

  water-15-02236




water-15-02236







Water 2023, 15(12), 2236; doi:10.3390/w15122236




Article



Treatment of Dyeing Wastewater Using Foam Separation: Optimization Studies



Kaushal Naresh Gupta 1,*, Rahul Kumar 2[image: Orcid], Amit Kumar Thakur 2[image: Orcid] and Nadeem A. Khan 3,*[image: Orcid]





1



Department of Chemical Engineering, Jaypee University of Engineering & Technology, A.B. Road, Guna 473226, India






2



Energy Cluster, Department of Chemical Engineering, University of Petroleum and Energy Studies, Dehradun 248007, India






3



Interdisciplinary Research Center for Membranes and Water Security, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia









*



Correspondence: kaushalnaresh74@gmail.com (K.N.G.); nadeem.khan@mecw.ac.in (N.A.K.)







Academic Editor: Alexandre T. Paulino



Received: 3 April 2023 / Revised: 24 May 2023 / Accepted: 25 May 2023 / Published: 14 June 2023



Abstract

:

Technological advancement, on the one hand, leads to the enhanced quality of the final product but on the other hand, generates a good quantity of effluent. The wastewater containing dyes which emanates from the textile industry is a cause of worry. Hence, this paper focuses on the treatment of dyeing wastewater using the foam separation process as it offers several advantages over other traditional methods. Methylene blue (MB), owing to its ill effects on the entire ecosystem, has been considered as a model dye in this research work. The objective of this work is to remove MB from wastewater and at the same time, its recovery in the foam phase. The ability of sodium dodecyl sulfate (SDS) and sodium dodecyl benzene sulfonate (SDBS) to perform separation of MB was compared. The following operating parameters were identified: contact time, initial pH of a feed solution, surfactant dose, volumetric flow rate of air, volume of liquid in the column, and concentration of dye; which greatly influence the separation parameters (% removal and enrichment ratio). Keeping in mind the importance of recovering MB from dilute solutions, the method to enhance foam drainage was devised by inserting an inverted funnel in the foam phase. In the presence of inverted funnel, the concentration of MB in the foamate doubled in comparison to the conventional column (without an inverted funnel). The comparison between SDS and SDBS divulged SDBS as a better surfactant to get concentrated solution of MB in the foamate, but the quantity of SDBS required was more. The optimization of operating variables was also done by using the Taguchi method and Grey relational analysis. Finally, the concentration of MB was discovered to be the most responsive operating parameter for both separation parameters.
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1. Introduction


The discharge of numerous pollutants in water bodies with distinct physical and chemical characteristics endangers the lives of human beings and aquatic species due to their hazardous nature. The water contaminated with dye is viewed as a menace to the environment that encourages environmentalists to search for sustainable solutions. The following industries are reported to have contributed significantly to the formation of colored wastewater: (i) textile, (ii) dyestuffs, (iii) paper, and (iv) plastics. The worldwide annual production of dyes, as mentioned in the literature is mammoth 7,00,000 metric tons with huge 100,000 varieties of commercial dyes known to date [1,2,3]. The organic nature of dyes along with the complicated aromatic structure is mainly responsible (i) for their non-biodegradable nature, and (ii) for imparting color [4,5,6,7]. The receiving water bodies experience a noticeable increase in turbidity levels along with an obstruction in the sunlight penetration owing to which the process of photosynthesis of plants and aquatic life gets affected [8,9]. Further the condition gets aggravated when chemicals present in the dye evaporate which may lead to the condition of gasping upon inhalation. Its deleterious effects on health include skin-related diseases and visual impairment on coming in contact with the skin and eyes [10]. Dyes are also reported to cause cancer with severe long-term effects [11]. Hence, development of appropriate dye effluent treatment methods which are both cost- effective and environmentally friendly before its discharge is the need of the hour.



The dye removal techniques which are generally being employed are classified as physical, chemical, and biological [12]. The following methods fall under physical processes for the isolation of dye: (i) adsorption, (ii) ultra-filtration, (iii) ion exchange (iv) coagulation, etc. [13]. The techniques such as oxidation, Fenton reaction, Ultraviolet irradiation, etc. belong to chemical processes [14]. The biological processes use a combination of aerobic and anaerobic techniques for treating dyeing wastewater [15]. The two most important features i.e., simplicity and effectiveness of physical processes make it the most preferred technique for dye separation in comparison to chemical and biological processes [16]. Adsorption is reported to be a widely recognized technique. Many a time, the cost of the adsorbent becomes the limiting factor to enable higher removal efficiencies. Foam fractionation, a physical technique, has been employed for this study for the isolation of MB from a dilute aqueous solution. It is an adsorptive bubble separation method that is considered appropriate for treating low-concentration effluents and it does not require (i) huge amounts of chemicals, and (ii) much energy; for the separation compared to other conventional separation methods [17]. This technique is being successfully implemented in the following areas: (i) isolation of proteins [18,19], (ii) removal of heavy metal ions [20], (iii) separation of surfactants [21], and (iv) removal of aromatic molecules [22]. The other attributes that make this technique appealing for the researchers are (i) its low capital and operating cost, (ii) it does not require any solvent to effect separation, (iii) depending upon the requirement it can be run in any mode (batch, semi-continuous or continuous), and (iv) it is an environmental friendly separation method [23,24]. Foam fractionation is similar to the adsorption process. In the adsorption technique, the target species gets adsorbed on the active sites that are available on the external surface as well as on the interior of the solid adsorbent particle. While in foam fractionation, the solute adsorption occurs only on the external surface of the air bubbles. These air bubbles are induced by introducing compressed air at the column’s bottom and are allowed to pass through the liquid solution to be treated [25]. Finally, foam formation takes place and it exits the column from the top which is found to be enriched with solute molecules [26]. Unlike adsorption, foam fractionation employs both the removal and recovery of solute in a single operation. This work aims at the stripping of methylene blue (MB), a cationic dye that is usually employed for dyeing fabric material. The foam fractionation technique necessitates the addition of an external agent (surfactant) for accomplishing the separation [27]. The presence of a surfactant helps in creating stable foam and it promotes the dye-surfactant aggregate formation necessary for the isolation of dye from the effluent [28]. However, limited research has so far undertaken that utilized foam separation technique for dye removal, demonstrated in Table 1. In this work, two different surfactants, namely, sodium dodecyl sulfate (SDS)and sodium dodecylbenzene sulfonate (SDBS) were used for the separation of MB and subsequently, their performances were compared. The influence of operating variables on separation parameters was evaluated by operating the foam column in a semi-continuous mode. Besides, optimization techniques were successfully implemented to find the optimum values of operating variables for achieving maximum separation. Here, separation experiments were conducted using two different columns, namely, contrasted and experimental. The significance of these columns has been discussed at appropriate locations in this paper. In this study, an attempt has been made to perform multi-objective optimization for the first time to maximize percentage removal and enrichment ratio simultaneously to determine the optimum operating conditions. Another important parameter, surface excess, found out by a few researchers only for continuous columns has been estimated in this study for semi-continuous foam fractionation column.




2. Experimental


The chemical reagents, analytical instruments employed for measurement purposes, and experimental setup along with the experimental procedure adopted to carry out the foam fractionation experiments have been discussed in this section.



2.1. Materials and Methods


The analytical grade chemicals were used in all the experiments. MB (dye), NaOH, and HCl (for maintaining pH) were procured from Merck (Mumbai, India); while the surfactants, SDS and SDBS, were purchased from LobaChemiePvt. Limited (Mumbai, India). The molecular structure of MB is shown in Figure 1. This research work made use of the following instruments for the conduct of experiments: (i) a Double beam UV-Visible spectrophotometer SL210 (Elico, Hhyderabad, India) to determine the concentration of dye in the liquid solution, (ii) a digital pH meter (Thermo Orion 420A+, Delhi, India), and (iii) magnetic stirrer (Remi, Mumbai, India).




2.2. Experimental Set-Up


The diagram of the experimental set-up employed for conducting the research work is demonstrated in Figure 2a, known as the contrasted column. The following components/units were utilized to assemble the experimental set-up: (i) cylindrical glass column (L = 1100 mm, I.D = 50 mm) where feed solution was brought into contact with the air bubbles, (ii) air compressor, (iii) rotameter, for allowing the measured volume of air per unit time to pass through the liquid solution in the form of bubbles, (iv) foam receiver, a beaker to collect the foam, and (v) sintered glass filter (pore size 90–150 µm), a sparger installed at the column’s base. The dye separation experiments were also carried out by placing an inverted funnel in the cylindrical glass column to enable reduced flow area available for the foam to pass (Figure 2b), known as an experimental column.




