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a b s t r a c t

The emulsion liquid membrane technique was used for the extraction of hexavalent chromium ions from
aqueous solution of waste sodium dichromate recovered from the pharmaceutical industry wastewa-
ter. The liquid membrane used was composed of kerosene oil as the solvent, Span-80 as the surfactant
and potassium hydroxide as internal reagent. Trioctyl amine and Aliquat-336 were used as carriers. The
emulsion stability was carried out at different surfactant concentration, agitation speed and emulsifica-
tion time. Statistical experimental design was applied for the optimization of process parameters for the
extraction of chromium by emulsion liquid membrane. The effects of process parameters namely, agitation
hromium
mulsion
iquid membrane
rioctyl amine
liquat-336

speed, membrane to emulsion (M/E) ratio and carrier concentration on the extraction of chromium were
optimized using a response surface method. The optimum conditions for the extraction of chromium
(VI) using response surface methodology for Trioctyl amine were: agitation speed – 201.369 rpm, M/E
ratio – 0.5887% (v/v) and carrier concentration – 4.0932% (v/v) and for Aliquat-336: agitation speed –
202.097 rpm, M/E ratio – 0.5873% (v/v) and carrier concentration – 3.9211% (v/v). At the optimized con-

omiu
.

dition the maximum chr
Aliquat-336, respectively

. Introduction

Emulsion liquid membrane (ELM) is an improved solvent extrac-
ion technique that has found its application in separation of organic
cids and bases, pharmaceutical separations, extraction of fructose
nd treatment of industrial wastewaters containing a wide range
f toxic contaminants such as phenol [1–7]. This technique offers
ome advantages in comparison to common liquid–liquid extrac-
ion such as improvement of kinetics, selectivity of species to be
emoved and decreasing the necessary volume ratio of organic
hase to aqueous feed solution. Further, it is characterized by sim-
licity and high efficiency. Besides these advantages, ELM processes
llow very high mass transfer rates due to a large surface area within
he emulsion globules and internal droplets. The ELM process is
xpected to become increasingly important in hydrometallurgical
perations. This advanced extraction technique has a very good

ommercial potential. The ELM process contains a three-phase dis-
ersion system, which consists of a stripping phase encapsulated
y a membrane phase (organic phase), which in turn contains
he extractant in an organic diluent together with a surfactant
o stabilize the emulsion droplet. Thus the ELM process involves
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E-mail address: raja simms@yahoo.com (M. Rajasimman).
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m extraction was found to be 89.2% and 96.15% using Trioctyl amine and

© 2009 Elsevier B.V. All rights reserved.

simultaneous extraction and stripping in one step. Metallic solutes
present in lean solution form a complex with the extractant. The
complex formed then diffuses through a membrane phase to a
stripping phase interface from where it is stripped into the bulk
of the encapsulated stripping phase. The volume of stripping zone
liquid is very small compared to that of the aqueous feed phase,
thereby resulting in concentration of chromium (VI). The con-
centrated chromium (VI) from the strip phase can be recovered
by breaking the emulsion. Liquid membrane technique has been
widely applied by researchers in various areas of separation and
extraction, of which heavy metal ions are of particular interest
[8–11].

RSM provides important information regarding the optimum
level of each variable along with its interactions with other variables
and their effects on product yield. It reduces the number of experi-
ments without neglecting the interaction among the parameters.
This multivariate approach also improves statistical interpreta-
tion possibilities, and evaluates the relative significance of several
affecting factors even in the presence of complex interactions. RSM
is widely used for multivariable optimization studies in several
biotechnological processes such as optimization of media, process

conditions, catalyzed reaction conditions, oxidation, production,
fermentation, biosorption of metals, etc. [12–18]. It has also been
used to determine the optimal values for process parameters such
as pH, temperature, aeration, feeding rates in various processes
[19–22].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:raja_simms@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.02.044
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Table 1
The levels of different process variables in coded and un-coded form for the extrac-
tion of chromium.

Independent variable Range and levels

−˛ −1 0 1 ˛

Agitation speed (X1, rpm) 70 140 210 280 350

centrated sulphuric acid and sodium dichromate powder. The used
sodium dichromate is removed and recovered as sodium dichro-
mate from the wastewater. The diluted solution is corrosive, black
in colour and odourless.

