
 
 

The Performance of Polyaluminium Chloride and 

Bentonite clay Coagulant in the Removal of Cationic 

and Anionic Dyes 

Elvis Fosso-Kankeu, OupaNtwampe, FransWaanders, and Alicea Webster 

    Abstract─-A large variety of different types of dyes are being 

released into valuable sources of water, each with its own physico-

chemical properties which causes a problem during their removal. 

This study investigates the removal of two dyes with different 

charges, anionic methyl red and cationic crystal violet. Dye removal 

was investigated by using the chemical flocculation/coagulation 

treatment method, where a comparison of the performance of two 

coagulants; bentonite clay and polyaluminium chloride (PACl) was 

carried out. Slow mixing time and pH were varied to find the 

optimum removal conditions for the reagents. Bentonite clay was 

characterized using XRD to determine what minerals were present. 

PACl was prepared from aluminium, HCl and NaOH. PACldid not 

show great performance for both dyes, as both of these dyes 

solubility are high. The removal efficiency of PACl could however 

be increased drastically by creating synthetic artificial turbid water 

with bentonite clay. Optimum removal for CV (99.2%) was achieved 

with PACl at a pH of 12 and slow mixing time of 25 min, at lower 

pH levels however bentonite clay was superior in removal efficiency. 

Bentonite clay removed MR better at a pH of 2 with an optimal 

removal of 97.6% at a slow mixing time of 20min, PACl only 

showed superior performance to bentonite at a pH of 5. The results in 

this study showed that the charge of the dye, the pH and the slow 

mixing time all played significant roles in the removal of dye. 

    Keywords─Dye, anionic, cationic, flocculation, coagulation, 

bentonite, PACl 

I. INTRODUCTION 

NDUSTRIES that use dyes in their manufacturing 

processes usually release high concentrations of dyes in 

their wastewater effluent. . Textile industry is one of the 

entities where 10-15% of the dye used is washed out into the 

wastewater effluent [1]. 

    Dye-contaminated water released in the environment 

causes numerous problems such as high chemical oxygen 

demand (COD), increase in toxicity [1] and a decrease in 

biodegradability [2]. Industries are therefore compelled by 

environmental legislation to remove dye from their effluents 

before it is released into the water-course [3, 4, 5]. 
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    The treatment methods which are employed in the removal 

of dye from wastewater include adsorption through activated 

carbon, membrane filtration, photodegradation, biochemical 

degradation and advanced oxidation [6].  Although these 

methods are effective, the common disadvantage of these 

methods is that they are expensive on a large scale [1].There 

is therefore a great need for simple and affordable methods to 

purify dye contaminated wastewater, especially in third world 

countries due to water scarcity coupled with limited 

infrastructure. The coagulation-flocculation process is 

however a simple, affordable and effective technique to be 

employed in the purification of these waters of such a quality, 

provided ideal coagulants are employed.Bentonite clay and 

polyaluminium chloride (PACl) are both relatively affordable 

coagulants and both have been proven to be effective in 

wastewater treatment processes. Bentonite clay has a large 

specific surface area with a net specific charge and a large 

exchange capacity.  This property is attributed to the presence 

of montmorillonite[7].PACl contains high charge polymeric 

aluminium species as well as monomers, with the formula 

(Aln(OH)mCl(3n-m))x where n = 2 and m = 3. During the 

coagulation-flocculation process using PACl in the treatment 

of wastewater which is polluted with dyes, aluminium 

hydroxo-complexes are formed during hydrolysis reaction, 

resulting in a high volume of insoluble aluminium poly-

hydroxides (precipitates). Dyes are absorbed onto the 

positively charged surface of the hydroxo-complexes due to 

their azo, amino, ethylene and methyl groups through 

electrostatic attraction [8]. 

    Crystal violet (CV) is a cationic dye also known byit’s 

colour index (C.I.) name C.I. Basic Violet 3, and belongs to 

the tri-phenyl methane dyes class withcationicity based on the 

presence of the +N (CH3)
2
 groups [9]. Crystal violet contains 

a non-polar methane molecule, R-CH3 which is hydrophobic, 

and can enhance the adsorption of the CV [10].Methyl red 

(MR) is an anionic mono-azo dye which is synthetic organic 

colorants and also characterized by nitrogen-to-nitrogen 

double bonds [11]. 

