
National Conference on Green Engineering and Technologies for Sustainable Future-2014 
Journal of Chemical and Pharmaceutical Sciences                                                                                                               ISSN: 0974-2115 

JCHPS Special Issue 4: December 2014                               www.jchps.com Page 182 

Continuous foam fractionation of Copper (II) ions from aqueous media and industrial 

effluents 
Arulmozhi.Ma,*, Meera S.Begunb , Anantharaman.Nband Thenmozhi.Mc 

*aDepartment of Petrochemical Technology, Anna University of Technology Tiruchirappalli, India. 
bDepartment of Chemical Engineering, National Institute of Technology Tiruchirappalli, India 

cDepartment of Chemical Engineering, Annamalai University, Annamalai nagar, India. 

*Corresponding author: Email: E-mail:    arulmozhisenthilkumar@gmail.com 

ABSTRACT 

The purpose of this study was to investigate the use of foam fractionation to recover Cu (II) ions from aqueous and copper 

plating effluent. The effects of operating parameters such as air flow rate, liquid pool height, feed concentration, surfactant 

concentration, pH of the feed and feed flow rate on separation characteristics were studied using sodium lauryl sulphate as surfactant 

in continuous foam column. Enrichment ratios of 6.3 and 5.4 with a percentage removal of 67% and 63% were obtained for synthetic 

aqueous solution and copper plating effluent respectively at the optimum operating parameters of 30 cm of liquid pool height in 

column,0.1 liters per minute(lpm) of air flow rate, feed flow rate of 4 liters per hour(Lph),pH of 6 and at feed concentration of  10 

ppm. Box-Behnken model and analysis of Varience (ANOVA) were applied to the experimental foam fractionation studies using 

MINITAB 15 TM software. From the results it was found that the selected variables have a strong effect on the foam fractionation and 

also the experimental values were in good agreement with predicted values. 

Keywords:   Bubble columns; Copper (II); Foam fractionation; Enrichment ratio; Box-Behnken surface  methodology;sodium lauryl 

sulphate surfactant 

INTRODUCTION 

Toxic metals such as Cd, Hg, Pb, Cr, Ni, Zn,Cu and Co at trace concentrations in water bodies are detrimental to human 

health and ecosystem stability. Metal ions are characterized by their mobility in the liquid phase of the eco system and are toxic to 

higher life forms even at low concentrations. Copper is found in many wastewater sources including, printed circuit board 

manufacturing, electronics plating, plating, wire drawing, copper polishing, paint manufacturing, wood preservatives and printing 

operations. Though copper can be removed from wastewater by precipitation as an insoluble salt, precipitation as metallic copper and 

by ion exchange, foam fractionation is a simple and low-cost method, belonging to the adsorptive bubble separation techniques 

(Robert Lemlich, 1968). Solutes to be removed or recovered are adsorbed on the bubble surface and concentrated in the collapsed 

foam liquid (foamate) phase. A foam producing agent, i.e., surface-active reagent, is added to the feed solution to stabilize the foam. 

In the present investigation, we designed and built a continuous foam fractionator and investigated the recovery of Cu (II) 

ions from synthetic aqueous solution and copper plating effluent. The effects of conditions of feed solution (feed and surfactant 

concentration, pH of feed) and the operational parameters of the column (air and feed flow rate, liquid pool height) on the enrichment 

ratio were investigated. Box-Behnken model and analysis of variance (ANOVA) were applied to the experimental foam fractionation 

studies. Response surface method with 3 levels of variances was used in the identification of significant parameters and their 

interaction in the continuous foam fractionation studies. A second order polynomial regression model has been developed to describe 

the experimental results. 

MATERIALS AND METHODS 

Materials: Sodium lauryl sulfate (SLS) surfactant was obtained from M/s. Sigma Aldrich Chemicals Private Limited (India). 

Potassium chloride, mercury and copper sulphate used for analysis were purchased from M/s. Merck Limited (India). Effluent from 

copper plating industry was collected from nearby industrial unit. Distilled water was used and all the chemicals were of analytical 

grade. 

