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ABSTRACT

The treatment of wastewater containing dispersed dyes is a challenge because of their low water solubility and high suspension that inhibit most advanced oxidation processes.  Instead of trying to oxidize the dispersed dye in wastewater, extraction with TX-110 surfactants and organic solvents were tested to evaluate the feasibility of dispersed dye recovery. Two dispersed dyes, the Dispersed Red 60 (DR60) and Dispersed Blue 79 (DB70) were tested for this study.  The parameters considered in the cloud point extraction are TX-100 concentration, temperature, pH and salt concentrations.  This study confirms that the pH and the salt concentrations were not significant factors on the cloud point extraction.  The system has a cloud point at 85℃. Various organic solvents were tested for the feasibility of liquid-liquid extraction for dispersed dyes recovery.  The solvents tested include methyl ethyl ketone (MEK), octane, n-pentane, methyl salicylate, and ethyl acetate. This study concluded that ethyl acetate performed the best liquid-liquid extraction among the tested solvents.  When compared between the two dyes, DR60 and DB79, the system performs better in extracting DR60 from aqueous solutions.  Since the chemical structures of most of the photoresists are similar to dispersed dyes, it is believed that solvent extraction presents an opportunity to recovery those valuable industrial materials.

INTRODUCTION

The treatment of wastewater containing dispersed dyes is a challenge because of their low water solubility and high suspension that inhibit most advanced oxidation processes.  Instead of trying to oxidize dispersed dye in wastewater, a recovery process for dispersed dye may be considered.  In this study, the Cloud Point Extraction (CPE) with TX-110 surfactants and the Liquid-Liquid Extraction (LLE) with organic solvents were proposed and tested to evaluate their feasibility of dispersed dye recovery.  Two dispersed dyes, the Dispersed Red 60 (DR60) and Dispersed Blue 79 (DB70) were tested for this study.  One reactive dye the Reactive Blue 19 (RB19) is also tested for comparison with the dispersed dyes mentioned before.  Since the chemical structures of most of the photoresists are similar to dispersed dyes, the data obtained from the surfactant and solvent extractions of this study present an opportunity to recovery of similar valuable materials.

Cloud Point Extraction (CPE)
Extraction is the process used to transfer specific component from one phase to the other phase in a mixture by utilizing the solubility difference of the extract in two phases.  Other than conventional extraction with organic solvents that undertakes toxic or explosive risk and cost concern, the CPE can overcome the above drawbacks because the surfactants used in CPE are usually biodegradable.  For surfactnats have both hydropholic and hydrophobic properties, they usually used to extract less soluable toxic materials from aqueous solution such as PAH.  The CPE was originally proposed by Watanabe and Tanaka in 1978 to abstract metal iron from aqueous solution[7].  As the solution temperature is over cloud point temperature (CPT), the aqueous solution of non-ironic surfactant changes from one phase into two phases.  Because the process is reverseble, the solution becomes one phase again as the solution temperature cools down.  Since the hydropholic and hydrophobic functional groups coexist in the surfactants solution, some micells may form when the surfactant concentration increased.  As the temperature in the solution reaching a CPT, the micell type extract is concentrated in a higher solubility phase hence the seperation makes the extraction to proceed.  
The mechanism of the phases change at the CPT is not well known yet.  Nilsson[6] propose that the dielectric constant of water may decreased as the water temperature increased, that weakens the interaction between the hydrophlic and hydrophobic group functions, hence the seperation occurrs.  Other study indicated that the seperation is due to the attraction among micells.  When the aqueous solution temperature is below CPT, the interaction among micells is under repulsion, however as the aqueous solution temperature is over CPT, the interaction turns into attraction, that induces the cogulation of the micells which then seperates from aqueous phase.  This is consistent with the phenomenon observed in this study that the number of cogulation of micells usually increased as the solution temperature increased.

