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a  b  s  t  r  a  c  t

A  comparative  study  on  the  optimization  of process  parameters  of  an  emulsion  ionic liquid  membrane
(EILM)  by  experimental  work  and  response  surface  methodology  (RSM)  has been  carried  out.  EILM  was
prepared  by  using  kerosene  as solvent,  Span  80  as  surfactant,  NaOH  as  internal  reagent,  a  hydropho-
bic  ionic  liquid  1-butyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide  ([BMIM]+[NTf2]−) as  a
stabilizer  and a second  ionic  liquid  tri-n-octylmethylammonium  chloride  (TOMAC)  as  a  carrier.  The  pre-
pared EILM  was  used  to separate  and  concentrate  Cr from  wastewaters.  The  comparison  between  the
experimentally  optimized  and  the  RSM  optimized  values  was  accomplished  by  optimizing  the  follow-
hromium
esponse surface methodology
BMIM]+[NTf2]−

ptimization

ing  parameters:  homogenization  speed,  carrier  concentration,  internal  phase  concentration,  agitation
speed,  treat  ratio,  internal  to membrane  phase  ratio,  surfactant  concentration  and  pH of the  feed  phase.
The comparison  showed  that  all the  values  were  in good  agreement  except  for  the internal  phase  con-
centration  and  the  treat  ratio.  It was  observed  that  the  stability  provided  by  [BMIM]+[NTf2]− decreased
as  the  extraction  progressed  due  to  its  high  density.  Nevertheless,  a good  stability  could  be obtained  by

]+[N −
the combination  of  [BMIM

. Introduction

Hexavalent Cr is a very toxic form of the Cr metal compared to
rivalent Cr (III) due to its oxidizing nature. Cr (VI) is not only car-
inogenic but causes many serious health problems to the biological
ystem such as nose bleeding, respiratory problems, skin rashes,
tc. Cr (VI) also affects wild life in a significant amount that has
aised serious concerns in our eco-system. World Health Organiza-
ion has declared Cr (VI) removal from wastewater as a serious and
rime research topic in 1998 meeting held in Geneva. The develop-
ent of new technologies for the removal of Cr is still progressing

ay by day [1–4].
Emulsion liquid membrane (ELM) has been proven to be a com-

etent extraction technology for the removal of Cr from industrial
astewaters. In this process, a prepared emulsion is dispersed into

 feed phase which contains the solute to be removed. Single stage
peration and less power consumption make this technology more
avorable over pressure-driven membrane process and solvent
xtraction [5–8]. There are various parameters which affect the

fficiency of ELM such as homogenization speed, carrier concen-
ration, internal phase concentration, agitation speed, treat ratio,
nternal to membrane phase ratio, surfactant concentration, pH of

∗ Corresponding author. Fax: +60 3 79675319.
E-mail address: alihashim@um.edu.my (M.A. Hashim).

304-3894/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2011.08.056
Tf2] and  Span  80 during  extraction  process.
© 2011 Published by Elsevier B.V.

the feed phase and the concentration of stabilizer. The maximum
percentage removal of Cr is obtained when all these parameters
have optimized values. These values can be estimated either by
experiments involving the variation in the value of one parameter
at a time while keeping other parameters at constant values or by
using response surface methodology [9–11].

Recent advances in the applications of ionic liquids have drawn
a significant attention of researchers all over the world. Room tem-
perature ionic liquids are composed of organic cations and organic
or inorganic anions. The physical and chemical properties of RTILs
can be modified by changing the cation or anion or both to facil-
itate a particular task. These properties include negligible vapour
pressure, inflammability, thermal stability even at high tempera-
tures and application based adjustable miscibility/immiscibility in
chemical processes [12–17]. Ionic liquids possess a very negligi-
ble vapour pressure that has enabled them to be used as a “green
solvent” in synthesis [15,16,18–20], separation and purification
[21–27] and electrochemical application [27].