Experimental methodology: The continuous bubble column is a cylindrical glass tube (1000mm in height and 160 mm diameter) 

with a sintered glass sparger of pore size ranging from 15 to 40 microns, fixed at the bottom, functioning as a gas distributor. A 

schematic of the experimental facility used is shown in Fig. 1. The length of the drainage section of the column is 760 mm. Airfow is 

metered using a rotameter and then passed through the distributor. The feed solution was continuously fed into the column through an 

inlet port and the residual solution was discharged from the bottom of the column. The outlet is provided above the gas sparger to 

ensure that the outflow of liquid from the column is not affected by the flow of gas and is similar to the one reported earlier. Further, 

due to the flow of gas in the upward direction, through the sparger, the liquid will not flow down through the sparger.Foamate was 

collected continuously at the top of the column and collapsed by heating.The liquid obtained by breaking the foam and the residual 

solution were then analyed using a Jasco UV spectrophotometer at a wavelength of 400 nm for copper (II) ions.  
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Fig.1. Experimental setup of a continuous foam column 

RESULTS AND DISCUSSION 

 Experimental studies in continuous foam fractiontion column for various feed concentrations at different pH values of the 

solutions, liquid pool heights, and flow rates of liquid and air were conducted using copper plating effluent collected from nearby 

industry to determine the enrichment ratio and the percentage recovery. 

  “Enrichment ratio” or “separation factor” (E) is defined as the ratio of the concentration of metal ion in the foamate 

(Cp) to the concentration of metal ion in the feed liquid (Cf) from which the foam has been generated. “ Percentage removal” (P.R %) 

is defined as the amount of metal ions recovered to the amount of metal ions in the feed solution. 

Enrichment ratio (E) =
Concentration of metal ions in foamate (CP)

Concentration of metal ions in feed solution (Cf)
    (1) 

Percentage removal (P. R %) =
Amount of metal ions recovered (Cf −Cb)x100

Amount of metal ions in feed solution (Cf)
  (2) 

Where Cb is the concentration of metal ion in the residual solution. The percentage of removal is defined as above due to the 

fact that low concentrations are used in the present study and also the concentration changes involved are low, hence, the flow rates at 

outlet and inlet remain the same. 

RESULTS AND DISCUSSION 
Effect of air flow rate: From the experimental results obtained, the effect of air flow rate on enrichment ratio of Cu (II) ions for 

synthetic aqueous solution and copper plating effluent are shown in Fig.  2 . As the air flow rate was increased from 0.1 to 0.5 lpm, 

the separation factor decreased from 6.3 to 2.6 synthetic solution and from 5.4 to 1.6 for copper plating effluent at an initial feed 

concentration of 10 ppm and a liquid pool height of 30 cm. The flow rate of air strongly affects the rate of removal of dissolved 

substances due to changes in average bubble size, contact time of air in the liquid medium and liquid entrainment. At lower air flow 

rates, the enrichment ratio and percentage removal are higher because the bubble sizes are larger and are easily coalesced leading to 

more drainage of liquids carried, leaving dry foamate with a higher solute concentration. An increase in air flow rate results in 

decreased bubble size, coalescence and drainage leading to lower enrichment ratio of the metal ion. These results are in agreement 

with those reported in the literature (Yun-Huan Qu et al., 2008). Hence low gas flow rate is generally beneficial for separation and for 

high enrichment. 

Effect of feed concentration: Our earlier investigations (Arulmozhi et al., 2011) through continuous operations for the removal of 

metal ions by foam separation indicated that this technique is highly effective at the low feed concentrations up to 100 ppm. Hence, 

the concentrations were chosen at a lower level. The raw effluent is diluted up to 10 times with distilled water to bring down the 

concentration of Cu(II)  from 155 ppm to 10 ppm and this diluted effluent was used in the continuous foam separation proces to 

observe the impact of feed concentration.  

 From Fig. 3. it is clear that an increase in metal ion concentration leads to a decrease in the enrichment ratio but does not 

affect the removal fraction significantly. The wetness of the foam increases with an increase in metal ion concentration. An increase 

in concentration results in increased formability and foam stability and increased wetness. As concentration increases, increase of the 

wetness and foam stability(less drainage of water from the foam) explains the lower enrichment ratio and increase of foam production 

rate (Boonyasuwat et al., 2003, 2005). Hence, the foam formed over a fluid with a higher concentration is characterized by smaller 

and more stable bubbles. In the present study, at an air flow rate of 0.1 lpm, the enrichment ratio decreased from 6.4 to 3.1  for 

synthetic copper solution and from 5.5 to 1.8 for copper plating effluent for a variation in feed concentration from 10 ppm to 40 ppm. 