M.K. Purkait [4] achieved a 100% Congo Red dye extraction from wastewater by using Triton X-100 (TX-100).  In 2004, he also tried to extract eosin acid dye with the CPE process [5].  The effect of dye concentration, temperature and salt concentration on the extraction efficiency was also evaluated in the study.  The study found that the CPT of the system was shifted from 73-75℃ to 59-63℃ with NaCl addition.  The extraction efficiency increases with raised temperature in the solution.  The increased concentrations of surfactant TX-100 and NaCl also enhances the dye extraction because of salting out effect that promotes more extract moves to coacervate phase. 
Alain Favre-Réguillon [1] used non-ironic surfactant TX-114 added with Gd to extract Lanthanum from aqueous solution.  The effect of the molar ratio of surfactant and metal chelate on extraction efficiency was trested to develop a cost effective process for rare earth elements extraction.  Wei Liu [8] used TX-100 to extract a red additive Sudan Dyes in spicy.  A 97% extraction was achieved by using a solution with 3% TX-100 and 10% Na2CO3 and the solution was kept in 70℃ for 30 minutes.
Liquid-Liquid Extraction
The Liquid-Liquid Extraction (LLA) is accomplished by adding an immiscible or less miscible solvent into an aqueous extract solution, since the solubility of the extract is different in the solvent and water therefore the extract is concentrated in higher solubility solvent and separate from aqueous phase.  For the LLA, a three phases diagram is used to check the phase balance, where A represents the solute (extract), B represents the diluter (water), and S represents the solvent.  At the nodes of the triangle the material is in pure phase. Along the triangle lines the material in two phases.  Inside the triangle relative concentrations of the solute co-exist in the three phases.  LLA is achievable inside the zone M where the solute is miscible in solvent; on the other hand the solute is immiscible outside the zone M.  In this study, capital A represents concentration of surfactants, B represents concentration of water, and C represents concentration of solvent.  Since the surfactant concentration is unknown in this study, no specific phases balance point can be located in this diagram.
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Fig. 1. Phases balance diagram for Liquid-Liquid Abstraction
Hauz Khas [3] used anion type surfactant with pentanol as solvent to extract cation type Methylene Orange and Methylene Blue dyes.  His test indicated that only very rare dye can be dissolved into the solvent without surfactant.  The Methylene Orange has higher solubility in basic condition, while the solubility of Methylene Blue favors for acid condition.  With the addition of salts such as KCl or NaBr, the solubility of Methylene Orange increases, while the solubility of Methylene Blue decreases.  G. Muthuraman [2] used TBAB to extract anion type dye and achieved 98% extraction efficiency.  The study concluded that the extraction efficiency dose not affected by the addition of NaCl or Na2SO4.  Previous studies mostly focus on the extraction of ironic type dyes.  In this study, the LLA was used to extract non-ionic type dyes without addition of salts.
EXPERIMENTAL MATERIALS AND METHODS
Experimental Materials
An anthraqueno type Disperse Red-60 dye (DR60) used in this study is the product of Organic Dyestuffs Corporation(.  It’s properties are listed as below. 

· Molecular Formula C20H13NO4 
· Molecular Weight 331.32 
· CAS Registry Number: 17418-58-5 (70956-30-8;12223-37-9)
The full name of the DR60 is 1-Amino-2-phenoxy-4-hydroxyanthraquinone Synonyms: Amino-4-hydroxy-2-phenoxy-9.  The chemical structure is illustrated in Fig. 2. 
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Fig. 2. The chemical structure of the Disperse Red 60
The other azo type Dispersed Blue-79 dye (DB79) was also tested.  It’s properties are listed as below:
· Molecular Formula:C24H27BrN6O10 
· Formula Weight:639.41 
· CAS Registry Number: 12239-34-8
The full name of the DB79 is 4-(2-Bromo-4,6-dinitrophenylazo)-5-acetylamino-2-
ethoxy-N, N-bis(2-acetoxyethyl) aniline and the chemical structure is illustrated in Fig. 3.
[image: image3.png]