In our recent work, we have shown that ionic liquid
[BMIM]+[NTf2]− acted as a stabilizer in ELM system when kerosene
as solvent, Span 80 as surfactant, NaOH (0.1N) as internal phase and
TOMAC as carrier was used (article in press, Journal of Hazardous
material). It was found out that 3% (w/w)  of [BMIM]+[NTf2]− pro-

vided substantial amount of stability during the extraction process
with the least possible resistance to the mass transfer of Cr. In this
study, EILM (emulsion ionic liquid membrane) has been used to
extract Cr from wastewaters.

dx.doi.org/10.1016/j.jhazmat.2011.08.056
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:alihashim@um.edu.my
dx.doi.org/10.1016/j.jhazmat.2011.08.056
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Table 1
Factors and their corresponding values.

Factors Levels

−1 0 1

Homogenization speed (rpm), X1 4000 7000 10,000
Internal phase concentration (%, w/w),  X2 0.05 0.525 1
Carrier concentration (%, w/w), X3 0.1 0.3 0.5
Surfactant concentration (%, w/w), X4 1 3 5
pH of the feed phase, X5 0.2 1.1 2
Agitation speed (rpm), X6 100 250 400

ratio (F/E) and internal to organic phase ratio (I/O) were kept at the
value of 2 and 1/3, respectively.
84 R.K. Goyal et al. / Journal of Haz

Response surface methodology (RSM) has attracted a substan-
ial deal of interest in the past 2–3 decades. It is a statistical tool that
s used nowadays very commonly to optimize experimental param-
ters, to model and to analyze a response of interest. RSM not only
rovides the optimum level for each variable but also estimates

nteractions among them and their impact on one or more mea-
ured responses [28,29]. This methodology cuts down the number
f experiments by a substantial amount without affecting the inter-
ctions among the parameters. RSM has been utilized to optimize
he parameters of several biotechnological processes such as fer-

entation, biosorption of metals, oxidation and catalyzed reaction
onditions [30–32].  It has also been a useful tool to optimize widely
mployed parameters such as temperature, pH, stirring speed, con-
entration of various phases, and aeration rate in several processes
33–36].

In literature, there is not much work available on the comparison
etween the experimental and RSM optimization of Cr removal by
ILM. Therefore, a statistical optimization of the parameters such as
omogenization speed, carrier concentration, internal phase con-
entration, agitation speed, treat ratio, internal to membrane phase
atio, surfactant concentration, pH of the feed phase was carried out
o study the individual and interactive effects of parameters on the
xtraction of Cr using ELM, and the optimized values were com-
ared with the values obtained from the individual experimental
ptimization of the parameters.

. Materials and methods

.1. Chemicals

All the chemicals described here were used without any fur-
her purification. Ionic liquids [BMIM]+[NTf2]− and TOMAC were
rocured from Merck (Germany). Span 80 a non-ionic surfactant
as kindly supplied by Merck (Malaysia). ACROS (USA) kindly pro-

ided kerosene of boiling point ranged from 180 to 280 ◦C. Sodium
ydroxide pellets, potassium dichromate and hydrochloric acid
ere obtained from R&M Chemicals (UK). The solution of sodium
ydroxide of desired normality was prepared by dissolving appro-
riate weight of pellets in de-ionized water. Similarly, Cr solution
f 100 mg/L was prepared by mixing suitable amount of potassium
ichromate in de-ionized water.

.2. Analytical instruments

The preparation of emulsion was carried out using a high speed
omogenizer (IKA, model: T25 digital Ultra Turrax) and subse-
uently it was dispersed in the feed phase by using a stirrer (IKA,
odel: RW11 Lab Egg). An ICP-spectrophotometer (PerkinElmer,
odel: Optima 7000 DV) was used for the measurement of the Cr

oncentration. pH of the feed phase was quantified using a Cyber-
can 510 pH meter.

