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Abstract−The main objective of this research was to use Box-Behnken experimental design (BBD) and response

surface methodology (RSM) for optimization of micellar-enhanced ultrafiltration (MEUF) to remove lead ions from

synthetic wastewater using spiral-wound ultrafiltration membrane. The critical factors selected for the examination

were surfactant concentration, molar ratio of surfactant to metal (S/M) and solution pH. A total of 17 experiments were

accomplished towards the construction of a quadratic model for both target variables. The experimental results were

fitted with a second-order polynomial equation by a multiple regression analysis, and more than 95%, 93% of the vari-

ation could be predicted by the models for lead rejection and permeation flux, respectively. The optimum condition

was found by using the obtained mathematical models. Optimization indicated that in CSDS=2 mM, pH=6.57 and S/M=

9.82 maximum flux and rejection efficiency can be achieved, simultaneously.
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INTRODUCTION

Today, heavy metals removal is one of the major challenges in

industrial wastewater treatment plants. In many industries, such as

electroplating and metal industries, metal parts coating production

process, acid battery manufacturing, ammunition, ceramic and glass

industries, large amounts of wastewater contaminated with heavy

metals such as Pb2+, copper, cadmium, silver, mercury, chromium

and nickel may occur. These harmful pollutants have genetic, toxic

and carcinogenic effects on humans and aquatic life [1-3]. Pb2+ is

one of the harmful metal ions found in wastewaters from various

industries such as metal plating and battery plants. It is a very toxic

element that can damage the nervous system, kidneys and repro-

ductive system. Consequently, the removal of metal ions and/or or-

ganic contaminants from aqueous solutions is a problem frequently

encountered in the treatment of industrial wastewaters.

There are several physical, chemical and biotechnological pro-

cesses for removing of heavy metals from aqueous solution, such

as adsorption, chemical precipitation, biotechnology, ion exchange

and membrane separation [4-7]. The stringent environmental and

ecological requirements have spurred the search for industrial waste

treatment options with low energy, labor, and capital costs, but the

traditional techniques for the removal of metal ions from aqueous

effluents are incapable of reducing concentration to the levels required

by law or are prohibitively expensive. Therefore, removal of heavy

metals from large volumes of polluted water at low concentrations

by traditional methods is not economical. Recently, membrane sepa-

ration, due to its simple operation and convenience, has been used

for a wide form of wastewater treatment containing heavy metals.

Different types of membrane processes, including NF, UF, ELM

and RO, are used for this purpose [8-12]. MEUF processes have

been used to remove heavy metals and are an established research

field for the separation of inorganic pollutants from the liquid phases

[13-15]. The combination of surfactants and membranes in separa-

tion of dilute polluted water has led to the development of novel

techniques or enhancement of existing techniques. In this technol-

ogy, surfactants are added to the solution to promote the removal

of metal ions. The surfactant molecules will aggregate and form

spherical micelles. The anionic micelles, which are negatively charged,

can bind to Pb2+ ions, which are positively charged. Then the solu-

tion can be filtered through an ultrafiltration membrane whose pore

size is smaller than the micelle size to reject the micelles. At the

same time, Pb2+ ions adsorbed onto the micelles are rejected.

Several researches have been conducted about heavy metal re-

moval in MEUF, but few studies have been performed about lead

removal by MEUF from the aqueous solutions using spiral-wound

membrane.

The spiral-wound membrane element is the most widely used

membrane device because it has a high membrane surface area to

volume ratio, it is easy to replace and can be manufactured from a

wide variety of materials [16]. Nowadays, more and more spiral-

wound membranes are applied in various industries due to their ad-

vantages, such as compact structure and low cost [15,17].

The main objective of this study is to investigate the performance

of MEUF process for lead removal and application of experimen-

tal design approach to find the optimum operational conditions of

the proposed process. Optimization of the significant factors in the

MEUF process via the conventional method of investigation involves

the changing of one variable in time while all other variables are
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fixed at constant levels, and studying the effect of the single variable

on the response. This classical approach is time-consuming and com-

plicated for a multi-variable system. To overcome such difficulty,

the statistical techniques as DOE for the study of MEUF process

have been applied. The experimental design used is a good mathe-

matical tool to optimize the experimental results, verifying the valid-

ity and rapidly obtaining the optimal values for the variables. Box

and Behnken (1960) proposed three-level experimental designs for

fitting response surfaces. These designs are formed by combining

2k factorials with incomplete block designs. The resulting designs

are usually very efficient in terms of number of required runs, and

they are either rotatable or nearly rotatable. This statistical design

was used in the current study to determine the quantitative relation-

ship between the response and the levels of the experimental fac-

tors. Subsequently, optimization of those levels was carried out [18].