Fig. 3. The chemical structure of the Disperse Blue 79
To evaluate the effect of salt in dye solution to the dye recover effieiency, two salts namely the NaCl and Na2SO4 were tested. The Sodium Chloride is made by Fisher Scientific with 99% purity with molecular weight of 58.44 g/mo.  The Sodium Sulfate is made by Carolina Biological Supply Company with 99.5% purity and molecular weight of 142.04 g/mol.  A Triton X-100 ( TX-100 ) made by The Chemistry Store.com Inc. is used as surfactant for CPE experiments.  A Ethyl Acetate made by Carolina Biological Supply Company is used as organic solvent in the LLE experiments.  Its molecular formula is CH3CO2CH2CH3 with molecular weight of 88.11 g/mol.
Experimental Method
Cloud Point Extraction
The effect of the surfactant concentration, temperature, pH and salt concentration to the recovery efficiency of the dispersed dyes were evaluated in this study.  A TX-100 surfactant concentration ranging from 0.1 to 3.0 M were added to the dye aqueous solution.  The mixture solution then was heated up to a CPT and then put in a funnel to cool down to seperate the mixture solution into soluable phase and coacervate phase.  The particition coefficient then was obtained from the ratio of the measured absorbance in the coacervate phase to that in the soluable phase.  The seperated phases were scanned by phtospectroscopy to obtain partition coefficient for the CPE efficiency evaluation.  The temperature effect on the CPE efficiency was observed from the change of the mixture solution of a 100 mg/L dye aqueous solution and a 0.175M TX-100 solution in the cooling process.  The mixture solution was heated up to 85℃ and then cool down to 60℃.  In the process, samples were taken from two phases for phtosepectroscopy measurement to obtain partition coefficent. 
Parameters Conditioning
Effect of pH

Various pH adjusted by adding NaOH or Na2SO4 in a 100 mg/L dye aqueous solution were tested for the evalution of the pH effect on the CPE efficiency.  In this study, mixture solution with pH 2, 3, 4, 7, 10, 11 and 12 are tested respectively.
Effect of Salt Concentration
Various concentrations of NaCl and Na2SO4 (1-5 mg/L) were added into 100 mg/L dye aqueous solution.  The partition coefficients were measured to evalute the effect of the salt concentration on the CPE efficiency.

Liquid-Liquid Abstraction
Solvent Selection 
A 100 mg/L dye aqueous solution was mixed with various solvents including MEK, octanol, pentane, methyl salicylate, ethyl acetate with ratio of 1:1 to test their extraction capability.  The experimental procedures in the evaluation of parameters such as pH and salt concentration effect on the LLE efficiency are similar to the procedures applied in the CPE experiments.
RESULTS AND DISCUSSION

Cloud Point Extraction (CPE)
Effect of surfactant concentration 
A TX-100 surfactant was added into dye aqueous solution with concentration of 0.1-0.3 M to verify the required surfactant concentration to achieve CPE.  Both the soluble phase and the coacervate phase are sampled and scanned by photo spectroscopy to evaluate the effect of surfactant concentration on the CPE.  The CPT was first observed at 0.05M surfactant concentration; however it is hard to distinguish whether the CPT was reached with this concentration.  It is until the TX-100 surfactant concentration reaches to 0.12M where most dye was accumulated in coacervate phase as shown in Fig. 4.  Therefore a 0.12M TX-100 concentration was considered as a threshold condition in this system.  In fig. 5, various surfactant concentrations of DR60 dye solution in coacervate phase were scanned.  Because the detect limitation of photo spectroscopy, a 0.175M TX-100 surfactant concentration was used for further experiments.
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Fig. 4.  Phtospectroscopy scan for soluble phase with various surfactant concentrations in DR60 dye solution
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Fig. 5.  Phtospectroscopy scan for coacervate phase with various surfactant concentrations in DR60 dye solution
The effect of temperature
The mixture of surfactant TX-100 and DR-60 dye aqueous solution was heated up to 90℃, then was removed to funnel to observe its change in cooling process.  The mixture solution was originally turbid.  It gradually turns into clear as the temperature of the mixture heated up to 40℃.  Similar phenomenon was kept between 40℃ to 60℃.  When the mixture is over 60℃, it turns into a turbid status again.  The CPT occurred at 64℃ where the color of the mixture solution turns from dark red into pink red.  As the mixture was continuously heated up to 90℃ and was moved to a funnel to cool down to 72℃, the separation of two layers was initially observed yet not quite obviously.  It is until the mixture was cool down to 63℃, the separation of the two layers becomes apparently.  At this stage, most extracts were accumulated in coacervate phase.   However, the extracts moves back to aqueous phase as the mixture temperature decreases to 55℃ later.  From this experiment, we confirmed that the mixture solution needs to be heated over 85℃to ensure the CPT of the system is reached, then the samples were taken at 60℃ for further analysis.