2.3. Experimental Procedure


The experimental procedures employed were identical irrespective of the column i.e., contrasted or experimental, utilized for carrying out the removal of MB. The feed solution comprising MB, surfactant (SDS or SDBS), and water of a given concentration was prepared and then charged into a cylindrical glass column up to a specific height. The fixed volume of air per unit of time through the sparger was then introduced into the column. Air bubbles thus produced rose through the pool of liquid during which transport of MB-surfactant aggregate on air bubble occurred. Subsequently, the formation of the foam phase that took place above the liquid surface reached the column top from where it was collected in a beaker (foam receiver). It took some time for the foam to collapse, following which the concentration of MB in foamate was determined. The amount of MB left in the pool of liquid was also noted at varying times.





3. Estimation of Parameters


This section elucidates the significance and the expressions utilized for the determination of various parameters that are essential to comprehend the working of a foam fractionation column.



3.1. Separation Efficiency: % Removal and Enrichment Ratio


Percentage dye removal   ( R )   was determined by using Equation (1):


  R =       C   i   −   C   e       C   i       × 100  



(1)




where     C   i     (mg·L−1) &     C   e     (mg·L−1) are the MB concentrations in the solution at the start and end of the experiment. It signifies the percentage reduction in the concentration of MB with respect to     C   i    .



The following expression was utilized for calculating the enrichment ratio (  E  )


  E =     C   f       C   i      



(2)




where     C   f     is the concentration of MB in the collapsed foam phase in mg·L−1. It is a measure of enhancement of MB concentration in the foam phase with respect to     C   i    .




3.2. Foam Wetness


Foam wetness is a vital parameter in assessing the fraction of liquid in the foam phase, which comprises both liquid and gas phases. The liquid holding capacity (wetness) of foam provides a qualitative idea regarding the enrichment of the foam and it also influences the behavior of the separation column, given by Equation (3):


    ∈   e x i t   =     V   f       V   f   +   V   g      



(3)




where     V   f     (mL) is the volume of collapsed foam accumulated in a beaker in a specified time, and     V   g     (mL) is the volume of air bubbled through the pool of liquid in a given time. Here, these volumes were collected for a time duration of 1 min.




3.3. Bubble Size


The significance of bubble diameter lies in the fact that the foam fractionation process makes use of the bubbles’ surface for the separation to take place. Hence, to evaluate the interfacial surface area available for adsorption, knowledge of bubble size distribution is a must. A photographic technique was utilized and the pictures of bubbles rising through the column of liquid were captured using a digital camera (Make: Nikon Coolpix P600 (Kolkata, India); Frame size: 4608 × 3456; Frame rate = 120 frames per second). The image captured for every experimental run consists of around 100–200 bubbles. ImageJ1.5.3, an image analysis software, was then used for the determination of the distribution of bubbles and their mean diameter. Assuming the shape of bubbles to be spherical, the Sauter’s mean diameter   (   d   32   )   in m, was determined by Equation (4):


    d   32   =     ∑  i = 1   n      d   i   3         ∑  i = 1   n      d   i   2        



(4)







In the above equation, the diameter of the individual bubble is represented by     d   i     (in m) and each photograph contains n bubbles.




3.4. Surface Excess


Surface excess, yet another essential parameter, quantifies the MB adsorption on the surface of an air bubble. This term is analogous to the adsorption capacity of an adsorbent which is given by the amount adsorbed on a unit mass of adsorbent. Surface excess,   Γ   (mg·m−2) was evaluated by using the following expression:


  Γ =       C   f   −   C   e       V   f     d   32     0.006   V   g      



(5)







The MB concentration in the interstitial liquid present in the foam phase is equal to     C   e   .  





4. Importance of Experimental Column


The experimental column plays a pivotal role in enhancing the enrichment ratio, a separation parameter that determines the purity of a recovered species (MB in this case) in a foam phase. There are two methods reported in the literature to achieve greater enrichment ratios: (i) increase interfacial adsorption, or (ii) increase foam drainage [35]. Interfacial adsorption is enhanced by generating a higher surface area. While greater foam drainage implies the release of a good volume of entrained liquid. Usually, it is found that if the gas-liquid interfacial area is enhanced then the foam drainage automatically gets reduced and vice versa.For example, the increase in air flow rate engenders interfacial adsorption to improve and foam drainage to decrease, while a decrease in air flow rate results in adequate foam drainage with poor interfacial adsorption. This type of behavior of operating variables on enrichment ratio prompted researchers to use either the interfacial adsorption enhancement technique or foam drainage intensification method. Two ways are generally employed to strengthen the interfacial adsorption i.e., multistage approach [36] (adsorption occurring mainly in bulk liquid phase) or the reflux approach [37] (adsorption in foam phase dominates). In both these methods, to enable better interfacial adsorption, the entrained liquid should have a higher solute concentration which can only be realized if the effective collapse of foam occurs. But, the greater degree of stability of the foam in some cases hampers the phenomena of foam collapse, considered to be a major drawback of the interfacial adsorption enhancement technique. Hence, the main focus of researchers is to find ways that facilitate the liberation of interstitial liquid present in the foam phase during its upward movement i.e., foam drainage enhancement methods. Prevalently, the hindrance offered to the liquid flowing downwards should be as low as possible contained in the up-flowing foam, which is the only method to enhance foam drainage [38]. The separation experiments carried out at elevated temperatures is one such method to increase the foam drainage as the viscosity of the down-flowing liquid undergoes a reduction in viscosity at higher temperatures. Higher operational costs and chances of product degradation make this temperature elevation technique unfeasible [39]. Foam drainage can also be improved by having a sparger of bigger pore size at the base of the column that could generate bubbles of large diameter but it would take place at the cost of a poor recovery rate. The insertion of foreign devices such as spiral internal, parallel inclined channels, and perforated plates; in the column is the most favorable and well-accepted technique to enable greater foam drainage. In view of this, an inverted funnel was inserted in the foam phase to enable greater foam drainage and hence a greater enrichment ratio known as the experimental column. The gradual reduction in the flow area available for the flow of foam due to obstruction (the inverted funnel) led to the ejection of a greater amount of entrained liquid.




5. Selection and Range of Operating Variables


Any experimental investigation commences with the identification of operating variables along with their respective ranges in which their effect on output parameters is seen. Table 2 depicts the range of operating variables chosen for this study to evaluate the column’s performance. The volume of the feed solution was altered from 600–750 mL, keeping in mind the dimensions of the column so that adequate foam generation could take place above the liquid pool to enable effective separation. The variation in airflow rate from 150–250 mL·min−1 was considered to ensure that the column could be operated for at least 30 min before the foam formation ends. The MB concentration, taking into account the literature review (Table 3), was altered from 5–25 ppm. The other operating parameters such as contact time, SDS/SDBS concentration, and the pH of the solution fed will be considered in succeeding sections.




6. Estimation of Optimized Parameters


Owing to the large number of process variables involved in the foam separation process, it is always good to fix the values of some of the operating variables and then obtain the impact of the remaining variables on the column performance. The following operating variables: (i) contact time, (ii) surfactant concentration, and (iii) initial pH of a solution; were first fixed by estimating their optimized values. These optimum values were determined by conducting the experiments at the middle values of the remaining variables mentioned in Table 2.



6.1. Effect of Contact Time


The unsteady state behavior of the column was chiefly responsible for the variation in separation parameters with time. The time for which the column needs to be operated has to be fixed as only then does the comparison between the performances of the column at various operating conditions has some significance. The optimized contact time was determined from Figure 3, using SDS and SDBS respectively, which demonstrate the variation in enrichment ratio and % removal with the progression of time. The rise in the percentage removal of dye, as time progresses, was attributed to the decrease in MB concentration in the pool of liquid. But at the same time, the enrichment ratio dipped due to the lesser amount of dye left in the solution with the passage of time resulting in successively decreasing MB concentrations in the foam phase. The time at which both the curves intersect (Figure 3) is known as the optimum contact time and it was found to lie between 20–25 min. The optimum contact time, in a similar fashion, obtained by operating the column at various other operating conditions (not shown here) was also found to lie in the same range. Henceforth, the influence of all the operating variables on the performance of the column was noted by conducting the experiments for the same time (25 min).