MATERIALS AND METHODS

1. Chemicals

99% purity of sodium dodecyl sulfate (SDS, molecular weight of

288.38 and critical micelle concentration (cmc) 8.15 mM) was pur-

chased from Merck Ltd, Germany. Lead (II) acetate (Pb (CH3COO)2
with molecular weight of 379.34) with purity of 99% was obtained

from Merck company. The surfactant was used without any further

treatment. All the solutions were prepared using distilled water.

2. Apparatus and Procedure

The schematic view of experimental set-up is in Fig. 1. In this

system, a spiral-wound membrane made of regenerated cellulose

acetate with an effective area of 1.83 m2 and MWCO of 10 kD (PL

series, Millipore) was used.

Regenerated cellulose is the cellulose membrane of choice and

is both purer and more chemical resistant than cellulose acetate or

mixed cellulose esters. This type of polymer has good solvent resis-

tance and is able to work over a wide pH range [14,15]. A peristal-

tic pump to provide the required pressure and flow was used. All

experiments were conducted in 25 oC (room temperature) to pre-

vent any deposition. Desired aqueous solution was prepared by add-

ing certain amounts of lead acetate in distilled water. The solution

was continuously stirred with a mixing speed of 300 rpm. After each

series of experiments was completed, UF membrane was flushed

and backwashed with distilled water and cleaned with 0.1 N NaOH

and 0.01 N HCl. The backwashing was performed for 15 min and

distilled water was circulated until the pH of the permeate flux be-

came neutral. Before each run, ultrapure water was filtered in order

to determine the permeability and to check the membrane.

Feed solution volume was 500 cm3 and operation was continued

until the permeate volume exceeded 200 cm3. Permeate flux was

measured continuously and the flux data saved in an excel file by

the flow program. Pb2+ concentration was measured using atomic

absorption (GBC, 908AA model) with a wavelength of 288.8 nm.

Samples of MEUF were pretreated according to the standard method.

The transmembrane pressure (TMP) can be calculated by Eq.

(1):

(1)

In this equation, Pr, Pf and Pp are retentate pressure, feed pressure

and permeate pressure (it is almost insignificant), respectively. Per-

meate flux of ultrafiltration was calculated as follows:

(2)

Where Jp, Q, t and A are permeate flux (mL/m2·s), collected perme-

ate volume (mL), permeate collection time (sec) and effective sur-

face of membrane (m2), respectively. Lead removal efficiency was

calculated using Eq. (3):

(3)

where R % is rejection efficiency, Cp and Cf are concentration of

Pb2+ in feed and permeate streams, respectively.

RESULTS AND DISCUSSION

1. Design of Experiments and Response Surface Modeling

The main advantage of experimental design is that it covers a

larger area of experimental statistics and obtains unambiguous results

at minimum expense. With fractional factorial design methodology,

the main and interaction effects can be easily evaluated. The main

effect refers to the effect caused by the changed factor, while the

interaction effect refers to when the effect of one factor is depen-

dent on the value of another factor. Recently, design of experiments

and response surface methodology (RSM) have been proven to be

effective tools for investigation, modeling and optimization of the

enhanced ultrafiltration processes [19].