.3. Procedure

.3.1. Preparation of emulsion
The emulsion was prepared in a 100 mL  beaker by mixing

rganic solvent, an appropriate amount of Span 80, TOMAC and
BMIM]+[NTf2]−. The mixture was homogenized for up to 5 min.
he drops of NaOH were added into the mixture by using a syringe,
eeping the whole mixture homogenized for the next 5 min. Hence,
e obtained the emulsion which appears as a milky white homo-

eneous solution.
.3.2. Extraction of chromium
The prepared emulsion was poured into another 250 mL  beaker

ontaining the feed phase. The mixture was stirred gently by using a
Treat ratio, X7 1 2 3
Internal to organic phase ratio, X8 0.25 0.625 1

mechanical stirrer with the speed in the range of 200–400 rpm. The
pH of the feed phase was initially taken lower than 2 to establish a
pH difference between the stripping and the feed phase. Samples
were taken on a regular interval by using syringes and the syringes
were kept undisturbed for some time until the emulsion and the
feed phase were separated. The feed phase was  then taken out,
filtered and analyzed using ICP-spectrophotometer.

3. Results and discussion

Design-Expert 7.16 software was used to analyze the data and to
estimate the coefficients of the regression equation. An orthogonal
24 Box–Behnken design (BBD) having five replicates at the centre
point was used to estimate the coefficients of the response function
which is a second order polynomial as given by Eq. (1).  It resulted
in 29 experiments for four variables.

Y = ˇ0 +
∑k

i=1
ˇiXi +

∑k

i=1
ˇiX

2
i +

∑k

ii<j

∑k

j
ˇijXiXj + · · · (1)

where Y is the predicted response, ˇi, ˇj, and ˇij are the coefficients
estimated from regression, Xi is the uncoded value of the ith vari-
able, i is the linear coefficient, j is the quadratic coefficient, and k is
the number of factors.

Due to the large number of variables, two sets of four variables
each were formed, and are described as following:
Set-I Set-II
Homogenization speed (rpm), X1 pH of the feed phase, X5

Internal phase concentration (%, w/w), X2 Agitation speed (rpm), X6

Carrier concentration (%, w/w), X3 Treat ratio, X7

Surfactant concentration (%, w/w), X4 Internal to organic phase ratio, X8

The effect of ionic liquid [BMIM]+[NTf2]− concentration on the
removal of Cr was found to be insignificant experimentally. There-
fore, it has been excluded from the parameter list. The coded and
uncoded values, different levels and the range of the variables are
given in Table 1

3.1. Interactions and optimization of the variables of set-I

Box–Behnken design matrix for the set-I is given in Table 2 along
with the experimental and the predicted response. The percentage
removal efficiency of Cr was considered as the predicted response
in DoE. Experiments were conducted in the same sequence as they
are provided in the table, keeping all other four variables at constant
values. pH of the feed phase was maintained at 0.5 while agitation
speed of 300 was  fixed to achieve the maximum surface area. Treat
The corresponding coefficients of Eq. (1) for this set were
obtained by regression analysis of the experimental data, and the
equation in decoded form is shown in Eq. (2).  In the equation, only
the significant variables are included.
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Table 2
Box–Behnken design matrix for set-I.

Run X1 X2 X3 X4 % Removal of Cr

Experimental Predicted

1 0 −1 0 −1 75.56 75.90
2  −1 0 0 −1 74.34 74.33
3  0 0 0 0 93.86 93.59
4 −1  −1 0 0 84.56 83.91
5 0  0 0 0 93.43 93.59
6  0 0 0 0 93.44 93.59
7  0 0 1 1 76.45 75.91
8  1 0 0 −1 83.76 84.00
9  −1 0 1 0 82.45 82.72

10 0 −1  −1 0 80.43 80.02
11 −1  0 0 1 83.54 83.22
12  0 0 0 0 93.3 93.59
13 −1  1 0 0 78.61 78.86
14  1 0 0 1 77.45 77.37
15  1 −1 0 0 81.63 81.11
16  0 −1 1 0 76.32 76.43
17  0 −1 0 1 75.43 76.57
18  0 1 0 −1 75.89 75.11
19 0 0 −1  1 76.34 76.12
20  −1 0 −1 0 78.34 78.81
21 1  0 −1 0 79.01 79.10
22  0 1 −1 0 70.76 70.57
23  1 1 0 0 85.1 85.48
24  0 1 0 1 76.67 76.69
25  0 0 −1 −1 68.98 69.25
26 0 1 1 0 84.89 85.21
27  1 0 1 0 86.35 86.24
28 0  0 1 −1 80.56 80.51
29  0 0 0 0 93.94 93.59
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Fig. 1. Predicted vs. experimental values for set-I.