    The pH level is a very important variable and controls the 

solubility of the aluminium hydroxide (precipitates), which 

plays a role in the adsorption of the dye particles 
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[7].However, the charge of a dye molecule is also dependent 

on the pH of the solution [12]. 

    Rapid mixing and slow mixing are two important 

parameters during the coagulation-flocculation process, 

because of their role in dispersing the reagent throughout the 

system and floc formation [13]. The rapid mixing enhances 

even distribution of reagent throughout the solution, to form 

small flocs, whereas slow mixing is the stage where small 

flocs collide due to Brownian motion to form larger flocs. The 

larger flocs settle due to high settling velocity [13, 14]. 

    The main objective of this study is to compare the 

performance of bentonite clay and PACl as reagents in the 

removal of dyes of varying charges from the wastewater. 

Bentonite clay was also used with the PACl in the treatment 

as a coagulant-aid in order to enhance the removal efficiency. 

The other objective in this study is to investigate the effect of 

pH, slow mixing time, initial dye concentration and flocculent 

dosage in the removal of dye from the wastewater.  

II. MATERIALS AND METHODS 
 

A. Characterization of bentonite 

   Bentonite was grounded by a ring-mill and then sieved 

through a 64 µm sieve to obtain an optimum particle size of -

64 µm[15]. 

   The main objective of this study is to compare the 

performance of bentonite clay and PACl as reagents in the 

removal of dyes of varying charges from the wastewater. 

Bentonite clay was also used with the PACl in the treatment 

as a coagulant-aid in order to enhance the removal efficiency. 

The other objective in this study is to investigate the effect of 

pH, slow mixing time, initial dye concentration and flocculent 

dosage in the removal of dye from the wastewater.  
 

B. Preparation of PACl 

PACl was prepared in the laboratory by a method adopted 

from [16], a solution of hydrochloric acid (HCl) and 

aluminium was prepared by adding 9 g of aluminium granules 

to 100 mL of 0.32 N HCl. Caution was taken during the 

addition of aluminium granules to the HCl due to an 

exothermic reaction, that included stirring constantly with a 

magnetic stirrer. The solution was then placed in a sealed 

plastic container, for 72 hours in a furnace at 90°C. A second 

solution was prepared by slowly adding 11 g of aluminium 

granules to 100 mL of 0.4N solution of sodium hydroxide 

(NaOH) while mixing. After 72 hours, 32 mL of the NaOH 

solution was added to the 100 mLHCl solution slowly at 0.2 

mL/min with a peristaltic pump under vigorous stirring in a 

sealed flask. The amount of NaOH solution was added to 

ensure a 1.2 ratio of OH/Al. The basicity of PACl can be 

calculated according to Eq. 1. 

         
  

  
                          (1) 

The basicity of PACl prepared in the lab was calculated as 

44% and the aluminium content was calculated 

asapproximately 9% w/w Aluminium according to the 

preparation method of PACl. 

C. Preparation of Synthetic turbid water 

Synthetic turbid water was prepared by adding 1g of 

bentonite per 1 L of demineralised water. The solution was 

then shaken thoroughly to ensure even distribution of clay and 

then allowed to settle overnight. The supernatant water was 

then used to make dye solutions at different concentrations for 

coagulation-flocculation with PACl. 

D. Preparation of dye solutions 

The dyes used in this experimentation were MR 

C15H15N3O2 with atomic weight of 269.29 g/mol and CV 

C25H30CIN3 with atomic weight of 407.99 g/mol. Both dyes 

were purchased from ACE (Associated Chemical 

Enterprises). The stock solution of MR and CV dye was 

prepared by dissolving 1 g of dye in 1 L of de-ionized water. 

The required dye concentrations were prepared from the stock 

solution. The pH of the dye samples was adjusted 

withNaOHand HCl. 

E. Coagulation and flocculation experiments 

In this experiment a six beaker jar test apparatus equipped 

with stirring paddles with speed control settings was used. A 

200 mL of dye solution was poured into six 500 mL glass 

beakers. The beakers were placed in a jar test apparatus and 

treated at 160 rpm for 1 min and thereafter reduced to 50 rpm 

at varying time between 5 and 25 mins for optimization. The 

samples were then allowed to settle for 1 hour after which the 

measurements on characterization were conducted. The first 

step was to find the optimum pH for PAC, bentonite and PAC 

- bentonite combined dosages. The optimization was 

conducted by varying the pH (2-12) on 75 mg/L dye solutions 

from MR and CV with 50 gm/L PACl, 1200 mg/L bentonite 

clay and a combination of 50 mg/L PACl and 600 mg/L 

bentonite dosage respectively. The pH measurement was 

carried out using a Thermo Scientific Orion Star pH meter. 