6.2. Effect of Surfactant Concentration


The recovery of a dye from the feed solution is greatly influenced by the surfactant dosage as it acts as a collector that facilitates dye removal. Hence, the determination of optimum surfactant dosage is always necessitated. The range of surfactant doses in which the performance of the foam fractionator needs to be investigated depends on its critical micelle concentration (CMC). There is a significant decline in surface tension with the rise in surfactant concentration till CMC is approached following which the surface tension doesn’t vary much. The CMC of SDS is close to 2300 ppm. Hence, the influence of SDS concentration was determined in the range of 300–2000 ppm. Figure 4a shows the variation in separation parameters with SDS concentration. The enrichment ratio plummeted with the rise in the amount of SDS owing to an increase in viscosity as a consequence of which the phenomena of releasing the entrained liquid back into the bulk liquid pool got hampered, resulting in the production of wet foam. The percentage removal was found to increase from 66% to 93% when SDS concentration was raised from 300–1500 ppm, with negligible change in percentage removal past 1500 ppm. The initial growth in percentage removal (till 1500 ppm) was because the addition of surfactant caused a greater quantity of surfactant-dye aggregate formation as a result of which enhanced adsorption on the surface of bubbles occurred. At SDS concentrations greater than 1500 ppm, the surface of the bubble got saturated with adsorbed molecules of surfactant, resulting in insignificant variation in the percentage removal of MB. The optimum concentration of SDS is 500 ppm (Figure 4a).



However, the column behaved entirely in a different manner when experiments were conducted using SDBS as a collector. The lowest SDBS concentration needed to operate the foam fractionator was 800 ppm, more than its CMC value of 698 ppm, to enable interrupted production and transport of foam for at least 30 min. Lower concentrations of SDBS (<600 ppm) could not generate enough foam and the foam did not even last for 15 min which subsequently led to extremely low values of percentage removal. Keeping this in mind, SDBS from 800–1200 ppm concentration was taken and its impact on the separation is shown in Figure 4b. The optimum SDBS dose to be added into the dye solution for effective separation of MB was found to be 1000 ppm (Figure 4b).




6.3. Effect of Initial pH


The pH of the feed solution dictates theamount of hydrogen and hydroxide ions that are instrumental in the generation of favorable dye-surfactant aggregate, hence is an important parameter for the efficacious separation of MB. Its influence on MB separation is depicted in Figure 5. Varying amounts of either 0.5 N HCl or 0.5 N NaOH were added to the feed solution to obtain different pH values. The pH of the aqueous feed solution varied from 3–10 when SDS, as a collector, was employed for performing the separation experiments. The percentage dye removal witnessed a rise followed by a dip when the initial pH of the feed was increased but at the same time, the enrichment ratio didn’t vary much (Figure 5a). Low pH (acidic conditions) favor the formation of H+ ions which compete with the cationic dye and hence provide hindrance in the production of dye-surfactant network, resulting in reduced dye removal. Moreover, greater amounts of hydroxide ions (high pH), owing to competition with an anionic surfactant, retards dye-surfactant network production which also leads to the decline in percentage removal. Further, alkalinity tends to cause foam wetness to rise which may also be the rationale behind lesser dye removal. It is visible from Figure 5a that the initial pH of 7 provided the highest percentage removal of MB. Hence, the optimum value of the initial pH to be maintained was fixed at 7 in all the subsequent separation experiments. The natural pH of the feed solutions at various MB concentrations with 500 ppm SDS was found to be in the range of 6.5–7.5, as a result of which no pH control technique was adopted in maintaining the pH of a solution.



The variation in separation parameters with the initial pH of a feed solution using SDBS as a surfactant also followed a similar trend (Figure 5b). The optimum pH of the feed solution was found to be near 9.5. Here, also no pH control method was utilized as the normal pH of the feed solutions at varying MB concentrations with 1000 ppm SDBS was between 9.5–11.




6.4. Effect of Air Flow Rate


The volumetric flow rate of air influences the diameter of the air bubble as well as the number of bubbles generated when it flows through the liquid solution. The bubble diameter as well as the quantity of bubbles has a direct bearing on all the separation parameters. The column was made to operate at varying air flow rates ranging from 150–250 mL·min−1 after charging 750 mL feed solution containing 15 ppm MB in it. The effect on separation parameters is shown in Figure 6 for both columns and surfactants.



The rise in MB removal (in %) and drop in enrichment ratio (Figure 6) was observed on increasing the flow rate of air. The higher flow rates caused the bubble diameter, the total number of bubbles, and hence the total surface area of bubbles generated in a given time to increase. It further led to a greater amount of dye adsorption due to which the percentage removal of dye registered an upward trend. On the contrary, the enrichment ratio fell as wet foam that emerged from the top of the column could not get enough time for the ejection of interstitial liquid at higher flow rates.



The values of surface excess were also found at various volumetric flow rates and are shown in Figure 7. Greater air flow rates through the liquid solution caused (i) the amount of dye adsorption to increase on account of the greater volume of foamate obtained, and (ii) the total surface area of the bubbles to rise. These two factors led the values of surface excess to fall (Equation (4)). The presence of a greater amount of interstitial liquid in the foam at higher airflow rates yielded enhanced values of foam wetness.




6.5. Effect of MB Concentration


The MB concentration dictates the amount of dye present in the column in a given volume which in turn influences the functioning of any foam fractionator. This investigation was performed by allowing air bubbles to flow at 200 mL·min−1 through a liquid solution (750 mL) in which the MB concentration was varied from 5–25 ppm. Figure 8 shows how the separation parameters change upon altering the concentration of a dye.



The percentage removal of dye declined with the increase in MB concentration in the liquid column. This is due to the lesser uptake of dye molecules on the air bubbles as the column is operated for a fixed period of time. The drop in the enrichment ratio was observed on raising the MB concentration from 10–25 ppm. Higher MB concentrations induce higher viscosity of interstitial liquid owing to which foam drainage gets hindered with the subsequent rise in enrichment ratio. An extremely low value of enrichment ratio was noted when a feed solution containing 5 ppm MB concentration was treated as the dye got exhausted after 25 min of column operation.



The variation in surface excess due to a change in MB concentration is demonstrated in Figure 9. There was no particular trend (increasing or decreasing) observed in the values of surface excess. It was due to the fact that surface excess being foamate concentration dependent did not follow any specific pattern on account of varying inlet dye concentrations. Similarly, foam wetness vs. dye concentration did not obey any specific trend as foam wetness is highly dependent on the foamate volume obtained in a specified time which is influenced by the concentration of MB in the foam phase.




6.6. Effect of Liquid Loading


The volume of a liquid solution to be treated influences the mass of dye present in the dyeing wastewater. Hence it is considered to be one of the vital parameters for a foam fractionator. This investigation was undertaken by introducing air bubbles at the base of the column (200 mL·min−1) through a feed solution containing 15 ppm MB at varying liquid loadings (600–900 mL), shown in Figure 10.



The increment in contact time between dye solution and air bubbles at higher liquid loadings resulted in greater uptake of dye molecules which later led to the increase in dye removal. The enrichment ratio witnessed a dip owing to the reduction in foam height which resulted in the emergence of wet foam from the column’s top.



Greater liquid volumes caused surface excess to increase (Figure 11). It was chiefly due to the greater amounts of foamate obtained in a given time. Likewise, the wetness of foam also rose at greater liquid loadings.




6.7. Comparison between Columns (Contrasted &Experimental) and Surfactants (SDS & SDBS)


The comparison, in terms of the performance of the foam fractionator, was then made between the two columns (contrasted vs. experimental) when separation experiments were carried out by employing SDS and SDBS as surfactants. The following inferences were derived based on experimental results:




	(i)

	
The experimental column yielded higher values of enrichment ratio compared to the contrasted column for both surfactants.




	(ii)

	
Higher values of enrichment ratio were obtained when experiments were conducted by using SDBS as a collector for both columns.




	(iii)

	
Greater surface excess and foam wetness were obtained in the case of contrasted columns for both surfactants.




	(iv)

	
Larger values of surface excess and foam wetness were achieved when SDS was used as a collector for both columns.











7. Optimization Studies


The optimization studies assume significance as they provide the values of operating variables at which optimum enrichment ratio and percentage removal can be achieved. Taguchi methodology was first implemented through which one response (enrichment ratio or % removal) at a time can be optimized. Apart from this, grey relational analysis (GRA) technique was employed for the simultaneous optimization of both responses.



7.1. Taguchi Methodology


The process industries nowadays are looking at potential solutions that can reduce manufacturing costs substantially without compromising product quality. Taguchi is one such technique that can optimize any industrial process by keeping the quality intact [40]. This methodology employs an orthogonal array for the design of experiments. The main features of this array are (i) simultaneous evaluation of the influence of various operating variables on the response, and (ii) it requires less number of experiments compared to full factorial design and box-behnken design [41]. Firstly, an array consisting of operating variables with their respective setting levels is picked followed by the determination of experimental responses and computation of an objective functionknown as signal-to-noise (S/N) ratio. Its analysis is based on any one of the quality characteristics: (i) the minimum-the-better, (ii) the maximum-the-better, or (iii) the nominal-the-better. The optimum conditions or settings are the one that yields desired S/N ratio. The quantitative significance of operating variables on the response is subsequently found by making use of a technique known as analysis of variance (ANOVA).