 = 93.59 + 0.95 ∗ X1 + 2.76 ∗ X3 + 0.57 ∗ X4 − 3.80 ∗ X2
1

− 7.46 ∗ X2
2 − 8.08 ∗ X2

3 − 10.07 ∗ X2
4 + 2.36 ∗ X1 ∗ X2

+ 0.81 ∗ X1 ∗ X3 + 3.88 ∗ X1 ∗ X4 + 4.56 ∗ X2 ∗ X3

− 2.87 ∗ X3 ∗ X4 (2)

here Y is the percentage removal efficiency of Cr by ELM, X1 is
he homogenization speed, X2 is the internal phase concentration,
3 is the carrier concentration and X4 is the surfactant concentra-
ion. The predicted values calculated from Eq. (2) were in very good
greement with the experimental values, as shown in Fig. 1. Hence,
his quadratic model is well suited for this experimental set up.
However, the significance and the fitness of the model was  ver-
fied by using statistical test widey known as ANOVA (analysis of
ariance). ANOVA also helps to check the validity of the equation.
NOVA results are illustrated in Table 3.
Fig. 2. Response surface plot for the interaction between the homogenization speed
and  the internal phase concentration.

The Model F-value of 304.56 implies that the model is signifi-
cant. There is only a 0.01% chance that a “Model F-value” this large
could occur due to noise. Values of “prob > F” less than 0.0500 indi-
cate model terms are significant and the rest are considered as
insignificant.In this case X1, X3, X4, X2

1 , X2
2 , X2

3 , X2
4 , X1X2, X1X3, X1X4,

X2X3, X3X4 are significant model terms. Values greater than 0.1000
indicate the model terms are not significant. The “Lack of Fit F-
value” of 5.08 implies that it is not siginificant in comparison with
the pure error. There is a 6.56% chance that a “Lack of Fit F-value”
this large could occur due to noise. It is always necessary to have
the value of “Lack of Fit F-value” non significant to make the model
best fit.

Predicted R2 represnts the prediction of a respose value esti-
mated by the model. The difference between adjusted R2 and
predicted R2 is always wanted to be in the range of 0–0.200 for the
adequacy of the model. In this case, the differecne between them
is .0113 which implies that both the values are in good agreement.

Adequate Precision is an estimation of the signal to noise ratio. A
ratio greater than 4 is desirable. The ratio of 59.787 implies an ade-
quate signal. Hence, this model can be used to navigate the design
space. Coefficient of variation indicates the error expressed as a
percentage of the mean.

The response surface curves indicate the interaction of the
variables and also determine the optimum level of variables for
maximum response. The response surface plots for significant
interaction between two variables against % removal efficiency of
Cr by EILM are, as shown in Figs. 2–6.

3.2. Significant interactions of the variables of set-I

The contour plot in Fig. 2 illustrates the interaction between
the homogenization speed and the internal phase concentra-
tion/NaOH concentration. In the figure, the parabolic nature of
contours implies that the interaction between both the variables
is significant. The homogenization speed and the internal phase
concentration, both cause the increase in the % removal efficiency
when their values were increased from lower level to up to a cer-
tain point. After this point, the % removal efficiency decreases, as
illustrated in Fig. 2. The optimized values are provided in Section
3.3.  The interaction between the homogenization speed and the
internal phase concentration can be explained by the fact that the

viscosity is directly proportional to internal phase concentration,
and the internal phase droplet size is dependent on the viscosity
and the homogenization speed. Thus, they are inter-related.
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Table 3
ANOVA for response surface model of set-I.