The second step was to find the optimum slow mixing time. A 

similar procedure was followed in the optimization process. 

That was done by varying the slow mixing time (5, 10, 15, 20 

and 25 mins) while keeping the pH constant. The third step 

was conducted by varying the concentration of the dye 

between 25 mg/L , 50 mg/L, 75 mg/L and 100 mg/L, then the 

dye was removed with different amount of bentonite (400 

mg/L, 800 mg/L, 1200 mg/L and 1600 mg/L), PAC (25 mg/L, 

50 mg/L, 100 mg/L and 150 mg/L) and combined clay and 

PAC (200 mg/L + 25 mg/L, 400 mg/l + 50 mg/L, 600 mg/L + 

100 mg/L and 800 mg/L + 150 mg/L). All solutions treated 

with only PACl were made with the synthetic turbid water. 

All experiments were repeated for repeatability. 

F. UV-Vis Spectroscopy 

The dye removal efficiency of bentonite clay and PACl was 

measured using the absorbance of the dye dissolved in de-

ionized water. This was done by preparing a range of 

concentrations of the dyes from 6.25 mg/L to 100 mg/L. 
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These measurements were interpreted by the wavelength at 

which the dye absorbs most light, where for the crystal violet 

the absorptions were at 590nm. Methyl red is an indicator 

dye, thus the colour changes with the pH value. As the colour 

changes the wavelength also changes and at a pH of 2, 5, 8.45 

and 12 different calibration curves were created at different 

wavelengths. The wavelengths were536nm for pH 2, 430nm 

for pH 5 and 8.45, and 440nm for pH 12. The wavelengths are 

the same for pH 5 and 8.45 but the absorbance values differ. 

There is a direct correlation between the absorbance and 

concentration of dye solution and can be seen through Eq. 2. 

        (2)  
Where     the molar extinction coefficient and L is is the 

length of path through the medium. The unknown 

concentration sample’s absorbance value could therefore be 

read by the spectrometer and then the corresponding 

concentration according to the calibration curve could be 

determined. 
 

III. RESULTS AND DISCUSSION 
 

A. Mineralogical and elemental composition of the clay 

   The X-ray diffraction of the clay allows identifying the 

phase composition of the clay. The results can be seen in 

Table 1. Bentonite fraction represented more than 63% of the 

clay, with the rest of the clay containing quartz and kaolinite. 
 

TABLE I 

FRACTIONS OF MINERALS PRESENT IN RAW BENTONITE AS DETERMINED 

BY XRD 

Phase name Figure of merit 

Quartz 0.533 

Bentonite 3.229 

Montmorillonite 3.205 

Kaolinite 3.335 

B. Effect of pH on dye removal 

The removal of CV and MR by PAC and bentonite is 

presented in Fig 1 and Fig 2. 

 
Fig.1 Removal % of CV against pH for bentonite (B) and PACl 

    In Fig 1 it can be seen that bentonite’s removal efficiency 

was higher compared to PACl, especially at lower pH values. 

The increase in pH enhanced the removal of cationic CV as 

the OH
-
 ions increased and the charge of the dye particles 

reduced. The removal efficiency of both coagulants was 

around 100% at a pH of 12. The high removal % observed at 

a pH of 12 is because of CV starting to self aggregate. 

 
Fig.2 Removal % of MR against pH for bentonite (B) and PACl 

    In Fig 2 it can be seen that PACl only showed superior 

performance to bentonite clay at a pH of approximately 5. The 

improvement was attributed to the increasing positive charge 

of PACl, which enhanced its neutralization ability [17]. The 

removal % of anionic MR increased as the pH decreased 

because of increased positive H
+
 ions which decrease the dye 

particle’s charge. 

   The higher the charge of a dye the more difficult it is to 

remove through the coagulation-flocculation process [18]. 
 

C. Effect of Slow mixing time on dye removal 

The removal of MR and CV under different slow mixing 

times by PACl and bentonite is presented inFig. 3 and Fig. 4. 

The removal of CV increased significantly with increasing 

slow mixing time using PACl, and decreased significantly 

with bentonite. 

The removal of MR showed an opposite trend and 

decreased with slow mixing time using PACl and increased 

with bentonite.The results show that for each dye and 

coagulant a different optimum slow mixing time exist. 