The Box-Behnken design used for the modeling of micellar-en-

hanced ultrafiltration process was carried out by choosing three fac-

tors (design variables): SDS concentration (CSDS, mM), molar ratio

of SDS concentration to Pb2+ ion concentration (S/M) and pH of

∆P = 
Pf + Pr

2
-------------- − Pp

Jp = 
Q

A.∆t
-----------

R% = 1− 
Cp

CF

------
⎝ ⎠
⎛ ⎞

*100

Fig. 1. Schematic of micellar-enhanced ultrafiltration process.
1. Peristaltic pump 6. Balance
2. Feed reservoir 7. Permeate stream reservoir
3. Magnetic stirrer 8. Computer in which data of
4. Monometer 8. permeate weight are registered
5. Spiral-wound 9. Retentate stream
5. ultrafiltration module

Table 1. Design variables and their coded and actual values for ex-
perimental design

Factor
Level

−1 0 +1

A: SDS concentration in feed (mM) 2 04 06

B: Solution pH 2 07 12

C: Molar ratio of SDS concentration to

C: lead ion concentration (S/M)

5 10 15
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feed solution. The operating ranges and the levels of the considered

variables are given in Table 1. Each factor at two levels (high (+1)

and low (−1)) and the center point (coded level 0), which is the mid-

point between the high and low levels, is repeated five times.

The results of two responses, rejection efficiency R (%) and per-

meate flux (mL/m2·s), were determined experimentally according

to designed runs in order to ascertain the performance of the com-

plex process. Generally, a second-order polynomial response for

three variables is a quadratic model as:

(4)

where Y represents the predicted responses, xi and xj are the coded

Y = β0 + βixi + βiixi

2

 + βijxixj
i j<
∑

i=1

k

∑
i=1

k

∑

Table 2. Analysis of variance (ANOVA) for RSM (response: rejection efficiency)

Sum of Mean F P-value

Source Squares df Square Value  Prob > F

Model 5247.31 07 749.62 27.58 0.0001< Significant

A-Csds 455.11 01 455.11 16.75 0.0027<

B-S/M 0.55 01 0.55 0.020 0.8904<

C-pH 114.53 01 114.53 4.21 0.0703<

AC 141.73 01 141.73 5.22 0.0473<

BC 212.87 01 212.87 7.83 0.0208<

B2 66.10 01 66.10 2.43 0.1533<

C2 4184.64 01 4184.64 153.98 0.0001<

Residual 244.59 09 27.18

Lack of fit 115.39 05 23.08 0.71 0.6453< Not significant

Pure error 129.20 04 32.30

Cor total 5491.89 16

Std. Dev. 5.21 R-squared 0.9555

Mean 72.38 Adj R-squared 0.9208

C.V. % 7.20 Pred R-squared 0.8319

PRESS 923.41 Adeq precision 14.156

Table 3. Analysis of variance (ANOVA) for RSM (response: permeate flux (mL/m2·min))

Sum of Mean F P-value

Source Squares df Square Value Prob>F

Model 11.60 06 1.930 22.91 <0.0001 Significant

A-Csds 03.26 01 3.260 38.66 <0.0001

B-S/M 02.40 01 2.400 28.40 <0.0003

C-pH 00.59 01 0.590 06.97 <0.0247

AB 00.48 01 0.480 05.72 <0.0378

BC 01.05 01 1.050 12.44 <0.0055

B2 03.82 01 3.820 45.24 <0.0001

Residual 00.84 10 0.084

Lack of fit 00.15 06 0.026 00.15 <0.9789 Not significant

Pure error 00.69 04 0.170

Cor total 12.45 16

Std. Dev. 00.29 R-squared 0.9322

Mean 07.69 Adj R-squared 0.8915

C.V. % 03.78 Pred R-squared 0.8718

PRESS 01.60 Adeq precision 18.199

values of independent variables, β0 is the intercept coefficient, βi

are the linear coefficients, βii are the squared coefficients, and βij

are the interaction coefficients.

2. Analysis of Variance (ANOVA)

The significance of Box-Behnken design was tested by means

of analysis of variance (ANOVA). The sum of squares used to esti-

mate the effect of the factors and the F distribution, which is the

distribution of the ratio of respective mean-square effect and mean-

square error, are shown in Tables 2 and 3. Having the F-value and

the degree of freedoms, the P-value is then calculated. The smaller

the p-value, the more evidence we have against the null hypothesis.

Most investigators accept the model for prediction if the P-value is

less than 0.05 [18]. The ANOVA shows that the model source of
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variability has been subdivided into several components. The terms

A and A2 are the linear and quadratic effects of SDS concentration,

B and B2 are linear and quadratic effect of S/M ratio and C and C2

are the linear and quadratic effects of pH. The terms AB, BC and

AC represent linear*linear components of the 3-factor interaction.