Source Sum of squares DF Mean square F-value P-value, prob > F

Model 1366.76 14 97.63 304.56 <0.0001 significant
X1 10.94 1 10.94 34.14 <0.0001
X2 0.34 1 0.34 1.05 0.3228
X3 91.63 1 91.63 285.86 <0.0001
X4 3.84 1 3.84 11.99 0.0038
X2

1 93.52 1 93.52 291.74 <0.0001
X2

2 360.81 1 360.81 1125.63 <0.0001
X2

3 423.43 1 423.43 1320.96 <0.0001
X2

4 657.53 1 657.53 2051.30 <0.0001
X1X2 22.18 1 22.18 69.21 <0.0001
X1X3 2.61 1 2.61 8.14 0.0128
X1X4 60.14 1 60.14 187.62 <0.0001
X2X3 83.17 1 83.17 259.48 <0.0001
X2X4 0.21 1 0.21 0.65 0.4350
X3X4 32.89 1 32.89 102.61 <0.0001
Residual 4.49 14 0.32
Lack of Fit 4.16 10 0.42 5.08 0.0656 not significant
Pure  error 0.33 4 0.082
Cor Total 1371.25 28

Std. deviation: 0.57; mean: 81.43; coefficient of variation: 0.70; R-squared: 0.9967; adjusted R-squared: 0.9935; predicted R-squared: 0.9822; adequate precision: 59.787

F
a

r
t
t

F
a

values can be found out easily since the contours are parabolic.
ig. 3. Response surface plot for the interaction between homogenization speed
nd the carrier concentration.

The interaction between the homogenization speed and the car-

ier concentration is, as shown in Fig. 3. Parabolic contours signify
hat the interaction between them is significant. The curve illus-
rates that both the values increase the % removal efficiency upon

ig. 4. Response surface plot for the interaction between the homogenization speed
nd  the surfactant concentration.
Fig. 5. Response surface plot for the interaction between the internal phase con-
centration and the carrier concentration.

increment from lower level, but after certain values, the % removal
efficiency tend to decline until the higher level. The optimum
The reason for significant interaction can be given as the viscos-
ity of EILM is dependent on the carrier concentration, and the
small sized globules formation is dependent on the viscosity and

Fig. 6. Response surface plot for the interaction between the carrier concentration
and the surfactant concentration.
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Table 4
Box–Behnken design matrix for set-II.

Run X1 X2 X3 X4 % Removal of Cr

Experimental Predicted

1 −1 0 0 1 85.43 87.20
2  0 0 0 0 94.69 94.49
3  0 −1 −1 0 69.45 68.97
4 1 −1  0 0 50.23 50.36
5 0  −1 0 −1 73.48 75.13
6  0 0 1 1 89.92 89.02
7  1 1 0 0 48.29 50.83
8  0 0 −1 1 70.69 70.95
9  1 0 0 −1 55.45 53.21

10 0 1 −1  0 78.43 77.38
11 0 0 0 0 95.02 94.49
12  0 0 1 −1 78.43 78.35
13 0  0 0 0 93.7 94.49
14  0 0 0 0 95.32 94.49
15  0 −1 1 0 78.64 79.22
16  −1 −1 0 0 79.41 77.05
17  1 0 −1 0 44.98 44.83
18  0 1 1 0 84.12 84.13
19 1 0 1 0 56.32 56.27
20  0 0 0 0 93.72 94.49
21 0  1 0 1 84.26 82.90
22  −1 0 1 0 85.78 86.22
23  0 −1 0 1 76.68 77.15
24  0 0 −1 −1 78.33 79.41
25  0 1 0 −1 82.89 82.71
26 −1  0 0 −1 84.01 83.78
27  −1 1 0 0 89.87 89.91
R.K. Goyal et al. / Journal of Haza

omogenization speed. TOMAC increases the viscosity of EILM that
inders the effect of the homogenization speed in order to form the
mall size globules.

Fig. 4 demonstrates the interaction between the homogeniza-
ion speed and the surfactant concentration. % removal of Cr
ncreases upon increasing the concentration of Span 80 up to

 certain value. However, it decreases with further increment.
imilar kind of results were obtained for the homogeniza-
ion speed meaning that both are having optimum values at
hich maximum % removal can be achieved. Since contours

re parabolic, the interaction between them is significant. The
eason for the significant interaction can be provided by the
ature of the surfactant which helps to protect the internal
roplets from high shear and stress caused by homogenization
peed. Surfactant concentration also contributes in making fine
roplets of internal phase under a reasonable homogenization
peed.