Therefore coagulant and dyes have an optimum time needed 

for agglomeration to occur where after continued mixing can 

lead to disruption of already formed flocs. 

 
Fig.3 Removal % of MR against slow mixing time for Bentonite and 

PAC 

 

Fig. 4 Removal % of CV for against slow mixing time for bentonite 

and PACl 

IV. CONCLUSION 

   The overall performance of the bentonite clay was superior 

compared to that of the PACl.  PACl only showed good 
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performance when the dye particles charge was reduced by 

the pH. It can be concluded that PACl is not able to remove 

dyes with a high charge and solubility without aid from the 

pH or increasing the turbidity of the water. 

   Crystal violet removal % was also higher overall than that 

of MR. CV molecular weight is higher than MR, which can 

aid in settling. Crystal Violet also contains a hydrophobic 

group (R-CH3), whereas MR contains a hydrophilic group (-

OH) which results in MR being more soluble. At a pH of 12, 

there is increased concentration of OH
-  

which was enough to 

neutralize CV for the self-aggregation of CV’s particles to 

occur. Methyl red did not self aggregate at a pH of 2. The 

reason for this can be MR higher solubility and higher charge.  

 The removal of MR at a pH of 2 was higher with bentonite 

than with PACl, but at a pH of 5 PACl’s removal efficiency 

was significantly higher than that of bentonite. This increased 

efficiency can be due to increased charge of PACl between 

pH 4 and 6.  Slow mixing time had a significant effect and 

differed for each dye and for each flocculent dosage. The 

flocculation process is simple and effective and therefore a 

promising method. Bentonite is a promising coagulant as it 

has good adsorptive and coagulant properties, it is a natural 

product and it is also affordable. Poly aluminium chloride 

may not be such a popular choice for the treatment of drinking 

water as high concentration of aluminium is believed to be 

harmful to humans, but poly aluminium chloride is still worth 

investigating as it can purify water in general and can also be 

used in combination with bentonite. 

    In this study it could be seen that the charge of the dye, the 

pH and the slow mixing time all played significant roles in 

dye removal by the flocculation/coagulation method but the 

solubility of dye also needs to be taken in consideration. 

ACKNOWLEDGMENT 

   The authors are grateful to the sponsor from the North-West 

University and the National Research Foundation (NRF) in 

South Africa. The contribution of N. Lemmeris really 

appreciated. 

REFERENCES 

[1] Mohammed M.A., Shitu A. & Ibrahim A. (2014)       ‘Removal of 
Methylene Blue Using Low Cost Adsorbent: A Review’, Research 

Journal of Chemical Sciences [Online], Vol. 4, No. 1, pp91-102, 
Available: www.isca.in/ ISSN 2231-606X, [ 18Febuary 2015] 

[2]     Wang, Y., Gao, B., Yue, Q., Wang, Y. (2011) ‘Effect of viscosity, 

basicity and organic content of composite flocculant on the 
decolourization performance and mechanism for reactive dyeing 

wastewater’ Journal of Environmental Sciences, Vol.23, pp 1626-1633. 

 http://dx.doi.org/10.1016/S1001-0742(10)60624-9 
[3] Karthik, V., Saravanan, K., Bharathi, P., Dharanya, V., Meiaraj, C. 

(2014) ‘An overview of treatments for the removal of textile dyes’ 

Journal of Chemical and Pharmaceutical Sciences, Vol. 7(4) , pp. 1215 
– 1220. 

[4] Fosso-Kankeu E, Mulaba-Bafubiandi AF and Mishra AK. 

2014.Prospects in the immobilization of microbial sorbents on carbon 
nanotubes for biosorption: Bioremediation of heavy metals polluted 

water. In: Mishra A.K. (Eds). Application of Nanotechnology in Water 

Research.Wiley, Scrivener Publisher. ISBN: 978-1-118-49630-5. 
 http://dx.doi.org/10.1002/9781118939314.ch3 

[5] Fosso-Kankeu E, Mulaba-Bafubiandi AF. 2014. Challenges in the 

escalation of metal-biosorbing processes for water treatment: applied 
and commercialized technologies. African Journal of Biotechnology. 

