent the deleterious impact on
ecosystem and public health. There are various treatment
technologies available to remove the Cr (VI) from waste-
water such as chemical precipitation [3], ion-exchange
[4-9], membrane process as reverse osmosis, ultrafiltra-
tion and nanofiltration [10-14], flotation [15], electrocoa-
gulation [16], solvent extraction [17], sedimentation [18],
reduction [19], dialysis/electrodialysis [20], adsorption
[21-24] and biosorption [25].

The Donnan dialysis is a useful membrane process
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used to recover valuable ions and remove undesirable
ones from some waste effluents [26-34]. The theory and
principles behind the Donnan dialysis process are re-
cently reviewed by Luo et al. [35]. A number of funda-
mental and practiced studies have been conducted includ-
ing treatment of alkali, alkali earths, transition and rare
metals [36-41].

The present study deals with the application and the
optimization of the Donnan dialysis in the removal of
chromium (VI) from a reconstituted solution. The amount
of chromium removed was determined as a function of
the following parameters: initial chromium concentration,
type of anion-exchange membrane, counter-ion concen-
tration and stirring rate. The experiments have been car-
read out using a 2 full factorial design to study the effect
of the main and interaction parameters [42]. This study
will allow us to find the best conditions to remove the
chromium (VI) by Donnan dialysis. These conditions will
be used for a future study on the efficiency of this proc-
ess for the removal of chromium.

2. Experimental
2.1. Material and M ethods

2.1.1. Membranes
For the Donnan dialysis process two AEMs have been
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used: Selemion® AMV and Neosepta® AFN. The AFN
membrane was generously provided by Eurodia Indus-
tries S.A. and the AMV one was purchased. Details of
their chemical structure cannot be known but they do con-
tain tertiary amine functional groups and their properties
are listed in Table 1.

Prior to any measurement, it was necessary to condi-
tion the samples in order to stabilize their physical-che-
mical properties and remove any impurities that may come
from their manufacturing process. The French standard
NF X 45-200 was followed to achieve this treatment
[43].

2.1.2. Reagents

The stock solutions of chromium (VI) were prepared by
dissolving sodium chromate salt (Na,Cr,O7) in 1.0 liter
of distilled water to have an initial concentration of Cr
(VI) 1.0 g'L™". Under these conditions, the pH of the so-
lution is close to 4 and the dominant ion is therefore the
HCrO; . All other reagents used (Na,Cr,0O7; NaOH; NaCl;
1,5-diphenylcarbazide) were analytical reagent grade.

2.1.3. Donnan Dialysis

Figure 1 shows the device used to study the chromium
(VI) removal by Donnan Dialysis. It is composed of a
thermoregulated water bath (25.0°C £ 0.1°C in this
study), containing a cell with feed and receiver compart-
ments separated by an anion-exchange membrane. The
solutions are pumped through the cell with a peristaltic
pump fitted with a pair of identical heads and a speed va-
riator allowing for variable flow rates. The hydrodyna-
mic conditions on both sides of the membrane can be ad-
justed by two variable speed stirring rods. The dialysis
cell consists in two detachable compartments made with
polymethylmetacrylate (plexiglass). It is composed of four
parts joined by three stainless steel treaded rods. The
centring is assured by bolsters.

The two central compartments, consisting of two tubes
are symmetrical. Three threaded holes penetrate each com-
partment and serve as supports for stuffing boxes. The
membrane is sandwiched between these two compart-
ments, making a seal at the same time [44].

Table 1. Properties of the two anion-exchange membranes
used in this study.

To supply the receiver compartment an NaCl or NaCl
solution is used at the concentration of 0.01 Mor 0.1 M.
The feed compartment is filled with Chromium (VI) so-
lution at the concentration of 100 or 300 mg-L™".

The samples were analyzed for residual Chromium (VI)
concentration by reaction with 1,5-diphenylcarbazide fol-
lowed by absorbance measurement at 540 nm using a
UV-visible spectrophotometer. This method was validat-
ed in a previous study [45].

The removal rate of chromium was calculated by using
to Equation (1):

c,-C
Y., (%) =—2—<x100 (1)
CO
where Cy and C, are the initial and equilibrium concen-
trations (mg-L "), respectively.

2.2. Factorial Design

A Factorial design, with 16 experiments for 4 factors
(Table 2), was carried out as a screening approach to find
the significant factors affecting the responses. The expe-
riments, presented in Table 3, were executed in a random
order. For every experiment performed, a reagent blank
was also prepared. All measurements were run in tripli-
cate for the sample solution. The effect of the factor i can
be estimated from b; (Equation (2)):

I Cellule Bloc d’agitation
‘ \ L \
Alimentationyy Receveur
Membrane Agitateur

Figure 1. The experimental device of the Donnan dialysis
process.