To apply the Taguchi methodology, the process variables, namely, air flow rate (150–250 mL·min−1), liquid loading (600–900 mL), and MB concentration (5–25 ppm) were considered. Three levels were taken for each operating variable, illustrated in Table 4. L9 orthogonal array was considered, shown in Table 5.



S/N Ratio for Percentage Removal and Enrichment Ratio


Prior to the calculation of the S/N ratio, the experimental responses (% removal and enrichment ratio) were recorded by carrying out the experiments listed in Table 5. These responses are illustrated in Table 6 and Table 7 for SDS and SDBS, respectively. Equations (6) and (7) were then used for the calculation of the S/N ratio   ( η )  , taking into account the maximum-the-better category [42]


  η = − 10 l o g   M . S . D    



(6)






  M . S . D =   1   m     ∑  i = 1   m      1     R   i   2        



(7)




where M.S.D denotes the mean square deviation of the nine (m = 9) experimental responses (    R   i    ) with the value of   i   ranging from 1 to 9. The S/N values are also reported in Table 6 and Table 7. These tables indicate that the maximum values of the S/N ratio for both responses were obtained for the following experiments:




	(i)

	
Enrichment ratio: Experiment no. 2 (both the surfactants and columns).




	(ii)

	
% removal: Experiment no. 8 (SDS, contrasted column), experiment no. 9 (SDS, experimental column), and experiment no. 6 (SDBS, both columns).









The mean values of S/N ratios for both SDS and SDBS were then determined for all the operating variables at each level, shown in Table 8 and Table 9, respectively. Based on the maximum value of the mean S/N ratio, the following conclusions were made:




	(i)

	
Optimum values for obtaining maximum % removal: airflow rate = 250 mL·min−1, liquid loading = 900 mL, and MB concentration = 5 ppm.




	(ii)

	
Optimum values for obtaining maximum enrichment ratio: airflow rate = 150 mL·min−1, liquid loading = 600 mL, and MB concentration = 15 ppm.




	(iii)

	
The concentration of MB in the feed solution and flow rate of air, among all the operating parameters, were found to be the most sensitive operating variables with respect to % removal and enrichment ratio, respectively.









ANOVA results suggested MB concentration and air flow rate to have greatest influence on % removal and enrichment ratio, respectively.



The next step was the confirmation tests to ensure that the values of the S/N ratio     ( η   e   )  , determined from Equation (8), at optimum conditions have increased compared to S/N values mentioned in Table 6 and Table 7.


    η   e   =   η  −  +   ∑  i = 1   p          η   i    −  −   η  −       



(8)







Here,       η   i    −    is the average S/N ratio determined at optimum operating conditions with the value of i ranging from 1 to 3 (number of operating variables). The comparison between experimental and predicted values of S/N is shown in Table 10 and Table 11. It also indicates the augmentation in the values of both responses when experiments were conducted at optimum values of operating variables.





7.2. Grey Relational Analysis


Grey relational analysis (GRA) is used for the optimization of those processes that involve more than one response [43]. It involves the following stages: (i) normalization, (ii) estimation of (a) grey relational coefficient, and (b) grey relation grade [44]. The data is first normalized by making use of either of the following expressions depending on the kind of performance characteristic needed [45]:



The lower the better:


    X   i   *     k   =   m a x   X   i     k   −   X   i     k     m a x   X   i     k   −   min  ⁡    X   i     k        



(9)







The larger the better:


    X   i   *     k   =     X   i     k   − m i n   X   i     k     m a x   X   i     k   −   min  ⁡    X   i     k        



(10)







The nominal the better:


    X   i   *   = 1 −       X   i     k   −   X   0 b     k       m a x   X   i     k   −   X   0 b     k      



(11)







    X   i   *     k     is the sequence obtained after performing the normalization of data.     X   i     k     is the initial sequence where max     X   i     k     is the maximum value in     X   i     k    , and min     X   i     k     is the minimum value in     X   i     k    . The value of   i   goes from 1 to 9 (number of experiments) and k goes from 1 to 2 (quality characteristics or responses).



The following expression is used to estimate the grey relational coefficient


    ξ   0 , i     k   =   ∆ m i n + ζ . ∆ m a x     ∆   0 , i     k   + ζ . ∆ m a x   , i = 1 , … . . n ; k = 1,2 … . p .  



(12)




where     ∆   0 , i     k     is the difference sequence compared to the initial one.


    ∆   0 , i     k   =     X   0   *     k   −   X   i   *     k      



(13)






  ∆ m a x =     max   i    ⁡      max   k    ⁡      X   0   *     k   −   X   i   *     k          



(14)






  ∆ m i n =     min   i    ⁡      min   k    ⁡      X   0   *     k   −   X   i   *     k          



(15)







The value of   ζ  , the distinguishing coefficient, in Equation (12) was taken as 0.5.



7.2.1. Weight Calculation


In order to quantify the importance of quality characteristics associated with the process, weight calculations are performed. Then, grey relational grade values’ are determined which is the basis for assigning ranks to all the experimental runs. Weights are calculated by employing the following mapping function based on the entropy measurement method:


    w   e     x   = x   e     1 − x     +   1 − x     e   x   − 1  



(16)







Equation (16) yields 0.6478 as a maximum value of     w   e     x     when evaluated at x = 0.5, following which the expression for the entropy function is found to be:


  W ≡   1       e   0.5   − 1   n     ∑  i = 1   n      w   e       x   i        



(17)







The step-wise procedure for calculating grey relational grades is [46]:




	(i)

	
Grey relational coefficients’ aggregate:











    D   j   =   ∑  i = 1   n      ξ   i     j   ,                 j = 1,2 , … , p .    



(18)







	(ii)

	
Normalized coefficient:








   k =   1       e   0.5   − 1   n   =   1   0.6487 n     



(19)





	(iii)

	
Entropy:








     e   j   = k   ∑  i = 1   n      w   e           ξ   i     j       D   j       ,                 j = 1,2 , … … , p .   



(20)





	(iv)

	
Total entropy:








   E =   ∑  j = 1   p      e   j       



(21)





	(v)

	
Weight:








     w   j   =     1   p   − E   1 −   e   j          ∑  j = 1   p       1   p     − E   1 −   e   j       ,                 i = 1,2 , … … p .   



(22)





	(vi)

	
Grey relational grade:








     Γ   0 , i   =    ∑  k = 1   p       w   k       ξ   0 , i     k   ,                 i = 1,2 , … … … n .   



(23)






7.2.2. Grey Relational Grade Analysis


Grey relational grade values were evaluated by utilizing Equations (12)–(23). Since greater values of both responses were required, Equation (10) was used for the purpose of normalization of data. The calculated grey relational grades’ values are reported in Table 12. These tables suggested the operating conditions, at which both responses were maximized simultaneously. The operating conditions of experiment No. 2 yielded the desired outcome for contrasted (SDS and SDBS) as well as an experimental column (SDS and SDBS). The mean grey relational grade values (Table 13 and Table 14) indicated MB concentration to be the most sensitive operating parameter. Finally, confirmation tests were conducted at the optimal values found in Table 13 and Table 14, the results of which are shown in Table 15 and Table 16.






8. Comparison with Earlier Studies


As already mentioned in the Section 1, there are only a few studies available on the removal of dyes in the literature using foam fractionation. Even though an attempt was made to compare experimental findings of the current work with the results of earlier investigations involving either MB or SDS, reported in Table 17. The percentage removal of dyes for all the studies listed in Table 17 was found to be greater than 95%.



The results obtained from the current study (Table 15 and Table 16) revealed an improvement in the values of the enrichment ratio compared to the earlier work (Table 17).




9. Cost Comparison—Foam Fractionation vs. Adsorption


The commercial viability of any removal process is a key parameter in the adoption of any technology. In this context, the cost comparison between foam fractionation and adsorption was performed as it is considered to be the most widely and commercially popular technique for the removal of dyes.A hypothetical scenario was presented wherein a factory generates 150 m3 of dyed wastewater per day for every metric ton of textile product produced [48]. The study compared the cost of two adsorbents i.e., diatomaceous earth and activated carbon required for the removal of MB dye. The cost of diatomaceous earth was found to be ₹304 for treating 1 m3 of dyeing wastewater and the removal by employing activated carbon incurred the cost six times higher (₹1824) compared to the diatomaceous earth.



Now, the costs incurred during the foam fractionation operation for the removal of MB dye using SDS and SDBS, respectively, in the present work have been worked out and are presented in Table 18.