The results clearly indicate that this technique is more favorable for dilute streams. 

Effect of pH of feed: It can be seen from Fig. 4.  that there is maximum enrichment factor of 6.3 for the synthetic solution and 5.4 for 

Cu plating effluent using SLS surfactant at a pH of 6 indicating that the best separation can be obtained at that pH.The pH of the 

solution determines the sign and the magnitude of the charge on a variety of inorganic solutes. In certain metal ions, the initial pH of 

the solution will determine whether the process to be performed by either foam fractionation or ion flotation. For example, the 

removal of copper (II) ion with the anionic surfactant, sodium lauryl sulfate can be best accomplished below the value of pH 6, where 

the copper exists primarily as the Cu2+ and Cu(OH)+  ions and can be removed by foam fractionation. However, when the pH is above 

6, the insoluble hydroxide is produces, which can easily be removed by ion flotation. When copper salt is dissolved in water, the 

following hydrolytic reactions take place. 

Cu2+   + H2O     ↔     CuOH+  + H+           

CuOH+   + H2O   ↔     Cu(OH)2 (aq)  +  H+     
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Cu(OH)2 (aq)        ↔     HCuO2
-  + H+      (3)  

Therefore, when copper is separated using an anionic surfactant such as sodium lauryl sulphate at low pH, the maximum 

removal can be expected because of the high concentration of  Cu2+ and CuOH+. However, actual experimental results showed that 

the removal rate of copper(II) at pH 4 was low and the results were accounted for  H+competition and instability of the Cu-lauryl 

sulfate complex in this pH region. Thus, the rate of removal reached a maximum at pH 6 because the stoichiometry of collector to 

metal is more favorable in the presence of CuOH+ ion. Removal efficiency was decreased above the pH value of 6 because of the 

formation of the soluble copper hydroxide [Cu(OH)2& HCuO2
-] which was reported in earlier work (Ren et al., 2007) 

Effect of Feed flow rate: The effect of the feed flow rate on enrichment ratio is shown Fig. 5. An increase in feed flow rate from 1 to 

4 lph results in a higher availability of metal ions leading to an increase in the enrichment ratio. However, further increase in feed 

flow rate leads to decrease in residence time for foam in the column causing a lesser drainage and thus decreasing the enrichment 

ratio.  

 

  

Fig.2. Effect of air flow rate on enrichment ratio of copper (II) 

(liquid pool height=30 cm, feed concentration=10 ppm, SLS surfactant 

concentration = 0.1% (w/v), pH of the feed =6, feed flow rate = 4 lph) 

Fig.3. Effect of feed concentration on enrichment ratio of copper 

(II) 

(air flow rate= 0.1 lpm, liquid pool height=30 cm, SLS surfactant 

concentration = 0.1% (w/v), pH of the feed =6, feed flow rate = 4 lph) 

 

 

 

Fig.4. Effect of pH of feed on enrichment ratio of copper (II) 

(air flow rate= 0.1 lpm, liquid pool height=30 cm, feed concentration 

= 10 ppm, sodium lauryl sulphate surfactant concentration= 0.1 % 

(w/v), feed flow rate = 4 lph) 

Fig.5. Effect of feed flow rate on enrichment ratio of copper (II) 

(air flow rate= 0.1 lpm, liquid pool height=30 cm, feed concentration = 

10 ppm, sodium lauryl sulphate surfactant concentration= 0.1 % (w/v), 

pH of feed = 6) 

 

Statistical analysis of results obtained from continuous foam fractionation of Copper(II): Experimental data obtained on the 

enrichment of copper(II) ions in copper plating effluent, the range and the levels of the variables used for factorial design are given in 

Table 1. 

Table 1: Operating variables and experimental levels by factorial experimental design 

Factors Symbol 
Range and level 

-1 0 +1 

Air flow rate (lpm) X1 0.1 0.3 0.5 

Liquid pool height (cm) X2 10 25 40 

Feed concentration (ppm) X3 10 25 40 

Surfactant concentration (% w/v) X4 0.1 0.25 0.4 

pH of feed X5 4 6 8 

Feed flow rate (lph) X6 1 3 5 

Prediction of Regression Equation: The regression equation (second order polynomial) relating enrichment ratio with process 

variables such as air flow rate (X1), liquid pool height (X2),  feed concentration (X3), surfactant concentration (X4), pH of feed (X5) 

and feed flow rate (X6) with enrichment ratio is given in Eqn. 