Table 2. Experimental ranges and level of the factors stud-
ied in the factorial design.

Coded Rang and level
Factor mbol
Par ameter Selemion® AMV ~ Neosepta® AFN Y -1 +1
Type Homogeneous Homogeneous Initial concentration of chromium
C 1! Xi 100 300
Structure property PS/butadiene PS/DVB (Ci,mg'L™)
Fixed ionic group - NR;r - NR;r Concentratlion counterion X 0.01 0.1
(Co, mg-L7)
Ton-exchange
capacity (mmol-g ™) 1.85 3.15
Type of AEM X AMV  AFN
Water content (%) 19.9 40.5
Thickness (mm) 0.11 0.12 Magnetic stirring (e, rpm) Xy 200 900
Copyright © 2013 SciRes. AJAC
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Table 3. Studied parametersin their reduced and normal forms.

Experiment Cy(mg-L™) X Cy(mol-L™) X, AEM X (o, rpm) X, Y (%)
1 100 -1 0.01 -1 AMV -1 200 -1 4.0
2 300 1 0.01 -1 AMV -1 200 -1 1.4
3 100 -1 0.1 1 AMV -1 200 -1 9.1
4 300 1 0.1 1 AMV -1 200 -1 3.4
5 100 -1 0.01 -1 AFN 1 200 -1 12.7
6 300 1 0.01 -1 AFN 1 200 -1 12.9
7 100 -1 0.1 1 AFN 1 200 -1 22.0
8 300 1 0.1 1 AFN 1 200 -1 16.1
9 100 -1 0.01 -1 AMV -1 900 1 3.1
10 300 1 0.01 -1 AMV -1 900 1 2.5
11 100 -1 0.1 1 AMV -1 900 1 4.5
12 300 1 0.1 1 AMV -1 900 1 2.9
13 100 -1 0.01 -1 AFN 1 900 1 20.0
14 300 1 0.01 -1 AFN 1 900 1 18.9
15 100 -1 0.1 1 AFN 1 900 1 23.0
16 300 1 0.1 1 AFN 1 900 1 18.9
Z y* _z v~ and continuous increase in the concentration of chro-
b === 2) mium (VI) in the receiver compartment. It appears that

" N
where Yy, is the sum of the responses for which

factor i is on the high level (+X; = +1), z v, is the

sum of the responses for which factor i is on low level
(=X; =-1), and N is the number of experiments. The the-
oretical response at X; = 0 can be estimated from by:

bozzyz‘
N

To increase the response, the factor i must be main-
tained [46]:

v at the high level (+) if b; is positive;

v at the low level (-) if b; is negative.

3. Results and Discussion
3.1. Effect of Counter-lon

The type of counter-ion has an important effect on trans-
port of Cr (VI) through the AEM. Two counter-ions, Cl~
and OH ", were chosen for their difference in their diffu-
sion coefficient values and their chemical behavior. These
two counter-ions are commonly used in Donnan dialysis
and remain not expensive for industrial applications. The
counter-ion was fitted in the receiver compartment, and
as the feed compartment a solution of Cr (VI) at 100
mg-L " has been used. In this part, the two compartments
are separated by the AMV membrane and the dialysis
operations lasted six hours. Each hour, a sample has been
taken from the receiver to measure the concentration of
chromium. The obtained results indicate a progressive

Copyright © 2013 SciRes.

OH" counter-ion gives better chromium (VI) transport
through the AMV membrane. However, it should be in-
dicated that color of the feed compartment changes from
yellow to yellow-green when using OH, while it remains
unchanged (yellow) where CI” was used. This is due to
the effect of the pH variation of the feed compartment
leading to a change in the nature of the ions present. In-
deed, it was found that the pH becomes very alkaline (~
11) and therefore the dominant ion is Cr(OH); which is
known to be green. Thus, in spite of OH counter-ion pro-
vides better chromium (VI) removal, the choose to not use
it because its presence in feed compartment alters the
initial composition of the predominant species in the so-
lution.

3.2. Empirical Modeling

3.2.1. Factorial Design

In order to obtain the optimum conditions for the re-
moval of chromium (VI) by Donnan dialysis, a full factor
design has been used. A factorial design is a multi-factor
cross-group design. It can not only test the differences
between various levels of each factor, but also test the
interaction between the factors. If there is interaction be-
tween two or more factors indicating these factors are in-
terdependent, which means that when the level of a fac-
tor changes, the effect of one or several factors changes
accordingly. In opposition, if there is no interaction indi-
cating the independence of various factors, changes in
the level of a factor do not affect the effects of other fac-
tors.
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The factorial design of the type n* has been used,
where n = number of levels and & = number of factors
under verification (here n = 2 and k = 4). Thus, the total
number of trial experiments needed for an investigation
is 2%, If Y, (removal efficiency of chromium (VI)) is the
response variable, then the regression equation with four
parameters and their interaction Equation (3) is given by
Akhnazarova and Katarov [47] (see Tables 2 and 3):