It was evident from the cost comparison study that the cost of adsorbent in case of adsorption and the cost of surfactant in case of foam fractionation is the deciding factor in dictating the cost of a removal technique. The main advantage of foam fractionation over adsorption is the simultaneous removal and recovery of MB dye (foamate stream) whereas in adsorption, the adsorbed MB dye is recovered by performing another operation called desorption which further escalates the cost.




10. Conclusions


The isolation of MB by employing SDS and SDBS in the contrasted and experimental column was carried out. All the separation experiments were performed at optimum conditions to investigate the effect of other operating variables on enrichment ratio, percentage removal, surface excess, and foam wetness. The column contained higher liquid volumes with dilute concentrations of MB in it and when higher flow rates of air were allowed to pass through the liquid pool, percentage removal was found to increase. The enrichment ratio witnessed an increase when lesser liquid volumes with low MB concentrations and at low air flow rates were treated.



The enrichment ratio of MB using SDBS was found to be more but the amount of SDBS needed was greater in comparison to SDS. The concentration of MB in the foam phase was found to be around two times more when the same solution was processed in a contrasted column and it was achieved by inserting an inverted funnel in the column which is an economical enrichment technique as compared to other complex methods used by various researchers.



Taguchi methodology suggested that MB concentration has a maximum influence on percentage removal while air flow rate has a maximum influence on enrichment ratio.



The grey relational analysis yielded 150 mL·min−1 flow rate of air, 900 mL liquid volume, and 15 ppm MB concentration as optimum values of the operating variables for all the cases except 750 mL liquid loading when SDS was used as a surfactant in a contrasted column.



The key factor which decides the commercial viability of a foam fractionation technique is the cost of a surfactant required to be added to the dyeing wastewater.
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Figure 1. Molecular structure of methylene blue. 
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Figure 2. Schematic diagram of the foam fractionation column: (a) contrasted; (b) experimental. 






Figure 2. Schematic diagram of the foam fractionation column: (a) contrasted; (b) experimental.



[image: Water 15 02236 g002]







[image: Water 15 02236 g003a 550][image: Water 15 02236 g003b 550] 





Figure 3. Effect of contact time on percentage removal and enrichment ratio (Air flow rate = 200 mL·min−1, Liquid loading = 750 mL, Dye concentration = 15 ppm): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm). 
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Figure 4. Effect of surfactant dose on percentage removal and enrichment ratio (Air flow rate = 200 mL·min−1, Liquid loading = 750 mL, Dye concentration = 15 ppm): (a) SDS; (b) SDBS. 
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Figure 5. Effect of pH on percentage removal and enrichment ratio (Air flow rate = 200 mL·min−1, Liquid loading = 750 mL, Dye concentration = 15 ppm): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm). 
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Figure 6. Effect of air flow rate onpercentage removal and enrichment ratio (Liquid loading = 750 mL, Dye concentration = 15 ppm): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm. 
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Figure 7. Effect of air flow rate onsurface excess (Liquid loading = 750 mL, Dye concentration = 15 ppm): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm. 
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Figure 8. Effect of dye concentration onpercentage removal and enrichment ratio (Air flow rate = 200 mL·min−1, Liquid loading = 750 mL): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm. 
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Figure 9. Effect of dye concentration onsurface excess (Air flow rate = 200 mL·min−1, Liquid loading = 750 mL): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm. 






Figure 9. Effect of dye concentration onsurface excess (Air flow rate = 200 mL·min−1, Liquid loading = 750 mL): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm.



[image: Water 15 02236 g009a][image: Water 15 02236 g009b]







[image: Water 15 02236 g010 550] 





Figure 10. Effect of liquid loading onpercentage removal and enrichment ratio (Air flow rate = 200 mL·min−1, Dye concentration = 15 ppm): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm. 
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Figure 11. Effect of liquid loading onsurface excess (Air flow rate = 200 mL·min−1, Dye concentration= 15 ppm): (a) SDS concentration = 500 ppm; (b) SDBS concentration = 1000 ppm. 
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Table 1. List of researchers who did work in the field of removal of dyes.
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	Name of Dye
	Reference





	Removal of color using CTAB
	[27]



	Removal of crystal violet using SDS
	[29]



	Removal of methyl orange using dodecyl dimethyl betaine
	[30]



	Removal of MB using SDS in the presence of Cd2+
	[31]



	Removal of rhodamine B and CTAB/SDBS
	[32]



	Removal of rhodamine B and thoron using NaLS and CTAB
	[33]



	Removal of basic yellow 28, direct black 22, and disperse orange 30 using NaLS, sodium oleate, and dodecylamine
	[34]
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Table 2. Operating variables with their respective ranges.
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	S. No.
	Operating Variable
	Units
	Range





	1
	Contact time
	minutes
	10–45



	2
	Surfactant concentration
	ppm
	SDS (300–2000 ppm) and SDBS (800–1200 ppm)



	3
	Initial pH of the solution
	-
	SDS (3–10) and SDBS (3–11)



	4
	Aeration rate
	mL·min−1
	150–250



	5
	Liquid loading
	mL
	600–900



	6
	Dye concentration
	ppm
	5–25










[image: Table] 





Table 3. Range of dye concentrations used in earlier studies.
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	S. No.
	Dye
	Concentration (ppm)
	Reference





	1
	Crystal Violet
	10
	[29]



	2
	Methyl Orange
	10–50
	[30]



	3
	Methylene Blue
	10
	[31]



	4
	Rhodamine B
	15
	[32]
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Table 4. Operating parameters and their levels.
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	Symbol
	Operating Parameters
	Level 1
	Level 2
	Level 3





	A
	Air flow rate (mL·min−1)
	150
	200
	250



	B
	Liquid loading (mL)
	600
	750
	900



	C
	Dye concentration (ppm)
	5
	15
	25
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Table 5. Experimental layout using an L9 orthogonal array.
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Experiment No.

	
Operating Parameters




	
Air Flow Rate

	
Liquid Loading

	
Dye Concentration






	
1

	
1

	
1

	
1




	
2

	
1

	
2

	
2




	
3

	
1

	
3

	
3




	
4

	
2

	
1

	
2




	
5

	
2

	
2

	
3




	
6

	
2

	
3

	
1




	
7

	
3

	
1

	
3




	
8

	
3

	
2

	
1




	
9

	
3

	
3

	
2
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Table 6. Experimental results for percentage removal and enrichment ratio along with S/N ratio using SDS.
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	Experiment No.
	Air Flow Rate (mL·min−1)
	Liquid Loading (mL)
	Dye Concentration (ppm)
	Percentage Removal (S/N Ratio)
	Enrichment Ratio

(S/N Ratio)





	Contrasted column
	
	
	
	
	



	1
	150
	600
	5
	76.2 (37.63)
	9.2 (19.27)



	2
	150
	750
	15
	67 (36.52)
	13.63 (22.68)



	3
	150
	900
	25
	68.3 (36.68)
	6.5 (16.25)



	4
	200
	600
	15
	67 (36.52)
	9.8 (19.82)



	5
	200
	750
	25
	63 (35.98)
	3.9 (11.82)



	6
	200
	900
	5
	93.2 (39.38)
	3.8 (11.59)



	7
	250
	600
	25
	64.2 (36.15)
	2.37 (7.49)



	8
	250
	750
	5
	96 (39.64)
	1.84 (5.29)



	9
	250
	900
	15
	92.4 (39.31)
	2.8 (8.94)



	Experimental column
	
	
	
	
	



	1
	150
	600
	5
	79.7 (38.02)
	15.2 (23.63)



	2
	150
	750
	15
	75 (37.50)
	30 (29.54)



	3
	150
	900
	25
	74.2 (37.40)
	17 (24.60)



	4
	200
	600
	15
	77 (37.72)
	18 (25.10)



	5
	200
	750
	25
	73 (37.26)
	9 (19.08)



	6
	200
	900
	5
	92 (39.27)
	5.2 (14.32)



	7
	250
	600
	25
	77.3 (37.76)
	8.7 (18.79)



	8
	250
	750
	5
	92.5 (39.32)
	3.4 (10.62)



	9
	250
	900
	15
	97.4 (39.77)
	7 (16.90)
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Table 7. Experimental results for percentage removal and enrichment ratio along with S/N ratio using SDBS.






Table 7. Experimental results for percentage removal and enrichment ratio along with S/N ratio using SDBS.