An F test is displayed for the model source of variation. As shown

in Table 2, the p-value is small (<0.0001), so the interpretation of

this test is that the model is significant.

The fitted models were assessed with the coefficient of determi-

nation, R2. A concern with this statistic is that it always increases

as terms are added to the model, even though the added terms are

often not significant. Consequently, this statistic is usually smaller

for the refined model in comparison with corresponding full model.

To negate this drawback, the adjusted coefficient of determination,

R2-Adj. is used. This statistic is adjusted to the size of the model,

more specifically, the number of factors. The addition of nonsignif-

icant terms to the model can usually decrease the R2 Adj. value. As

shown in Table 2, the R-squared calculated for rejection efficiency

is 0.9555, reasonably close to 1, which is acceptable. It implies that

about 95.55% of the variability in the data is explained by the model.

The predicted R2 (0.8319) is agreement with the adjusted coeffi-

cient of determination R2 adj. (0.9208). The lack-of-fit P-value of

0.6453 showed that the lack of fit was not important relative to the

pure error. The lack-of-fit can also be said to be insignificant. This

is desirable as we want a model that fits. The larger the t-value and

the smaller the p-value, the more significant is the corresponding

coefficient. Thus, the ranking of significant parameters in this study

was as follows: C2>A>BC>AC>C>B2>B. To improve the effect

of significant parameters, the insignificant parameters were elimi-

nated and the final equation in terms of coded factors is shown in

Eq. (5):

R%=+89.06+7.54*A+0.26*B+3.78*C+5.95*AC

R%=−7.30*BC−3.96*B2
−31.48*C2 (5)

The same procedure is applied on the other response variable; per-

meate flux and the resulting ANOVA table are shown in Table 3.

In this case, the F-value (22.91) is also clearly departing from

unity and p-value is <0.0001.The R-squared for permeate flux is

0.9322 and R2 Adj. is 0.8915, close to 1, which is desirable. The P-

values of the factor A, B, C, AB, BC and C2
 present the relatively

higher statistical significance to other interactions. While, the AC,

C2 and A2 interactions were not significant with high P-values. The

second-order RSM with coded variables are as follows:

Permeate Flux=8.13−0.64 *A−0.55 *B−0.27 *C

Permeate Flux=−0.35 *AB−0.51 * BC−0.95 * B2 (6)

To judge if the selected model provides adequate approximation of

the real system or not, the statistical plots were provided by the Design

Expert 8.0.4 software. Fig. 2 shows the normal probability plots of

the studentized residuals (e), which may be defined by Eq. (7) for

any observation as the difference between the experimental (yexp) and

predicted response ( ), for Pb2+ rejection efficiency and perme-

ate flux.

(7)

The general impression from examining this display is that the error

distribution is approximately normal, and it is clear from the figure

that the residuals follow a straight line. The tendency of the normal

probability plot to upward slightly on left side in Fig. 2(b) implies

that the tail of the error distribution is somewhat thinner than would

be anticipated in a normal distribution; however, this plot is not grossly

nonnormal. All of the standardized residuals should fall within ±3.

A residual bigger than three standard deviations from zero is a poten-

tial outlier. The normal probability plots in Fig. 2 give no indication

of outliers.

If the model is correct and assumptions are satisfied, the residu-

als should be structureless; in particular, they should be unrelated

to any other variable including the predicted response. A simple

check is to plot the residuals versus the fitted values . Fig. 3

plots the residuals versus the fitted values of the rejection effi-

ciency (a) and permeate flux (b). Fig. 3(a) shows a distinct pattern

ŷpredic.

e = yexp − ŷ
predic. ŷpredic.

Fig. 2. Normal probability plot of residual for (a) rejection effi-
ciency and (b) permeate flux.
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move from negative to positive to negative to positive to negative

to positive again. This structure is the result of interaction between

SDS concentration and pH. In Fig. 3(b) there is some mild ten-

dency for the variance of residuals to increase as the permeate flux

increases. The problem, however, is not severe enough to have a

dramatic impact on the analysis, so this response was accepted as

legitimate.