13(17): 1756-1771. 

 http://dx.doi.org/10.5897/AJB2013.13311 
[6] Fosso-Kankeu E, Mittal H, Mishra SB, Mishra AK. 2015. Gum ghatti 

and acrylic acid based biodegradable hydrogels for the effective 

adsorption of cationic dyes. Journal of Industrial and Engineering 
Chemistry. 22: 171-178. 

 http://dx.doi.org/10.1016/j.jiec.2014.07.007 

[7] Syafalni, Abdullah, R., Abustan, I., Ibrahim, A.N.M. (2013) ‘ Waste 
water treatment using bentonite, the combination of bentonite-zeolite, 

bentonite-alum, and bentonite-limestone as adsorbent and coagulant’ 

International Journal of Environmental Sciences, Vol. 4, No. 3. 
[8] Klimiuk, E., Filipkowska, U. &Korzeniowska, A. (1999) Effects of pH 

and Coagulant Dosage on Effectivenessof Coagulation of Reactive 

Dyes from ModelWastewater by Polyaluminium Chloride (PAC)’ 
Polish Journal of Environmental Studies, Vol. 8(2), pp. 73-79 

[9] Nidheesh, P. V., Gandhimathi, R., Ramesh, S. T. & Singh, T. S. A. 

(2012) ‘Adsorption and Desorption Characteristics ofCV in Bottom Ash 
Column’ Journal of Urban and Environmental Engineering, Vol. 6 (1), 

pp. 18-29 

 http://dx.doi.org/10.4090/juee.2012.v6n1.018029 
[10] Shen, Z., Wang, W., Jia, J., Ye, J., Feng, X., Peng, A. (2001) 

‘Degradation of dye solution by an activated carbon fiber electrode 

electrolysis system’ Journal of Hazardous Materials, Vol. 84, pp 107-
116 

 http://dx.doi.org/10.1016/S0304-3894(01)00201-1 
[11] Muthuraman,G., Teng, T.T. (2009) ‘Extraction of MR from industrial 

wastewater using xylene as an extractant’ Progress in Natural Science, 

Vol. 19, pp 1215-1220 
 http://dx.doi.org/10.1016/j.pnsc.2009.04.002 

[12] Petzold, G. & Schwarz, S. (2006) ‘Dye removal from solutions and 

sludges by using polyelectrolytes and polyelectrolyte–surfactant 
complexes’ Separation and Purification Technology, Vol. 51, pp 318-

324 

 http://dx.doi.org/10.1016/j.seppur.2006.02.016 
[13] Swartz, C.D. and Ralo, T., 2004, Guideline for planning and design of 

small water treatment plants for rural communities with specific 

emphasis on sustainability and community involvement and 

participation, Silowa Printer, SA. 

[14]  Karapinar, N&Donat, R (2009) ‘Adsorption behavior of Cu2+ and 

Cd2+ onto natural bentonite’.Desalination, Vol. 249, pp 123-129. 
 http://dx.doi.org/10.1016/j.desal.2008.12.046  

[15] Zhongguo, Z., Dan, L., Dandan, H., Duo, L. Xiaojing, R., Yanjun, C. 

and Zhaokun, L. (2013) ‘Effects of Slow-Mixing on the Coagulation 
Performance of Polyaluminum Chloride (PACI)’  

 Chinese Journal of Chemical Engineering, Vol. 21(3), pp. 318—323  

 http://dx.doi.org/10.1016/S1004-9541(13)60463-2 
[16] Zouboulis, A.I. &Tzoupanos, N., (2010) ‘Alternative cost-effective 

preparation method of polyaluminium chloride (PAC) coagulant agent: 

Characterization and comparative application for water/wastewater 
treatment’ Desalination, Vol. 250, pp 339-344 

 http://dx.doi.org/10.1016/j.desal.2009.09.053 

[17] Zhou, F., Hu, B., Cui, B., Liu, F., Liu, F., Wang, W., Liu, Y., Lu, R., 
Hu, Y., Zhang, Y., Wu, J. (2014) ‘Preparation and Characteristics of 

Polyaluminium Chloride by Utilizing Fluorine-Containing Waste 

Acidic Mother Liquid from Clay-Brine Synthetic Cryolite Process’ 

Journal of Chemistry, p1-7 

 http://dx.doi.org/10.1155/2014/274126 

[18] Aspland, J. R. (1993) ‘Chapter 12: The Application of Basic Dye 
Cations to Anionic Fibers: Dyeing Acrylic and Other Fibers with Basic 

Dyes’ Academic Journal, Vol 25 (6), p21 
 

The corresponding author is currently a Senior Lecturer in the School of 
Chemical and Minerals Engineering at the North-West University 

(Potchefstroom). He is an NRF rated researcher who has published journal 
articles, book chapters and book. 