Table 2
Characterization of waste sodium dichromate.

Parameter Values

pH 1.2–1.5
92 M. Rajasimman, R. Sangeetha / Journal

Chromium is considered as one of the highly toxic heavy metal,
hich is commonly used in a number of industrial applications

uch as mining, leather tanning, textile dyeing, electroplating,
luminium conversion coating operations, production of indus-
rial inorganic chemicals and pigments, and wood preservatives.
hromium bearing wastewater resulting from all these industries
ust be disposed off after treatment. Emulsion liquid membrane

eparation technique provides a potentially powerful technique for
he removal of chromium (VI) ions from the wastewater [23–29].
lthough some works on this particular aspect are available, com-
rehensive and detailed studies on the interaction between process
ariables are yet to be carried out. So, in this work, an attempt was
ade to optimize the process parameters such as agitation speed,
embrane to emulsion (M/E) ratio and carrier concentration using

tatistical experiment design and to study the linear, square and
nteractive effects of process parameters on extraction of chromium
VI) from pharmaceutical wastewater by ELM.

. Materials and methods

The characteristics of sodium dichromate recovered from phar-
aceutical industry wastewater were analyzed according to the

rocedure given in APHA [30]. The constituents of the liquid
embrane used in this study were: Kerosene oil as the solvent

nd Span-80 as surfactant to stabilize water-in-oil emulsions.
liquat-336 (tricaprylmethylammonium chloride or methyltriocty-

ammonium chloride) and Trioctyl amine were used as carriers.
he internal reagent was potassium hydroxide (0.1N). Since, the
uccess of ELM largely depends on its stability, stable emulsion
ormulation was found experimentally. The organic phase initially
ontains 0.25–1.75% (v/v) surfactant, carrier and the rest solvent.
he mixture is then stirred at different speeds ranging from 2500
o 5000 rpm with various emulsification times from 0.2 to 1 h to
ptimize the process conditions for obtaining stable emulsion.

.1. Experiments

A glass mixer-settler, 12.5 cm diameter fitted with a stop-cock
or easy sampling and a variable speed turbine impeller was used
or batch extraction. The primary emulsion (W/O) was prepared by
radually dripping KOH solution into the oil phase in a beaker by
igh speed stirring at around 4500 rpm for about 30 min. The resul-
ant milky white emulsion (40 ml) was then dispersed at 150 rpm,
n the external aqueous phase (200 ml) containing solutes (Cr (VI)
s feed in the form of sodium dichromate) in the mixer-settler for
0 min. During this period, the solute transport occurs through
he membrane phase into the internal stripping phase where it
s concentrated. The treated sample was then separated from the
mulsion and filtered before analyzing for chromium, using a UV
pectrophotometer at 540 nm.

.2. Experimental design and procedure

An orthogonal 23 factorial central composite experimental
esign with 6 star points (˛ = 1.68) and 6 replicates at the cen-
er point, all in duplicates, resulting in a total of 20 experiments
ere used to optimize the chosen key variables for the extraction

f chromium. The experiments with different agitation speeds of
0, 140, 210, 280 and 350 rpm, M/E ratio 0.2, 0.4, 0.6, 0.8 and 1.0%
v/v) and five different carrier concentration 2, 3, 4, 5 and 6% (v/v)

ere employed simultaneously covering the spectrum of variables

or the percentage extraction of chromium in the Central Com-
osite Design. In order to describe the effects of agitation speed
X1), M/E ratio (X2) and carrier concentration (X3) on percentage
f chromium extraction, batch experiments were conducted. The
M/E ratio (X2, % v/v) 0.2 0.4 0.6 0.8 1.0
Carrier concentration (X3, % v/v) 2 3 4 5 6

coded values of the process parameters were determined by the
following equation:

xi = Xi − X0

�x
(1)

where xi is the coded value of the ith variable, Xi the uncoded value
of the ith test variable and X0 is the uncoded value of the ith test
variable at center point.