Enrichment ratio of Copper(II) = -13.5237 -0.0676 X1 + 0.025 X2 +0.0007 X3 -0.0506 X4 +5.8488 X5+0.3034X6 -0.8249X1
2 

-0.0002X2
2  -0.0002X3

2  -2.8205X4
2-0.4871X5

2-0.0382X6
2 -0.0083X1X3 -0.0625X1X6  -0.0002X2X5+0.0024X3X4-0.0003X3X6 

+0.0182X4 X6            (6) 
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Table 3: Analysis of Variance (ANOVA) 

Source DF SS MS F P 

Regression 27 53.4754 1.98057 251.70 0.000 

Residual Error 26 0.2046 0.00787   

Total 53 53.6800    

 The value of F (26, 27) = 3.47   at α =0.05 (Davies and Goldsmith, 1992). As the calculated value of F is 251.70 > 3.47 the 

results are significant. It indicates that the fitted model exhibits a good fit at 95% confidence level. 

Effect of process variables on enrichment ratio of Copper (II) from copper plating effluent using sodium lauryl sulphate: 

Effect of pH of feed and feed flow rate on enrichment ratio of copper (II): The data required for contour plot is calculated from 

regression Equation 6. The results of the calculation are shown as contour plot in the Fig. 6. It represents an infinite number of 

combination of two variables namely pH of feed and feed flow rate to obtain a constant enrichment ratio of copper(II) ion for the 

specified conditions of air flow rate, liquid pool height, feed concentration and surfactant concentration. At a constant value of pH of 

feed ( say 4), increase in feed flow rate from 1 to 4 lph leads to a marginal increase in enrichment ratio from 3.35 to 3.55. The 

optimum pH for maximum enrichment ratio is found to be 6. The results are in agreement with the experimental values obtained. 

Effect of surfactant concentration and feed flow rate on enrichment ratio of copper (II): The data required for contour plot is 

calculated from regression Equation 6. The results of the calculation are shown as contour plot in the Fig. 7. It represents infinite 

number of combinations connecting surfactant concentration and feed flow rate at specified values of air flow rate, liquid pool height, 

feed concentration and pH of the feed. From the figure it can be seen that a maximum enrichment ratio of 4.99 can be obtained at 

different combinations of surfactant concentrations in the range of 0.1 to 0.2 % (w/v) and for feed flow rates of 2.5 to 5.5 lph. 
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Fig.6. Contour plot for enrichment ratio of copper (II) in copper 

plating effluent using sodium lauryl sulphate surfactant 
(Air flow rate =0.1 lpm,Liquid pool height =30 cm, Feed concentration 

= 10 ppm, Surfactant concentration = 0.1 % (w/v)) 

Fig.7. Contour plot for enrichment ratio of copper (II) in copper 

plating effluent with sodium lauryl sulphate surfactant 

(Air flow rate =0.1 lpm, Liquid pool height =30 cm,Feed concentration 

= 10 ppm, pH of feed = 6) 

CONCLUSIONS 

 Foam fractionation is found to be more effective in the recovery of copper (II) metal ion from diluted copper plating 

industrial effluent. The effects of air flow rate, feed concetration, pH of the feed and feed flow rate on the recovery of metal ions were 

investigated in a single stage continuous column. When the conditions were optimum such as concentration of Cu(II) in feed solution 

as 10 ppm,liqud pool height and feed flow rate of 30 cm and 4 lph, sparger pore size of 15-40 microns, and air flow rate,SLS 

concentration and pH of feed of 0.1 LPM, 0.1 % and 6.0 respectively,  enrichment ratios of 6.3 and 5.4 with  percentage removal of 

67% and 63% for  synthetic copper solution  and copper plating effluent respectively were achieved . The statistical analysis of the 

experimental data using  MINITABTM (version 15) has demonstrated the use of Box-Behnken design by determining the conditions 

leading to the optimum enrichment ratio of Cu(II) ions.  
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