3. Effect of Selected Factors on pb2+ Rejection Efficiency

In the Figs. 4-7, the 3D surface response plots and contour-lines

map of the quadratic model are presented for both responses: rejec-

tion efficiency and permeate flux. Fig. 4 shows the effect of pH and

SDS concentration at constant S/M ratio of 10. The maximum re-

sponse zone for Pb2+ reduction is observed at pH of 4 and SDS con-

centration higher than 4 mM. The rejection of Pb2+ ions was in-

creased with increasing surfactant concentration below the cmc

because the number of micelles increased with increasing nonionic

surfactant concentration, which enhanced the surfactant rejection

and rejection of Pb2+ ions solubilized in the micelles of surfactants.

From Fig. 4, it can be seen that suggested range of pH values was

within about 6.5-7.5.

Fig. 5 shows the changing of the S/M level from 5 to 15 and pH

increasing from 2 to 12 at constant SDS concentration of 4 mM. It

illustrates that the increasing of pH to 7 will enhance Pb2+ rejection

efficiency from 60% to 90%, while the effect of S/M factor is negligi-

ble. Thus the operation should be done at high pH because H+ can

be bound to the micelles and occupies the binding sites. Accord-

ingly, the Pb2+ rejection efficiency decreases with the decrease of

pH. From examination of the contour plot, we note that the process

may be slightly more sensitive to changes in pH than to changes in

S/M. The optimum is near pH=7 and S/M=10.

4. Effect of Selected Factors on Permeate Flux

 In spite of the many advantages of ultrafiltration, flux decline

Fig. 4. Response surface and contour plots showing the effective
parameters; pH and SDS concentration as well as their mu-
tual effect on the Pb2+ rejection while other parameters was
kept constant at middle level (S/M=10).

Fig. 3. Plot of residual vs. predicted response for (a) rejection effi-
ciency and (b) permeate flux.
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remains the most serious and inherent obstacle for the efficient ap-

plication of membrane separation process. Flux decline is caused

by several factors such as concentration polarization, fouling, adsorp-

tion of surfactant, gel layer formation, and pore plugging. Therefore,

not only the separation efficiency of Pb2+ ions and the optimization

of process variables but also the flux behavior in surfactant-based

ultrafiltration should be investigated systematically.

Fig. 6 shows the three-dimensional response surface plot and the

contour plot for the permeate flux response in term of the variables

SDS concentration and S/M ratio at pH 7. It is relatively easy to

see from examining this figure that the permeation flux decreases

from 8 to 6 with the increase of the SDS concentration from 2 to

6 mM, below cmc, because the concentration polarization has an

important effect on the permeation flux. This effect can cause a re-

sistance against the permeation. When the SDS concentration reaches

and exceeds the CMC, many micelles form in the solution to block

the membrane pores [20]. The optimum is near a CSDS of 2 mM and

S/M ratio of 10 that the response is at maximum at this point.

It can be seen from Fig. 7 that the pH effect on the permeate flux

is negligible, while increasing of S/M ratio up to 10 causes decreas-

ing the permeate flux at 4 mM constant concentration of SDS. It is

clear in Fig. 7 that varying S/M ratio from 5 to 15 causes decreas-

ing flux from 8 to 6. At higher S/M ratio, more micelles were ac-

cumulated on the membrane surface, reducing the driving force and

consequently lowering the permeate flux. There could have been

another possibility for the partial blockage of membrane pores by

micelles and a formation of an additional resistant layer which may

have decreased the flux. From examination of the plots, the maxi-

mum flux is achieved at S/M ratio of 6.

5. Optimization of Operational Conditions

Experimental optimization approach based on RSM method was

used to determine the feasible optimal point. The results concern-

ing optimal point found are reported in Table 4. Optimization of

Fig. 5. Response surface and contour plots showing the effective
parameters; pH and S/M ratio as well as their mutual effect
on the Pb2+ rejection while other parameters was kept con-
stant at middle level (CSDS=4). Fig. 6. Response surface and contour plots showing the effective

parameters; S/M ratio and SDS concentration as well as
their mutual effect on the permeate flux while other param-
eters was kept constant at middle level (pH=7).
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the factors levels was carried out by minimizing the amount of CSDS

and S/M ratio, and maximizing the rejection efficiency (optimum

result 1), permeate flux (optimum result 2) and both responses to-

gether (optimum result 3). The optimal process conditions deter-

mined by RSM method are as follows: CSDS=6 mM, S/M=9.39 and

pH 7.84, in such conditions the rejection efficiency of 99.47% was

obtained. This value (R=99.47%) is the highest rejection efficiency

value obtained in all experiments conducted in this work (result 1).