The range and levels of individual variables were given in Table 1.
The experiment design was given in Table 3 along with experi-
mental data and predicted responses. The percentage extraction of
chromium is the response. The regression analysis was performed
to estimate the response function as a second-order polynomial:

Y = ˇ0 +
k∑

i=l

ˇiX
2
i +

k∑

i=l

ˇiiX
2
i +

k−1∑

i=l

k∑

j=2

ˇijXiXj (2)

where Y is the predicted response, ˇi, ˇj, ˇij are coefficients esti-
mated from regression, they represent the linear, quadratic and
cross-products of x1, x2, x3 on response.

A statistical program package Design Expert 7.1.5, was used for
regression analysis of the data obtained and to estimate the coef-
ficient of the regression equation. The equations were validated by
the statistical tests called the analysis of variance (ANOVA) anal-
ysis. The significance of each term in the equation is to estimate
the goodness of fit in each case. Response surfaces were drawn to
determine the individual and interactive effects of test variable on
percentage extraction of chromium. The optimal values of the test
variables were first obtained in coded units and then converted to
the uncoded units.

3. Results and discussion

The initial characteristic of sodium dichromate recovered from
the pharmaceutical industrial effluent is studied and is given in
Table 2. The pH of the sodium dichromate is between 1.2 and 1.5.
The acidic nature of the effluent is because of oxidation of the
Ibu-aldehyde to Ibu-acid by using the oxidizing agent such as con-
Specific gravity 1.7–1.8
Odour Odourless
Cr2O7

2− 90–93%
SO4

2− 5–8%
HCO3 2–3%
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Fig. 1. Effect of surfactant concentration on emulsion stability for both carriers.
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Fig. 2. Effect of emulsification time on emulsion stability for both carriers.

.1. Emulsion stability

The emulsion stability is studied by varying the parameter like

urfactant concentration, agitation speed and emulsification time.
rom Figs. 1 to 3, it is observed that increase in surfactant concen-
ration (up to 1.25% (v/v)), emulsion time (up to 0.4 h) and agitation
peed (up to 4500 rpm) increases the stability of emulsion. Fur-
her increase in those conditions reduces the stability time. From

able 3
entral Composite Design matrix along with predicted and experimental values of percen

un no. X1 X2 X3 Tr

Ex

1 0.00000 0.00000 0.00000 89
2 0.00000 1.68179 0.00000 70
3 −1.00000 1.00000 −1.00000 69
4 0.00000 0.00000 0.00000 89
5 1.00000 1.00000 −1.00000 62
6 0.00000 0.00000 −1.68179 79
7 −1.00000 −1.00000 1.00000 66
8 0.00000 0.00000 0.00000 89
9 0.00000 −1.68179 0.00000 79

10 1.00000 −1.00000 −1.00000 72
11 −1.00000 −1.00000 −1.00000 68
2 0.00000 0.00000 1.68179 84

13 0.00000 0.00000 0.00000 89
14 −1.00000 1.00000 1.00000 78
15 −1.68179 0.00000 0.00000 68
16 1.68179 0.00000 0.00000 59
17 1.00000 1.00000 1.00000 68
18 0.00000 0.00000 0.00000 89
19 0.00000 1.68179 0.00000 70
0 −1.00000 1.00000 −1.00000 69

1: agitation speed (rpm); X2: M/E ratio; X3: carrier concentration.
Fig. 3. Effect of agitation speed on emulsion stability for both carriers.

the experiments, the stable emulsion is formed at: surfactant con-
centration, 1.25% (v/v); emulsion time, 30 min and agitation speed,
4500 rpm.

3.2. Optimization of process parameters for the extraction of
chromium using Trioctyl amine carrier

The coded values of the test variables and the experimental
results of percentage extraction of chromium using Trioctyl amine
are presented in Table 3. Multiple regression analysis of the exper-
imental data yielded the following regression equation for the
percentage extraction of chromium:

Y1 = 89.20 − 1.96 × X1 − 0.90 × X2 + 1.47 × X3

−3.10 × X1 × X2 − 0.58 × X1 × X3 + 2.59 × X2 × X3

−9.43 × X2
1 − 5.82 × X2

2 − 3.24 × X2
3 (3)

where Y1 is the percentage extraction of chromium using Trioctyl
amine, X1 is the agitation speed, X2 is the M/E ratio, X3 is the carrier
concentration. The value of regression coefficient (R2 = 0.9628) is

closer to one indicates that the correlation is best suited in predict-
ing the values for the extraction system and the predicted values
are found to be closer to the experimental results.