Y=b+bX +bX,+bX,+bX,
+b12X1X2 +b13X1X3 +b14X1X4 (3)
+b23X2X3 +b24X2X4 +b34X3X4

whereby, b, by, by and b, are the linear coefficients, b5,
b13, bia, bys, bys and b3y are the second-order interaction
terms. X, X5, X3 and X, are the dimensionless coded fac-
tors of the following parameters studied initial concen-
tration of chromium (VI), concentration of counter-ion,
type of the anion-exchange membrane and magnetic stir-
ring, respectively. In Table 2, the low and high levels are
mentioned for the studied parameters.

According to the factorial design for chromium (VI)
removal, sixteen (2%) experiments have been taken out
following the matrix in Table 3.

The effect, regression coefficients, standard errors, T
values (standardized effects) are gathered in Table 4.

By substituting the coefficients in Equation (3) with
their values from Table 4 it can derive a model equation
relating the level of parameters to the chromium removal
efficiency Equation (4):

Table 4. Statistical parametersfor a 2* design.
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Y, =10.963—1.337.X, +1.525X, +7.100.X,
+0.762X, —0.825X,X, —0.025X X,
+0.412X,X, +0.413X,X, —0.925X, X,
+1.3765X, X,

“)

3.2.2. The Student’s T-Test

The Student’s t-test was carried out to determine whether
the calculated main and interaction effects were signifi-
cantly different from zero. Absolute values of the main
factors and the interaction of factors are illustrated in
Pareto chart (Figure 2) in the horizontal columns. With a
95% confidence level and sixteen degrees of freedom,
the t value was equal to 2.57. To indicate the minimum
level, a vertical line is drawn in the Pareto chart. The bars
for BC, AD and AC remained inside the reference line in
the Pareto chart, showing that these terms contributed the
least to the prediction of Cr (VI) removal efficiency.

3.2.3. Analysisof Variance (ANOVA)

In order to determine the significant main and interaction
effects of factors influencing the removal efficiency of
Cr (VI), an analysis of variance (ANOVA) was perform-
ed. The sum of squares (SS) and mean square (MS) of
each factor, P-value and the F-ratio, defined as the ratio
of the respective mean square effect and the mean square
error, are shown in Table 5. Since for a 95% confidence
level, 1 degree of freedom and 16 factorial tests Fs, 1,
116 1s equal to 4.49, all the effects with F-values higher
than 4.49 are significant.

2.57

Factor Name
C1 A Cr(VD)
Term  Effet Coefficient Sond@d g P . Boa
error C QhM
CD+ D
Constant 10.963 0.2823 388  0.000 A
E BD
Cr (VI) 2675  -1337 02823  —4.74  0.005 £ AB
DA
Cl- 3.050 1.525 0.2823 540  0.003 BCH
ADA
AEM 14.20 7.100 0.2823  25.15  0.000 ACH
0 1'0 1'5 2|0 2'5
® 1.525 0.762 02823 270  0.043 Standardized Effect
Figure 2. Pareto chart for standardized effects.
Cr (VI)-CI-  -1.650  —0.825 02823 292  0.033
Table5. Analysis of variance.
Cr(VI)-AEM  —0.050  —0.025 02823  —0.09  0.933
Source Df SS MS F-value P-value
Cr (V-0 0825 0.412 0.2823 146  0.204 model
Main effect 4 881.7 2204 172.8 0.000
CI-AEM 0.825 0.413 02823 146 0204
Interaction 6 60.3 10.0 7.9 0.019
Cl-w ~1.850  -0.925 02823 328  0.022 )
Residual 5 6.4 13
AEM-0 2.750 1.375 02823 487  0.005 Total 15 9484
Copyright © 2013 SciRes. AJAC
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P-value is the probability value used to determine the
statistically significant effects in the model. The impor-
tance of the data can be judged by its P-value, where va-
lues closer to zero denote greater significance. According
to the obtained F-value and P-value, it seems that the ef-
fect of initial concentration of chromium Cr (VI) (A),
concentration of counter-ion CI” (B), type of anion-ex-
change membrane AEM (C), magnetic stirring @ (D),
and the interaction effect of initial concentration of chro-
mium Cr (VI) and concentration of counter-ion CI” (A %
B), concentration of counter-ion CI” and magnetic stir-
ring o (B x D), type of anion-exchange membrane and
magnetic stirring @ (C x D) are statistically significant.