	Experiment No.
	Air Flow Rate (mL·min−1)
	Liquid Loading (mL)
	Dye Concentration (ppm)
	Percentage Removal (S/N Ratio)
	Enrichment Ratio

(S/N Ratio)





	Contrasted column
	
	
	
	
	



	1
	150
	600
	5
	78.4 (37.88)
	9.8 (19.82)



	2
	150
	750
	15
	69 (36.77)
	17.2 (24.71)



	3
	150
	900
	25
	70.5 (36.96)
	10.5 (20.42)



	4
	200
	600
	15
	69.2 (36.80)
	12 (21.58)



	5
	200
	750
	25
	61.5 (35.77)
	6.1 (15.70)



	6
	200
	900
	5
	96.2 (39.66)
	4.3 (12.66)



	7
	250
	600
	25
	64.5 (36.19)
	5.1 (14.15)



	8
	250
	750
	5
	95.7 (39.61)
	2.1 (6.44)



	9
	250
	900
	15
	93 (39.36)
	4.8 (13.62)



	Experimental column
	
	
	
	
	



	1
	150
	600
	5
	80.5 (38.11)
	19.2 (25.66)



	2
	150
	750
	15
	73.2 (37.29)
	35.8 (31.07)



	3
	150
	900
	25
	75 (37.50)
	18.7 (25.43)



	4
	200
	600
	15
	73.2 (37.29)
	23.8 (27.53)



	5
	200
	750
	25
	68.8 (36.75)
	9.4 (19.46)



	6
	200
	900
	5
	99.1 (39.92)
	6.1 (15.70)



	7
	250
	600
	25
	67.2 (36.54)
	9.7 (19.73)



	8
	250
	750
	5
	98.3 (39.85)
	3.6 (11.12)



	9
	250
	900
	15
	96.4 (39.68)
	9.6 (19.64)
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Table 8. S/N response table for SDS.






Table 8. S/N response table for SDS.





	
Symbol

	
Operating Parameters

	
Mean S/N Ratio (dB)




	
Level 1

	
Level 2

	
Level 3

	
Max–Min






	

	
Percentage removal (contrasted column)

	

	

	

	




	
A

	
Air flow rate

	
36.94

	
37.29

	
38.36 *

	
1.42




	
B

	
Liquid loading

	
36.77

	
37.38

	
38.46 *

	
1.69




	
C

	
Dye concentration

	
38.89 *

	
37.45

	
36.27

	
2.61




	

	
Enrichment ratio (contrasted column)

	

	

	

	




	
A

	
Air flow rate

	
19.40 *

	
14.41

	
7.24

	
12.16




	
B

	
Liquid loading

	
15.53 *

	
13.26

	
12.26

	
3.26




	
C

	
Dye concentration

	
12.05

	
17.15 *

	
11.85

	
5.29




	

	
Percentage removal (experimental column)

	

	

	

	




	
A

	
Air flow rate

	
37.64

	
38.09

	
38.95 *

	
1.30




	
B

	
Liquid loading

	
37.84

	
38.03

	
38.81 *

	
0.97




	
C

	
Dye concentration

	
38.87 *

	
38.33

	
37.47

	
1.39




	

	
Enrichment ratio (experimental column)

	

	

	

	




	
A

	
Air flow rate

	
25.92 *

	
19.50

	
15.44

	
10.48




	
B

	
Liquid loading

	
22.51 *

	
19.75

	
18.61

	
3.90




	
C

	
Dye concentration

	
16.19

	
23.84 *

	
20.82

	
7.65








Note: * Optimum value.
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Table 9. S/N response table for SDBS.






Table 9. S/N response table for SDBS.





	
Symbol

	
Operating Parameters

	
Mean S/N Ratio (dB)




	
Level 1

	
Level 2

	
Level 3

	
Max–Min






	

	
Percentage removal (contrasted column)

	

	

	

	




	
A

	
Air flow rate

	
37.20

	
37.41

	
38.39 *

	
1.18




	
B

	
Liquid loading

	
36.95

	
37.39

	
38.66 *

	
1.70




	
C

	
Dye concentration

	
39.05 *

	
37.64

	
36.31

	
2.74




	

	
Enrichment ratio (contrasted column)

	

	

	

	




	
A

	
Air flow rate

	
21.65 *

	
16.65

	
11.40

	
10.24




	
B

	
Liquid loading

	
18.51 *

	
15.62

	
15.57

	
2.94




	
C

	
Dye concentration

	
12.97

	
19.97 *

	
16.76

	
6.99




	

	
Percentage removal (experimental column)

	

	

	

	




	
A

	
Air flow rate

	
37.63

	
37.98

	
38.69 *

	
1.05




	
B

	
Liquid loading

	
37.31

	
37.96

	
39.03 *

	
1.07




	
C

	
Dye concentration

	
39.29 *

	
38.08

	
36.93

	
2.36




	

	
Enrichment ratio (experimental column)

	

	

	

	




	
A

	
Air flow rate

	
27.39 *

	
20.90

	
16.83

	
10.55




	
B

	
Liquid loading

	
24.31 *

	
20.55

	
20.26

	
4.04




	
C

	
Dye concentration

	
17.49

	
26.08 *

	
21.54

	
8.58








Note: * Optimum value.
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Table 10. Results of the confirmation experiments for SDS (Taguchi methodology).






Table 10. Results of the confirmation experiments for SDS (Taguchi methodology).





	

	
Optimal Process Variables




	
Prediction

	
Experiment






	
Percentage Removal (contrasted column)

	

	




	
Level

	
   A 3 B 3 C 1   

	
   A 3 B 3 C 1   




	
% Removal

	
-

	
99.5




	
S/N ratio (dB)

	
40.64

	
39.95




	
Enrichment ratio (contrasted column)

	

	




	
Level

	
   A 1 B 1 C 2   

	
   A 1 B 1 C 2   




	
Enrichment ratio

	
-

	
16.7




	
S/N ratio (dB)

	
24.71

	
24.45




	
Percentage Removal (experimental column)

	

	




	
Level

	
   A 3 B 3 C 1   

	
   A 3 B 3 C 1   




	
% Removal

	
-

	
99.6




	
S/N ratio (dB)

	
40.18

	
39.96




	
Enrichment ratio (experimental column)

	

	




	
Level

	
   A 1 B 1 C 2   

	
   A 1 B 1 C 2   




	
Enrichment ratio

	
-

	
38.3




	
S/N ratio (dB)

	
31.70

	
31.66
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Table 11. Results of the confirmation experiments for SDBS (Taguchi methodology).






Table 11. Results of the confirmation experiments for SDBS (Taguchi methodology).





	

	
Optimal Process Variables




	
Prediction

	
Experiment






	
Percentage Removal (contrasted column)

	

	




	
Level

	
   A 3 B 3 C 1   

	
   A 3 B 3 C 1   




	
% Removal

	
-

	
99.6




	
S/N ratio (dB)

	
40.77

	
39.96




	
Enrichment ratio (contrasted column)

	

	




	
Level

	
   A 1 B 1 C 2   

	
   A 1 B 1 C 2   




	
Enrichment ratio

	
-

	
20.4




	
S/N ratio (dB)

	
27.00

	
26.19




	
Percentage Removal (experimental column)

	

	




	
Level

	
   A 3 B 3 C 1   

	
   A 3 B 3 C 1   




	
% Removal

	
-

	
99.7




	
S/N ratio (dB)

	
40.81

	
39.97




	
Enrichment ratio (experimental column)

	

	




	
Level

	
   A 1 B 1 C 2   

	
   A 1 B 1 C 2   




	
Enrichment ratio

	
-

	
49.3




	
S/N ratio (dB)

	
34.36

	
33.85
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Table 12. Grey relational grade (GRG) values along with the rank of each experiment.






Table 12. Grey relational grade (GRG) values along with the rank of each experiment.





	
S. No.

	
SDS (Contrasted Column)

	
SDS (Experimental Column)

	
SDBS (Contrasted Column)

	
SDBS (Experimental Column)




	
GRG

	
Rank

	
GRG

	
Rank

	
GRG

	
Rank

	
GRG

	
Rank






	
1

	
0.515

	
5

	
0.442

	
6

	
0.499

	
5

	
0.477

	
6




	
2

	
0.694

	
1

	
0.693

	
1

	
0.712

	
1

	
0.708

	
1




	
3

	
0.414

	
7

	
0.429

	
7

	
0.470

	
7

	
0.444

	
7




	
4

	
0.489

	
6

	
0.453

	
5

	
0.497

	
6

	
0.482

	
5




	
5

	
0.356

	
8

	
0.361

	
9

	
0.371

	
8

	
0.362

	
8




	
6

	
0.604

	
3

	
0.511

	
4

	
0.665

	
2

	
0.657

	
2




	
7

	
0.342

	
9

	
0.381

	
8

	
0.369

	
9

	
0.358

	
9




	
8

	
0.6524

	
2

	
0.513

	
3

	
0.633

	
3

	
0.625

	
3




	
9

	
0.576

	
4

	
0.666

	
2

	
0.597

	
4

	
0.604

	
4
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Table 13. Response table for the grey relational grade (SDS).