Table 4 shows the ANOVA model for the percentage extraction
of chromium using Trioctyl amine. ANOVA is required to test the

tage extraction of chromium.

ioctyl amine Aliquat-336

perimental Predicted Experimental Predicted

.05 89.19 96.10 96.15

.30 71.24 76.90 77.97

.40 70.23 75.60 76.66

.08 89.19 95.98 96.15

.10 61.27 69.20 68.06

.10 77.56 85.90 84.34

.30 69.93 73.00 76.66

.02 89.19 96.10 96.15

.10 74.25 86.20 81.57

.20 69.93 79.10 81.6

.40 71.01 75.90 78.12

.90 82.50 90.80 88.78

.06 89.19 96.05 96.15

.99 79.51 85.90 85.92

.98 65.82 75.30 72.38

.99 59.23 66.60 65.96

.05 68.23 74.50 74.8

.05 89.19 96.10 96.15

.30 71.24 76.90 77.97

.40 70.23 75.60 76.66
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Table 4
Analysis of variance (ANOVA) for response surface quadratic model for the percentage extraction of chromium using Trioctyl amine as carrier.

Source Coefficient factor Sum of squares DF Mean square F P-value Prob > F

Model 89.20 1906.53 9 211.84 28.78 <0.0001a

X1 −1.96 52.43 1 52.43 7.12 0.0235a

X2 −0.90 11.01 1 11.01 1.50 0.2494
X3 1.47 29.57 1 29.57 4.02 0.0729
X1 × X2 −3.10 77.13 1 77.13 10.48 0.0089a

X1 × X3 −0.58 2.69 1 2.69 0.37 0.5589
X2 × X3 2.59 53.77 1 53.77 7.31 <0.0222a

X2
1 −9.43 1281.96 1 1281.96 174.17 <0.0001a

X2
2 −5.82 488.16 1 488.16 66.32 <0.0001a

X2
3 −3.24 151.20 1 151.20 20.54 <0.0011a

Residual 73.60 10 7.36
Lack of Fit 73.58 5 14.72 3763.90 <0.0001a

Pure error 0.020 5 0.00391
C 19
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or total 1980.14

td. Dev.: 2.71; R2: 0.9628; mean: 76.57; Adj R2: 0.9294; C.V. %: 3.54; Pred R2:: 0.718
a Significant variable.

ignificance and adequacy of the model. The mean squares are
btained by dividing the sum of squares of each of the two sources
f variations, the model and the error variance, by the respective
egrees of freedom. The fishers variance ratio F-value = (Sr2/Se2) is
he ratio of the mean square owing to regression to the mean square
wing to error. It is the measure of variation in the data about the
ean. Here the ANOVA of the regression model demonstrates that

he model is highly significant as evident from the calculated F-
alue (28.78) and a very low probability value (P = <0.0001). It is also
bserved that the coefficient for squared effect is highly significant
P = <0.0001) when compared with the individual and interactive
ffect. The Lack of Fit F-value of 3763.90 implies the Lack of Fit is sig-
ificant. There is only a 0.01% chance that a “Lack of Fit F-value” this

arge could occur due to noise. The Pred R2 of 0.7180 is not as close
o the Adjusted R2 of 0.9294 as one might normally expect. This

ay indicate a large block effect or a possible problem with model
nd/or data. Things to consider are model reduction, response tran-
ormation, outliers, etc. “Adequate Precision” measures the signal
o noise ratio. A ratio greater than 4 is desirable. Here the ratio of
5.624 indicates an adequate signal. A plot of experimental and RSM
redicted values is shown in Fig. 4 and the deviation is found to be

ess than 5%.
The P-values are used as tool to check the significance of each of

he coefficients, which in turn, may indicate the patterns of the
nteraction among the variables. Larger the magnitude of T and

maller the value of P indicate that the corresponding coefficient is
ore significant. Values of “Prob > F” less than 0.05 indicate model

erms are significant. In this case X1, X3, X2
1 , X2

2 , X2
3 , X1X2, X2X3 are

ignificant model terms. Values greater than 0.10 indicate the model

ig. 4. Comparison of experimental and RSM predicted values for the extraction of
hromium using Trioctyl amine carrier.
eq precision: 15.624.