Dr Elvis Fosso-Kankeu has been the recipient of several merit awards. 

 

 

7th International Conference on Latest Trends in Engineering & Technology (ICLTET'2015) Nov. 26-27, 2015 Irene, Pretoria (South Africa)

http://dx.doi.org/10.15242/IIE.E1115013 42

http://dx.doi.org/10.1016/S1001-0742(10)60624-9
http://dx.doi.org/10.1016/S1001-0742(10)60624-9
http://dx.doi.org/10.1016/S1001-0742(10)60624-9
http://dx.doi.org/10.1016/S1001-0742(10)60624-9
http://dx.doi.org/10.1016/S1001-0742(10)60624-9
http://dx.doi.org/10.1002/9781118939314.ch3
http://dx.doi.org/10.1002/9781118939314.ch3
http://dx.doi.org/10.1002/9781118939314.ch3
http://dx.doi.org/10.1002/9781118939314.ch3
http://dx.doi.org/10.1002/9781118939314.ch3
http://dx.doi.org/10.1002/9781118939314.ch3
http://dx.doi.org/10.5897/AJB2013.13311
http://dx.doi.org/10.5897/AJB2013.13311
http://dx.doi.org/10.5897/AJB2013.13311
http://dx.doi.org/10.5897/AJB2013.13311
http://dx.doi.org/10.5897/AJB2013.13311
http://dx.doi.org/10.1016/j.jiec.2014.07.007
http://dx.doi.org/10.1016/j.jiec.2014.07.007
http://dx.doi.org/10.1016/j.jiec.2014.07.007
http://dx.doi.org/10.1016/j.jiec.2014.07.007
http://dx.doi.org/10.1016/j.jiec.2014.07.007
http://dx.doi.org/10.4090/juee.2012.v6n1.018029
http://dx.doi.org/10.4090/juee.2012.v6n1.018029
http://dx.doi.org/10.4090/juee.2012.v6n1.018029
http://dx.doi.org/10.4090/juee.2012.v6n1.018029
http://dx.doi.org/10.4090/juee.2012.v6n1.018029
http://dx.doi.org/10.1016/S0304-3894(01)00201-1
http://dx.doi.org/10.1016/S0304-3894(01)00201-1
http://dx.doi.org/10.1016/S0304-3894(01)00201-1
http://dx.doi.org/10.1016/S0304-3894(01)00201-1
http://dx.doi.org/10.1016/S0304-3894(01)00201-1
http://dx.doi.org/10.1016/j.pnsc.2009.04.002
http://dx.doi.org/10.1016/j.pnsc.2009.04.002
http://dx.doi.org/10.1016/j.pnsc.2009.04.002
http://dx.doi.org/10.1016/j.pnsc.2009.04.002
http://dx.doi.org/10.1016/j.seppur.2006.02.016
http://dx.doi.org/10.1016/j.seppur.2006.02.016
http://dx.doi.org/10.1016/j.seppur.2006.02.016
http://dx.doi.org/10.1016/j.seppur.2006.02.016
http://dx.doi.org/10.1016/j.seppur.2006.02.016
http://dx.doi.org/10.1016/j.desal.2008.12.046
http://dx.doi.org/10.1016/j.desal.2008.12.046
http://dx.doi.org/10.1016/j.desal.2008.12.046
http://dx.doi.org/10.1016/S1004-9541(13)60463-2
http://dx.doi.org/10.1016/S1004-9541(13)60463-2
http://dx.doi.org/10.1016/S1004-9541(13)60463-2
http://dx.doi.org/10.1016/S1004-9541(13)60463-2
http://dx.doi.org/10.1016/j.desal.2009.09.053
http://dx.doi.org/10.1016/j.desal.2009.09.053
http://dx.doi.org/10.1016/j.desal.2009.09.053
http://dx.doi.org/10.1016/j.desal.2009.09.053
http://dx.doi.org/10.1016/j.desal.2009.09.053
http://dx.doi.org/10.1155/2014/274126
http://dx.doi.org/10.1155/2014/274126
http://dx.doi.org/10.1155/2014/274126
http://dx.doi.org/10.1155/2014/274126
http://dx.doi.org/10.1155/2014/274126
http://dx.doi.org/10.1155/2014/274126