Table 13. Response table for the grey relational grade (SDS).





	
Symbol

	
Input Parameters

	
Average Grey Relational Grade




	
Level 1

	
Level 2

	
Level 3

	
Max–Min






	
Contrasted column

	

	

	

	

	




	
A

	
Air flow rate

	
0.541 *

	
0.483

	
0.523

	
0.058




	
B

	
Liquid loading

	
0.449

	
0.567 *

	
0.532

	
0.118




	
C

	
Dye concentration

	
0.590 *

	
0.587

	
0.371

	
0.219




	
Experimental column

	

	

	

	

	




	
A

	
Air flow rate

	
0.521 *

	
0.442

	
0.520

	
0.079




	
B

	
Liquid loading

	
0.425

	
0.522

	
0.535 *

	
0.109




	
C

	
Dye concentration

	
0.489

	
0.604 *

	
0.390

	
0.213








Note: * Optimum value.
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Table 14. Response table for the grey relational grade (SDBS).






Table 14. Response table for the grey relational grade (SDBS).





	
Symbol

	
Input Parameters

	
Average Grey Relational Grade




	
Level 1

	
Level 2

	
Level 3

	
Max–Min






	
Contrasted column

	

	

	

	

	




	
A

	
Air flow rate

	
0.560 *

	
0.511

	
0.533

	
0.049




	
B

	
Liquid loading

	
0.455

	
0.572

	
0.577 *

	
0.122




	
C

	
Dye concentration

	
0.599

	
0.602 *

	
0.403

	
0.198




	
Experimental column

	

	

	

	

	




	
A

	
Air flow rate

	
0.543 *

	
0.500

	
0.529

	
0.042




	
B

	
Liquid loading

	
0.439

	
0.565

	
0.568 *

	
0.128




	
C

	
Dye concentration

	
0.586

	
0.598 *

	
0.388

	
0.209








Note: * Optimum value.
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Table 15. Results of the confirmation experiments using SDS (Grey relational analysis).






Table 15. Results of the confirmation experiments using SDS (Grey relational analysis).





	

	
Optimal Process Variables




	
Prediction

	
Experiment






	
Contrasted column:

	

	




	
Level

	
   A 1 B 2 C 1   

	
   A 1 B 2 C 1   




	
% Removal

	
-

	
84.2




	
Enrichment ratio

	
-

	
8.4




	
Grey relational grade

	
0.667

	
0.555




	
Experimental column:

	

	




	
Level

	
   A 1 B 3 C 2   

	
   A 1 B 3 C 2   




	
% Removal

	
-

	
82.5




	
Enrichment ratio

	
-

	
26.2




	
Grey relational grade

	
0.672

	
0.622
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Table 16. Results of the confirmation experiments using SDBS (Grey relational analysis).






Table 16. Results of the confirmation experiments using SDBS (Grey relational analysis).





	

	
Optimal Process Variables




	
Prediction

	
Experiment






	
Contrasted column:

	

	




	
Level

	
   A 1 B 3 C 2   

	
   A 1 B 3 C 2   




	
% Removal

	
-

	
82.1




	
Enrichment ratio

	
-

	
15.7




	
Grey relational grade

	
0.670

	
0.701




	
Experimental column:

	

	




	
Level

	
   A 1 B 3 C 2   

	
   A 1 B 3 C 2   




	
% Removal

	
-

	
84.3




	
Enrichment ratio

	
-

	
29.2




	
Grey relational grade

	
0.661

	
0.619
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Table 17. Earlier investigations involving either MB or SDS.






Table 17. Earlier investigations involving either MB or SDS.





	S. No.
	Objective
	Result
	Reference





	1
	Removal of crystal violet dye using SDS as a surfactant.
	Enrichment ratio = 4.12 without cross internal and 16.5 with cross internal. (Conditions: SDS concentration = 200 mg·L−1, air flow rate = 200 mL·min−1)
	[29]



	2.
	Simultaneous removal of MB and Cd2+ using SDS as a surfactant in a continuous foam fractionation column.
	Enrichment ratios were found to reduce from 24.34 to 7.65 for MB and from 22.01 to 3.35 for Cd2+ on increasing the SDS concentration from 145 to 1440 mg·L−1.
	[31]



	3.
	Removal of MB using a biopolymer, HeSat, as a collector.
	Enrichment ratio = 5 (Conditions: HeSat concentration = 500 mg·L−1, MB concentration = 10 mg·L−1, N2 flow rate = 13.4 mL·min−1)
	[47]
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Table 18. Cost of foam fractionation operation, using SDS and SDBS.






Table 18. Cost of foam fractionation operation, using SDS and SDBS.





	S. No.
	Surfactant
	Concentration Used, ppm
	Amount Used in 750 mL Dye Solution, mg
	Cost, ₹
	Cost for Treating 1 m3 of Dyeing Wastewater, ₹





	1
	SDS
	500
	375
	0.33
	440



	2
	SDBS
	1000
	750
	1.5
	2000
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
° L NN

A

o ("

Compressor
Needle valve
Flow meter

Air sparger

N

Foam fractionation column

Feed point

Bottom sampling point

® N>

Foam collector

Compressor
Needle valve
Flow meter
Air sparger
Foam fractionation column
Feed point
Bottom sampling point
Foam collector

Inverted funnel

(a)

Tf

(b)





media/file30.png
Surface excess (mg/m®)

Surface excess (mg/m?)

v 1 v 1 v °
‘/C’

0.32-
‘/
0.30 Q/ |—@— Contrasted column| 7
| l—O— Experimental column| 1
0.28 - N
/l:l
0.26 - 7 -
7
7
my
0.24- _ - )
>
>
0224 © ~
| | | | | | |
600 650 700 750 800 850 900
Liquid loading (mL)
(a)
| v | v ) ¥ 1
0.30 - °
0.28 - / —@— Contrasted column| -
® l—O— Experimental column|-
0.26 - 1
-— - _I:I
/I:I -
0.24 - P
P
” -
- —Lr
0.22 - )j -
7
/ -
0.20 - y
f
0.184— , | | | | |
600 650 700 750 800 850 900

Liquid loading (mL)
(b)





media/file18.png
Surface excess (mg/m®)

0.40

0.38 -

0.36 -

© o o
W W w
o N =N
| ] ]

|—@— Contrasted column| |

|=O— Experimental column|

J
160

I v | v v
180 200 220
Air flow rate (mL/min)

(a)

260

| hd ] v
'—@— Contrasted column|

|—C— Experimental column|

1é0 ' 260 . 250
Air flow rate (mL/min)
(b)

260





media/file13.png
(-)ones Juawyosiiug

N ] [ ] a ] " -
1
0
©
R=
m|1S g _m S
OIS _
e | X T -
R 0 -
L. DA o
/
— '8
/
/
— '7
|
— '6
|
|
- . ’ Lo
\
\
= . . l4
\
\
= . ‘ _ o
v ' ) | ] | N

jeAoway ¢,

pH

(a)





media/file26.png
0.34
0.32~
0.30 -

© o
N DN
o O
] ]

0.24-
0.22-
0.20-
0.18-
0.16 -
0.14-
0.12-
0.10 -

Surface excess (mg/m?)

—8— Contrasted column|

\ |—|:|— Experimental Column|'
®

10 15 20 25
Dye concentration (ppm)

(b)





media/file27.jpg
% Removal

% Removal

w.

%o e 70 7o w0 @0 %o
Liquid loading (mL)
@

.