terms are not significant. This implies that the linear effects of agi-
tation speed (P < 0.0235) and carrier concentration (P = 0.0729) are
more significant. Table 4 also indicate that the square effects of agi-
tation speed, M/E ratio and carrier concentration and interactive
effects of agitation speed and M/E ratio (P = 0.0089) and M/E ratio
and carrier concentration (P = 0.0222) had very significant influence
on the extraction of chromium using emulsion liquid membrane.

3.3. Optimization of process parameters for the extraction of
chromium using Aliquat-336 carrier

The coded values of the test variables and the experimental
results of percentage extraction of chromium using Aliquat-336 are
given in Table 3. Multiple regression analysis of the experimental
data yielded the following regression equation for the percentage
extraction of chromium.

Y2 = 96.15 − 1.91 × X1 − 1.07 × X2 + 1.32 × X3

−3.02 × X1 × X2 − 0.63 × X1 × X3 + 2.68 × X2 × X3

−9.54 × X2
1 − 5.79 × X2

2 − 3.39 × X2
3 (4)

where Y2 is the percentage extraction of chromium using Aliquat-
336, X1 is the agitation speed, X2 is the M/E ratio, X3 is the carrier
concentration. The value of regression coefficient (R2 = 0.9664) is
closer to one indicates that the correlation is best suited in predict-
ing the values for the extraction system and the predicted values
are found to be closer to the experimental results.

Table 5 shows the ANOVA model for the percentage extraction
of chromium using Aliquat-336. From the ANOVA of the regression
model, the calculated F-value (31.98) and very low probability value
(P = <0.0001) shows that this model is highly significant. The “Lack
of Fit F-value” of 5447.00 implies the Lack of Fit is significant. There
is only a 0.01% chance that a “Lack of Fit F-value” this large could
occur due to noise. The Predicted R2 of 0.7433 is in reasonable agree-
ment with the Adjusted R2 of 0.9362. Adequate Precision measures
the signal to noise ratio. A ratio greater than 4 is desirable, hence the
ratio of 16.468 indicates an adequate signal. A plot of experimental
and RSM predicted values is shown in Fig. 5 and the deviation is
found to be less than 5%.

It is also observed that the coefficient for squared effect is highly
significant (P = <0.0001) when compared with the individual and
interactive effect. In this study X1, X3, X2

1 , X2
2 , X2

3 , X1X2, X2X3 are sig-

nificant model terms. This implies that the linear effects of agitation
speed (P = 0.0217) and carrier concentration (P = 0.0890) are more
significant. Table 4 also indicate that the square effects of agitation
speed, M/E ratio and carrier concentration and interactive effects
of agitation speed and M/E ratio (P = 0.0080) and M/E ratio and car-
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Table 5
ANOVA for response surface quadratic model for the percentage extraction of chromium using Aliquat-336 as carrier.

Source Coefficient factor Sum of squares DF Mean square F P-value Prob > F

Model 96.15 1934.06 9 214.90 31.98 <0.0001a

X1 −1.91 49.62 1 49.62 7.38 0.0217a

X2 −1.07 15.70 1 15.70 2.34 0.1574
X3 1.32 23.83 1 23.83 3.55 0.0890
X1 × X2 −3.02 73.21 1 73.21 10.89 0.0080a

X1 × X3 −0.63 3.13 1 3.13 0.47 0.5107
X2 × X3 2.68 57.25 1 57.25 8.52 <0.0153a

X2
1 −9.54 1311.10 1 1311.10 195.13 <0.0001a

X2
2 −5.79 483.21 1 483.21 71.91 <0.0001a

X2
3 −3.39 165.26 1 165.26 24.60 <0.0006a

Residual 67.19 10 6.72
Lack of Fit 67.18 5 13.44 5447.00 <0.0001a

Pure error 0.012 5 0.002467
Cor total 2001.25 19

Std. Dev.: 2.59; R2: 0.9664; mean: 83.37; Adj R2: 0.9362; C.V. %: 3.11; Pred R2: 0.7433; Adeq precision: 16.468.
a Significant variable.