3.2.4. Main and Interaction Effects

Analyzing the graphs of Figure 3 which represents the
main effects and analyzing the coefficient of Equation
(3), it can be inferred that the type of anion-exchange
membrane has the most important variable since its coef-
ficient was the largest (i.e. 7.10). The positive sign of the
coefficient for the type of AEM means that Cr (VI) re-
moval was improved with AFN anion-exchange mem-
brane. This is due to the high ion-exchange capacity of
AFN compared to that of AMV and also due to its water
content. The counter-ion concentration and the chromium
(VI) concentration have moderately significant effects on
the removal of chromium by Donnan dialysis.

The magnetic stirring has little influence on the chro-
mium (VI) removal. This can be explained by the fact
that the diffusion boundary layers thickness decreases sig-
nificantly from 0 to 200 rpm but the thickness remains
almost constant from 200 to 900 rpm [48]. The most sig-
nificant interaction is between the type of anion-ex-
change membrane and magnetic stirring. The AFN mem-
brane gives an important concentration of chromium (VI)
in receiver compartment. This is due to the difference on
the surface state of both used AEM. Indeed, the AFN
membrane is reinforced with a PVC frame, which gives
significant roughness at the surface. This roughness cre-
ates turbulence which increases sharply with stirring.

20 Cr (VD) Cl
15
-— /
10 — p——
54
g T
< 100 300 0.01 0.10
20 AEM w
154
10 —
54
AMV AFN Low High

Figure 3. Main effects plot for Cr (V1) removal.
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Thus, the diffusion boundary layers are reduced and the
passage of HCrOj ions is easier. The interaction effects
plots are shown in Figure 4. The non-parallel lines in
this figure are indications of interaction between the two
factors. The graphs of Figure 4 and coefficients of Equa-
tion (3) show negative interaction between initial con-
centration of chromium (VI) and counter-ion concentra-
tion ClI" (A x B), and counter-ion concentration CI" and
magnetic stirring w (B x D).

A positive interactive effect was also observed be-
tween initial concentration of chromium Cr (VI) and mag-
netic stirring (A X D), counter-ion concentration Cl™ and
type of anion-exchange membrane AEM (B x C) and
type of anion-exchange membrane AEM and magnetic
stirring (B x D).

The interaction (A x B) shows that the initial concen-
tration of chromium 100 mg-L ™" and the counter-ion con-
centration (0.1 mol-L™") improve the removal of chro-
mium. The interaction (A % C) confirms that the effect of
AEM is the most influent and indicates that AFN is the
best membrane for the chromium (VI) removal. The inte-
raction (A x D) indicates that the increasing of the mag-
netic stirring rate had an effect only for high concentra-
tion of Cr (VI) and this is due to the decrease of the dif-
fusion boundary layers thickness. The interaction (B x C)
indicates that the combination AFN and the high concen-
tration of counter-ion provide a better removal.

The interaction (B % D) confirms that the increase of
magnetic stirring speed reduces the diffusion boundary
layers thickness which facilitates the passage of HCrO; .
The interaction (C x D) confirms the difference of sur-
face state of both used membrane.

3.2.5. Normal Probability Plot of Residuals

The normality of the data can be checked by plotting a
normal probability plot of the residuals. If the data points
on the plotfall fairly close to the straight line, then the
data are normally distributed [49]. To determine whether
or not the data set is normally distributed, the normal
probability plot of residual values is shown in Figure 5.
The data set has normal distribution if the points fall

0.01 0.10 AMV AFN Low High
1 f ' L i

. F200 cr (v
7/ —— 100
Cr (VD) - e - F10(—a- 300
7/
%
N o cr
s .- —e— 0.01
cr p ~—" io|-s- 010
‘,
0
= 20 AEM
- —e— AMV
AEM 10|~ @8- AFN
—
0
w

Figure 4. Interaction effects plot for Cr (VI) removal.
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—

3 2 -1 0 1 2 3
Standardized Residual
Figure 5. Normal probability plot of residuals for Cr (VI)
removal efficiency.

close enough to the straight line. It is evident from Fig-
ure 5 that experimental points follow a straight line sug-
gesting the normal distribution of the data.

4. Conclusions

This study shows that the type of anion-exchange mem-
brane has the most significant impact on the removal of
the chromium (VI), this is due to the difference of the
surface state of both AEMs used. On the other hand, the
analysis of variance (ANOVA), t-test and F-test shows
that the interactions of (A x B), (B x D) and (C x D) are
the most statistically significant. Finally, the statistical
analysis of the experimental data assumes that the data
have a normal distribution.

After the optimal conditions for carrying out a Donnan
Dialysis operation are researched, a complete study on
the efficiency of this process is being conducted for the
removal of chromium (VI) and the possibility of its cou-
pling with another process: the adsorption on activated
alumina.
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bi2, bi3, big, bas, bag, by —  Second-order interaction terms
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‘ (mg'L™)
AEM —  Anion-exchange membrane
X1, Xo, X3, Xy —  Dimensionless coded factors of parameters
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