Interaction between the internal phase concentration and the
arrier concentration is illustrated in Fig. 5. It can be observed from
he figure that the contours are parabolic, which indicates that the
nteraction is significant. % removal of Cr increases upon increas-
ng the values of both the parameters from the lower range up to
ertain values. After these values, the % removal of Cr decreases.
he significance of the interaction can be explained by the reac-
ion between TOMAC and NaOH which takes place at the inner
nterface. The reaction not only affects the stripping reactions but
lso the overall removal efficiency. Another important interaction
etween them is the fight for the limiting reagent, since carrier and

nternal phase are involved in the extraction and stripping reaction,
espectively. Hence, they are highly interactive parameters in EILM
rocess.

Fig. 6 shows the interaction between the carrier concentration
nd the surfactant concentration. Circular contours of the figure
mply that the interaction between the parameters is not signifi-
ant. Hence, the optimum values of the variables are not easy to
nd. However, increasing the surfactant concentration and car-
ier concentration increases the % removal efficiency up to certain
alues. After that, the removal efficiency decreases upon further
ncrement in both the values. The trend of the curve is more or less
imilar to the ones described earlier for other variables’ interactions
xcept the contours.

.3. Optimization of the variables of set-I

The statistical optimization of all four parameters was  done
y design of experiments (DoE) 7.04. DoE resulted in 10 differ-
nt solutions with having % removal of Cr almost same in all
f them. However, the solution with minimum carrier concen-
ration was selected, since it is the most expensive chemical
n comparison with the rest. The coded values of the homog-
nization speed, the internal phase concentration, the carrier
oncentration and the surfactant concentration are 0.22, 0.05,
.18 and −0.03, respectively. The % removal efficiency was pre-
icted at the value of 93.94% under these optimized values. The
ncoded values for the homogenization speed and the inter-
al phase concentration were calculated from coded values are
660 rpm and 0.548 M,  respectively. Similarly, the carrier concen-
ration and the surfactant concentration are 0.336 and 3.06% (w/w),
espectively.

All the optimum values are in good agreement with the exper-
mental optimization except for the value of the internal phase

oncentration. The reason for this discrepancy may  be given as the
arge value range chosen (0.05–1 M)  for the internal phase concen-
ration. However, model results are significant and well suited with
he experimental results.
28 −1  0 −1 0 80.32 80.66
29  1 0 0 1 52.23 51.99

3.4. Interactions and optimization of the variables of set-II

Similarly, Box–Behnken design matrix for the set-II was
obtained by DoE 7.04 and is given in Table 4. Experiments were
conducted in the same sequence as they are provided in the table,
keeping all other four variables at constant optimized values as pre-
dicted by set-I analysis. The homogenization speed was maintained
at 7660 rpm while the internal phase concentration of the value of
0.548 M was fixed to achieve the optimum stripping reagent. The
carrier concentration and the surfactant concentration of the val-
ues of 0.336 and 3.06% (w/w)  were taken respectively, to carry out
the experiments.

The corresponding coefficients of Eq. (1) for this set were
obtained by regression analysis of the experimental data, and it
is shown in Eq. (3) in decoded form. In the equation, insignificant
terms are discarded and only significant terms have been included:

Y = 94.49 − 16.44 ∗ X5 + 3.33 ∗ X6 + 4.25 ∗ X7 − 18.94 ∗ X2
5

− 8.51 ∗ X2
6 − 8.55 ∗ X2

7 − 6.50 ∗ X2
8 − 3.10 ∗ X5 ∗ X6

+ 4.78 ∗ X7 ∗ X8 (3)

where Y is the percentage removal efficiency of Cr by ELM, X5 is the
pH of the feed phase, X6 is the agitation speed, X7 is the treat ratio
and X8 is the internal to membrane phase ratio.

The predicted values calculated from Eq. (2) were in very good
agreement with the experimental values, as shown in Fig. 7. Hence,
this quadratic model is well suited for this experimental set up.