F
c

r
e

a
v
t
n
b
c
i
t

F
i

ig. 5. Comparison of experimental and RSM predicted values for the extraction of
hromium using Aliquat-336.

ier concentration (P = 0.0153) had very significant influence on the
xtraction of chromium using emulsion liquid membrane.

The response surface curves are plotted to understand the inter-
ction of the variables and to determine the optimum level of each
ariable for maximum response. The circular nature of the con-
our signifies that the interactive effects between the variables are

ot significant and the optimum values of the test variables cannot
e easily obtained. The response surface curves for extraction of
hromium by ELM using Trioctyl amine and Aliquat-336 are shown
n Figs. 6–11. Each 3D plot represents the number of combina-
ions of the two-test variable. The maximum percentage removal of

ig. 6. The 3D plot showing the effects of agitation speed, M/E ratio and their mutual
nteraction on extraction of chromium by ELM using Trioctyl amine as carrier.
Fig. 7. The 3D plot showing the effects of agitation speed, carrier concentration and
their mutual interaction on extraction of chromium by ELM using Trioctyl amine as
carrier.

chromium is indicated by the surface confined in the smallest curve
of the plot with the other variable maintained at zero levels. It is
evident from the elliptical nature of the contours that the interac-
tion between the individual variables is significant. The studies of

the contour plot also reveal the best optimal values of the process
conditions for both the carriers and are; agitation speed: 180–220,
M/E ratio: 0.4–0.6, and carrier concentration: 3–5.

The sequential quadratic programming in MATLAB 7 is used to
solve the second-degree polynomial regression Eqs. (3) and (4). The

Fig. 8. The 3D plot showing the effects of M/E ratio, carrier concentration and their
mutual interaction on extraction of chromium by ELM using Trioctyl amine as carrier.
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Fig. 9. The 3D plot showing the effects of agitation speed, M/E ratio and their mutual
interaction on extraction of chromium by ELM using Aliquat-336 as carrier.
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ig. 10. The 3D plot showing the effects of agitation speed, carrier concentration
nd their mutual interaction on extraction of chromium by ELM using Aliquat-336
s carrier.

ptimum values of test variables in coded units are X1 = −0.1233,
2 = −0.0565, X3 = 0.0932 for Trioctyl amine and X1 = −0.1129,
2 = −0.0636, X3 = 0.0789 for Aliquat-336. They are converted into
ncoded units for the actual values and the optimum values of
he test variables were: agitation speed – 201.369 rpm, M/E ratio –

.5887% (v/v) and carrier concentration – 4.0932% (v/v) for Trioctyl
mine and agitation speed – 202.097 rpm, M/E ratio – 0.5873% (v/v)
nd carrier concentration – 3.9211% (v/v) for Aliquat-336. Under the
ptimal condition the maximum predicted efficiency was 89.2% and
6.15% for Trioctyl amine and Aliquat-336, respectively.

ig. 11. The 3D plot showing the effects of M/E ratio, carrier concentration and their
utual interaction on extraction of chromium by ELM using Aliquat-336 as carrier.

[

[

ardous Materials 168 (2009) 291–297

4. Conclusions

The characteristics of raw waste sodium dichromate sludge
recovered from pharmaceutical industry are studied and found that
it is highly acidic and contains high dichromate ions. The emul-
sion stability was carried out by varying surfactant concentration,
agitation speed and emulsification time. RSM was used to find
the optimum process conditions for the extraction of chromium.
The optimum conditions for Trioctyl amine are: agitation speed –
201.369 rpm, M/E ratio – 0.5887% (v/v) and carrier concentration –
4.0932% (v/v) and Aliquat are: agitation speed – 202.097 rpm, M/E
ratio – 0.5873% (v/v) and carrier concentration – 3.9211% (v/v). The
values predicted by RSM were found to vary with R2 value of 0.9614
and 0.9124 for Trioctyl amine and Aliquat-336, respectively.
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