.

it

W w0 7o 7o we | sk w0
Toading (mL)
e

Btetenoutosiol)

"

"

1

2

"





media/file12.jpg
(-)oneu Juswyouuz

12

% Removal

Enichmentratio

1"

Fo

o

F~

Lo

Lo

Feo

764

& @
X R R 8

|eAoway %

(b)





media/file3.jpg
il
ek i
HIHH
Hidl

I IR
Yisllalki





media/file22.png
% Removal

100 , e S , 24
] =@~ % Removal -O- % Removal -
95 - ] == FEnrichment ratio - [ - Enrichment ratioI _ 29
o Q ] S ~ Contrasted column Experimental column |
90 - \/i ~ L 20
- Q \I:I o |
85 - \ N - 18 ~
N B |
80- O\\I:I -16.2
® (1]
e \O\\ 5 :
] &
70 -
°- o \ O 12E
65+ M-~ N O
. / ~ - \j -10 =
60 - I =~ \. o LIJ
- ~ L 8
O ~
55 - ~ X
. o ~m .6
50 y y ' ' '
5 10 15 20 25

Dye concentration (ppm)
(b)





media/file20.jpg
(-)ones yuswyoniug
q g o aHegmy
§Rgee T, ,

3

95

o 8 9 v o W o w 2
8 8 8 R R 88 8 8

100

|eAoway 9%

Dye concentration (ppm)

(b)





media/file19.jpg
(-)ones yuawyouuz
e ¥ o e

100.
95
904
85
80.
75
70
65
60.

|eAoway %

Dye concentration (ppm)

(a)





media/file28.png
% Removal

% Removal

100

| v | v I v | v J v J v |
- =@ % Removal I -O- % Removal I 18
L. e=fl}= Enrichment ratio - [1 - Enrichment ratio B
95 - N Contrasted column Experimental column
N
90 - A N o I 16
) =~ - <3—”"”—’—— :%;
85 - SO - 7 ® 145
b =L = - (©
) O ° 12 &
" / ° -S
o =10 =
H c
70- ~ ® L]
- . \ \
. -y —
65 - ~ - g 8
- = - - - -— -
60 — 11—+ 6
600 650 700 750 800 850 900
Liquid loading (mL)
(a)
100 [ —————— ey
- O =@— % Removal I -O- % Removal - 24
* e=fll= E nrichment ratio - [] - Enrichment ratio
95 N Contrasted column Experimental cqumnI
. N -22
N
90 - O T
. - oS / -20
85 - H~L._ o o [1s
. O - B
i / O?‘/(‘D . 16
o O o i
" o/./ - 14
70- .( 12
. ~-N o _ .
65 - LS 10
) TOSE o~ o
L] -.
60 : 8

6(')0 ' 660 ' 7(')0 . 760 . 8(')0 ' 860 . 900
Liquid loading (mL)
(b)





media/file10.png
% Removal

100 Y Y [ BN BN RN AN RENNL NN RN NN NN NN 10
0] m o—"° ® |
| \ ./‘/ .
80 - / =@— % Removal -8
i \ == Enrichment ratio I |
70 - -7
. o/ RO
60 - \ .6 O
. \ -
50 - N - - -~H. = 5 -
40 - -~ \.- -m S 4 qc,
. - < -
30 - ~n -3 ©
- . e
20 4 L2 |5
10 4 -1
o +—vp-—vr-a—rrrTrrrT-—r—TrrT—rTrT-r—0
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
SDS concentration (ppm)
(a)
90 I | v I v | v v
I I?nﬁfr:rr:gr?tl ratioI -12
85 - ~
S =11
80 - = n o— ke
E / -0 £
. wid
CE> 75+ / \ g
@
14 ® N -9 =
X 70- / \\ £
c
® \ -8 LU
65 - N\
L
60 | | | J v
800 900 1000 1100 1200

SDBS concentration (ppm)
(b)





media/file14.png
-10

(-)oneus Juswyonug

0 © <

~

e=file= Fnrichment ratio

== % Removal

76

< N o 00

|leAoway 9,

|
e
0

64

pH

(b)





media/file11.jpg
74

7.3

(-)ones yuswyosuuz

o N e
N g =

T Remoral
Ervichment rai)

o

744

724

° o
R 3

[eAoway %

664

(a)





media/file15.jpg
100- 35

EN - i
w
.
O
H
L
H
.
«
F R A A A A
Al flow rat (mLmin)
@
o o
N T ] [
w 0z
. ]
3 =2
§w H
£ »E
H H
75 ]
® 15E
0. ad
o
.

W W w0 20 20 2o a0
A flow rate (mLimin)
»





nav.xhtml


  water-15-02236


  
    		
      water-15-02236
    


  




  





media/file6.jpg
% Removal

10

5 20 25 30 35 4 45
Contact time (minutes)

(b)

8





media/file24.jpg
0.164

Contras(ed column|

\' -0 Exenmentzl column)

10 15
Dye concentration (ppm)

(b)

20





media/file16.png
% Removal

% Removal

100 . — — 35
o —@— % Removal -O- % Removal
=fll= Enrichment ratio - [1- Enrichment ratioI
95 - O Contrasted column I Experimental column _ 30
o N\ O
90 - N\
N\ _ “T
. ° 25 =
85 - \ =
' \ O |20
- c
80 S
y &
75+ -15 .S
1 - -
=~ - - c
704 ~ < - 10 W
- ~D
65 - _
. -~ _ -5
b Y ~.
60 v | | ] | v
140 160 180 200 220 240 260
Air flow rate (mL/min)
(a)
100 : —— et 40
- =@=— % Removal I -O- % Removal
«=fll= Enrichment ratio - [] - Enrichment ratio
95 - D\ Contrasted column E[)](perimental C;W:‘”I - 35
) N
90 - \ O }30=
il @)
85 - N =
N\ ® _ o5 &
- \ ‘E
80 - \_O [
i - 20 E
75 - N T~ o 2
| 7=« S~ 15 £
~ S - LLI
704 o ~ < O
) “H~ 10
65+ =~
- - ~m &
60 ] | | ] | v
140 160 180 200 220 240 260

Air flow rate (mL/min)

(b)





media/file2.png
CHs

N—CH,

CH,





media/file23.jpg
Surface excess (mg/m?’)

0.35- [—e— Contrasted column] —O—Contrasted column]
/\
0.304
0.254 %
—
0.204
0.154 ’
/
I
0.104 a
5 10 15 20 25

Dye concentration (ppm)
(a)






media/file5.jpg
% Removal

M7 —— 16
'
100 ~mo F1a
i e
\ 12
] . /‘
\ 10
80 \
-8
704
\ 6
60+ Y
N 4
504 2
4 eyttt
5 10 15 20 25 30 35 40 45 50

Contact time (minutes)

(a)

Enrichment ratio(-)





media/file7.png
% Removal

110
100:
90:
80:
r0-
60:

50 -

40

L J ' L J
=@ % Removal

|y == Enrichment ratio
~
DN
~u /0/'
®
\
\ /
\ o
\
o—1
o N
\
N\
\. - —. S
Y H

16
- 14
- 12

-10

Enrichment ratio(-)

10 15 20 25 30 35 40 45

Contact time (minutes)

(a)





media/file29.jpg
‘Surface excess (mg/m’)

‘Surface excess (mg/m’)

g

g

g

030,

o028,

o025,

== Expermenalcotumn

y

RN S
Liquid loading (mL)

@

o= Gonvasted comn)
(=5 Expermental colum

o &0 70 7o ®0 s %o
Liquid loading (mL)

®)






media/file1.jpg
HyC—N

CHs

N—CH,

CH,





media/file9.jpg
% Removal

100-
M
b B
. g
w s
0. B
H
ot £
. L
. &
. o
T e o e
505 concentaton (spm)
@
.
1,
"
.
= H
3 i
H o £
= 0. 2
s &
.
.
“

LI R R )
'SDBS concentration (ppm)

®





media/file0.png





media/file8.png
% Removal

110 ) | | | ] v v v | 22
100- .\ m— -20
i \.\ ./. . I
%0- “x A |
80 - - 16
' e
70 - =14
. ./. O
60 - / - 1275
] \ —
50- . .\ -10‘E
40 (8 £
. N 8 E
30- \ -6 L:’
20 S o L4 (0]
10- i T S
0 1 v 17 v 17T 717 v 1 v 1 3 0
5 10 15 20 25 30 35 40 45 50

Contact time (minutes)

(b)





media/file25.png
0.35-

|+ Contrasted c':olumr:| ' | . | |
- |—|:|— Experimental column| / \ .
/. ®

0.30 - P -
2
€ 0.25- /I -
Y / N — — == = = =0
D o /
% 0.20 = / 1
o /
O /
q‘E 0-15- l
S
N /
/
0.10 - 0
| v | v | v | |
5 10 15 20 25

Dye concentration (ppm)

(a)






media/file17.jpg
£

g

g

[

g

Surface excess (mg/m’)
8§88

= Expermentaicoum)

T,

Sc-oe-ooo

035

W | 20 w0
A flow rate (mUimin)
@

034
o
032
031
o
02
oz
ozr
02
02s.
024
02
oz

Surface excess (mg/m’)

o=

o= Convastes coumn)

2= Experimenial cour]

o

"

W e | 20 w0
Air flow rate (mLimin)
o





media/file21.png
% Removal

100

| v ] v ] v ]
o =@= % Removal I .16
== Enrichment ratio
95 - F ~ Contrasted column
~
o , -~ ~
90 - D -O- % Removal I -14
- [] - Enrichment ratio
9 Experimental column
85 4 o - 12
80 1 \O i 10
75- \ '
. O -8
~. -
70 - -~ '
| -6
65 - X
. ®
g 4
60 . ' . ' . . .
10 15 20 25

Dye concentration (ppm)

(a)

Enrichment ratio(-)