Furthermore, the validation and the fitness of the model were
affirmed by ANOVA (analysis of variance). ANOVA results are shown
in Table 5.

The Model F-value of 202.94 implies that the model is signifi-

cant. There is only a 0.01% chance that a “Model F-value” this large
could occur due to noise. Values of “prob > F” less than 0.0500 indi-
cate model terms are significant and the rest are considered as
insignificant.In this case X5, X6, X7, X2

5 , X2
6 , X2

7 , X2
8 , X5X6 and X7X8
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Table 5
ANOVA for response surface model of set-II.

Source Sum of squares DF Mean square F-value P-value, prob > F

Model 6374.46 14 455.32 202.94 <0.0001 significant
X5 3244.60 1 3244.60 1446.14 <0.0001
X6 133.13 1 133.13 59.34 <0.0001
X7 216.84 1 216.84 96.64 <0.0001
X8 3.65 1 3.65 1.63 0.2228
X2

5 2326.86 1 2326.86 1037.10 <0.0001
X2

6 469.89 1 469.89 209.43 <0.0001
X2

7 474.59 1 474.59 211.53 <0.0001
X2

8 274.48 1 274.48 122.34 <0.0001
X5X6 38.44 1 38.44 17.13 0.0010
X5X7 8.64 1 8.64 3.85 0.0699
X5X8 5.38 1 5.38 2.40 0.1437
X6X7 3.06 1 3.06 1.36 0.2622
X6X8 0.84 1 0.84 0.37 0.5511
X7X8 91.49 1 91.49 40.78 <0.0001
Residual 31.41 14 2.24
Lack of Fit 29.18 10 2.92 5.24 0.0622 not significant
Pure  error 2.23 4 0.56

S djusted R-squared: 0.9902; predicted R-squared: 0.9732; adequate precision: 46.096.
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calculated easily. % removal of Cr increases upon decreasing the pH
of the feed phase but after a certain value, the removal decreases
Cor Total 6405.87 28

td. deviation: 50; mean: 76.90; coefficient of variation: 1.95; R-squared: 0.9951; a

re significant model terms. Values greater than 0.1000 indicate
he model terms are not significant. The “Lack of Fit F-value” of
.24 implies that it is not siginificant in comparison with the pure
rror. There is a 6.22% chance that a “Lack of Fit F-value” this large
ould occur due to noise. It is always necessary to have the value of
Lack of Fit F-value” non significant to make the model best fit.

Predicted R2 represents the prediction of a respose value esti-
ated by the model. The difference between adjusted R2 and

redicted R2 is always wanted to be in the range of 0–0.200 for the
dequacy of the model. In this case, the difference between them is
.0173 which implies that both the values are in good agreement.

Adequate precision is an estimation of the signal to noise ratio. A
atio greater than 4 is desirable. The ratio of 46.096 implies an ade-
uate signal. Hence, this model can be used to navigate the design
pace. Coefficient of variation indicates the error expressed as a
ercentage of the mean.

.5. Significant interactions of the variables of set-II

There were only two significant interactions for set-II, as previ-
usly shown by ANOVA. One was the interaction between the pH
f the feed phase and the agitation speed and the other one was

etween the treat ratio and the internal to membrane phase ratio.
he response curves of both are shown in Figs. 8 and 9.

Fig. 8 describes the interaction of pH of the feed phase and the
gitation speed. Since contours of the curve are parabolic, it implies
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Fig. 7. Predicted vs. experimental values for set-II.
Fig. 8. Response surface plot for the interaction between the pH of the feed phase
and  the agitation speed.

that the interaction is significant and the optimum values can be
with the further decrease in pH. Similar kind of trend can also be
observed for agitation speed. It implicates that both are having

Fig. 9. Response surface plot for the interaction between the treat ratio and the
internal to membrane phase ratio.
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Table 6
Comparison of experimentally optimized values and RSM optimized values.

Parameter Experimentally
optimized

RSM optimized

Homogenization speed (rpm) 8000 7660
Internal phase concentration (M) 0.1 0.548
Carrier concentration (%, w/w) 0.3 0.336
Surfactant concentration (%, w/w) 3.0 3.06
pH  of the feed phase 0.5 0.425
Agitation speed (rpm) 300 296.5
Treat ratio 2 2.60
Internal to membrane phase ratio 0.337 0.715
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1999, pp. 223–237.