It is clear in Table 4 that the value of 9.04 was obtained for maxi-

mum permeate flux at pH=2.21, S/M=10.82 and CSDS=2.05 mM

(result 2). The optimal experimental conditions for both responses

simultaneously that ensure a rejection efficiency of 81.43% and per-

meate flux of 8.88 (mL/m2·s) were determined at pH=6.57, S/M=

9.82 and CSDS=2 mM (result 3).

Finally, a comparison between this study and previous works for

Pb2+ removal using membrane processes is shown in Table 5. It can

be observed that ELM separation [15] has a higher removal effi-

ciency, but this type of membrane process has inherent problems,

including low amount of separation and not economical. MEUF

processing gives high removal efficiency and high permeate flux.

The MEUF process in this study using spiral-wound membrane

(R%=99.41) has proven to be more efficient when compared to

flat polyethersulfone membrane (R%=98.4) [11]. As shown in this

table, the Pb2+ rejection efficiency was at maximum 81% in the NF

process [21], while the MEUF process showed higher than 99%

rejection efficiency. In addition, this method has other advantages,

such as simple operation and lower energy consumption than other

membrane separation processes, such as NF. Also, it can be said

that other enhanced ultrafiltration such as polymer enhanced ultra-

filtration [22] showed less rejection efficiency (99%) compared this

study.

CONCLUSION

A statistical experimental design was applied for the investigation

and response surface modeling of micellar-enhanced ultrafiltration

process for lead removal from aqueous solution using SDS as sur-

factant. The RSM method was statistically validated by ANOVA

and used for prediction of rejection efficiency and permeates flux.

Fig. 7. Response surface and contour plots showing the effective
parameters; S/M ratio andpH as well as their mutual effect
on the permeate flux while other parameters was kept con-
stant at middle level (CSDS=4).

Table 4. Optimization results for the percentage of rejection and permeate flux for pb2+ removal

Optimum result CSDS (mM) S/M pH Rejection (R %) Permeate flux (mL/m2·min) Desirability

1 6.00 09.39 7.84 99.47 ------ 0.968

2 2.05 10.82 2.21 ------- 9.04 1.000

3 2.00 09.82 6.57 81.43 8.88 0.850

Table 5. Maximum of lead rejection at this study and previous works

Type of process Membrane material Module type Initial Pb2+ concentration (mg/L) Maximum Pb2+ rejection Ref.

ELM (W/O/W) NA 400-1000 99.50 [10]

MEUF Polyethersulfone Flat 20 98.40 [11]

PEUF Inner ceramic Tubular 25 99.00 [16]

NF Polyamide Tubular 100-1600 81.00 [17]

Present study Regenerated cellulose acetate Spiral-wound 50-150 99.41
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It was found that the SDS concentration and S/M ratio have major

effects on permeate flux, while pH has no significant effect. Also,

the results indicated that feed pH, SDS concentration and S/M ratio

have effects on Pb2+ rejection. Optimization by RSM methodology

shows the maximum Pb2+ rejection efficiency of 99.47% was ob-

tained at pH=7.84, S/M=9.39 and CSDS=6 mM.
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NOMENCLATURE

Symbol

R : filtration efficiency

Cp : concentration of Pb2+ in the feed solution [mM]

Cf : concentration of Pb2+ in the permeate [mg/L]

Pi : inlet pressure [bar]

Po : outlet pressure [bar]

Pp : permeate pressure [bar]

Q : permeate volume [mL]

A : area of membrane [m2]

Jp : permeation flux [mL/m2·s]

Abbreviations

MEUF : micellar-enhanced ultrafiltration

CMC : critical micellar concentration

ANOVA : analysis of the variance

RSM : response surface methodology

TMP : transmembrane pressure [bar]

BBD : box-behnken design

ELM : emulsion liquid membrane

PEUF : polymer enhanced ultrafiltration

NF : nanofiltration
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