[13] M.J. Earle, K.R. Seddon, Ionic liquids. Green solvents for the future, Pure Appl.
Chem. 72 (7) (2000) 1391–1398.
ertain optimum values on which maximum removal of Cr can be
chieved.

Physically, the interaction between the pH of the feed phase and
he agitation speed can be explained by the fact that the swelling
n EILM is caused by the pH of the feed phase and by the agita-
ion speed also. Therefore, swelling acts as a mediator to regulate
he interaction between them. The osmotic pressure difference
etween the internal and the feed phase is also dependent on the
H of the feed phase and the agitation speed. This may  also act as

 connecting parameter for this interaction.
Fig. 9 shows the interaction between the treat ratio and the

nternal to membrane phase ratio. Parabolic contours signify that
he interaction is quite significant. From the figure it can be pre-
icted that the increment in the treat ratio increases the % removal
f Cr up to the upper level while internal to membrane phase ratio
chieves maxima in between the lower and the upper level. The
ossible reason for the interaction can be provided as the direct
roportionality of the internal to membrane phase ratio to the treat
atio.

An increment in the internal to membrane phase ratio increases
he volume of ELM, and hence decreases the treat ratio. Therefore,
hey have a good interaction for ELM process.

.6. Optimization of the variables of set-II

The statistical optimization of all four parameters was  done by
esign of experiments (DoE) 7.04. DoE resulted in 10 different solu-
ions with having % removal of Cr up to 97.5. However, the solution
ith the maximum treat ratio has been selected to economize the

LM process. The coded values of the pH of the feed phase, the agi-
ation speed, the treat ratio and the Internal to membrane phase
atio are −0.75, 0.31, 0.60 and 0.24, respectively. The % removal effi-
iency was predicted at the value of 96.38% under these optimized
alues. The uncoded values for the pH of the feed phase and the
gitation speed were calculated from coded values are 0.425 and
96.5 rpm, respectively. Similarly, the treat ratio and the internal to
embrane phase ratio of the values of 2.60 and 0.715 respectively
ere obtained after converting coded values to uncoded values.

All the above optimum values were found to be in good agree-
ent with the experimental optimization, except for the value of

he treat ratio. However, model results are significant and well
uited with the experimental results.

Table 6 shows that comparison of the optimized values calcu-
ated experimentally and by RSM. It shows that the all the values
re in good agreement except for the internal phase concentration
nd the treat ratio. This difference is dependent on the range and
evels defined for RSM, swelling of ELM and other experimental
rrors. However, the model can be used to predict the % removal of

r by ELM.

[
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4.  Conclusion

An emulsion ionic liquid membrane (EILM) was prepared using
two ionic liquids, i.e. TOMAC as an extractant and [BMIM]+[NTf2]−

as a stabilizer for the separation of Cr. The parameters such as car-
rier concentration, internal phase concentration, agitation speed,
treat ratio, internal to membrane phase ratio, surfactant concen-
tration and pH of the feed phase were optimized separately by
individual experimental work and by response surface methodol-
ogy. The comparison between two  optimized values showed that
they were in good agreement except for the internal phase con-
centration and the treat ratio. Interaction between two  parameters
suggested their inter-dependence on each other and their effect on
the final percentage removal of Cr. An effort to lessen the use of
organic solvent was made to economize ELM process and to make
it more environmentally friendly. Ionic liquid [BMIM]+[NTf2]− hin-
ders mass transfer of Cr by its polymeric form but the effect was
quite insignificant.

List of symbols
F/E feed to emulsion phase ratio
I/O internal to organic phase ratio
X1 homogenization speed (rpm)
X2 internal phase concentration (%, w/w)
X3 carrier concentrations (%, w/w)
X4 surfactant concentration (%, w/w)
X5 pH of the feed phase
X6 agitation speed (rpm)
X7 treat ratio
X8 internal to organic phase ratio
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