From Fig. 6, one found the peak of DR60 dye absorbance is at wavelength of 586 nm, however the peak absorbance in coacervate phase and aqueous phase are shifted to 514 nm.  The peak absorbance shift can be explained that the original DR60 aqueous solution contains DR60 dye, water and surfactants.  After the extraction process, only surfactants and dye were found in the coacervate phase and water with very limited surfactants remain in dilute phase.  Since the dispersed dye is not a soluble dye, some turbidity in the range of wave length 590-1000 nm, were measured in the dye aqueous solution.   For the coacervate phase, most surfactants are dissolved in aqueous solution hence less turbidity was measured in the same range.  The absorbance in coacervate phase is 1.833 in coacervate phase and 0.093 in dilute phase at wavelength 514 nm.  Hence the partition coefficient K is 19.71, or Log (K) of 1.295.  The partition coefficient is used for later evaluation of extraction efficiency.
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Fig. 6. Comparison of photo spectroscopy spectrum of DR60 in original aqueous solution, dilute phase and coacervate phase 
Effect of pH

The efficiency of the CPT abstraction was evaluated by partition coefficient Log (K) versus pH as shown in Fig. 7.  The lowest Log (K) is 1.085 which occurs at pH equals 12, while the highest Log (K) is 1.316 which occurs at pH equals 11.  According to experimental results, the pH effect on the CPT extraction is not significant.
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Fig. 7. The effect of pH on the CPE efficiency
The effect of salts
The sodium chorine and sodium sulfite are frequently used as additives in dying process.  Various concentrations of the salts were tested to evaluate their effect on the CPE efficiency.  The dose 1-5 mg/L of the two salts, NaCl and Na2SO4, were tested respectively and their effect on the CPT extraction is illustrated in Fig. 8.  For NaCl, the highest Log (K) is 1.44 occurred at 1 mg/L verse the lowest Log (K) is 1.16 occurred at 3 mg/L of NaCl.  For Na2SO4, the highest Log (K) is 1.44 occurred at 4 mg/L verse the lowest Log (K) is 1.11 occurred at 5 mg/L.  No significant effect of the salts concentration on CPE efficiency was found in this test.
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Fig. 8. The effects of salt concentration on the CPE efficiency   
Liquid-Liquid Abstraction (LLA)
Solvent selection

Five solvents namely the MEK, octanol, pentane, methyl salicylate, and ethyl acetate are tested and compared for their LLE efficiency of the diseperse dye DR60.  The test results are illustrated in the pictures of Fig. 9.  With MEK as solvent, the solvent phase and aqueous phase are mixed in one phase.  No distinduish of the mixture solution can be used for the LLE.  With octanol as solvent, the mixture solution requires centrifugal process to seperate the solution into two phases.  After the seperation, some dye still remains in aqueous phase and many emulsified matters were produced in the solvent phase that limit the LLE process.  With pentane as solvent, the solvent phase and aqueous phase is separeble, however the disperse dye can not dissloved into pentane and remains in aqueous phase, hence the LLE is not possible to proceed for pentane as solvent.  With esters as solvent, both methyl salicylate, and ethyl acetate are capable to be used for the LLE to recovery disperse dye DR60.  In concerns of longer reaction time and more emulsified matters produced in methyl salicylate, the ethyl acetate was selected as the candidated solvent for the rest experiments of the LLE.
Except for dye component, there are considerable non-ironic surfactnats used as dispersents in the dispersed dye.  The surfactants can be used to move targeted extract from ester phase to aqueous phase, hence many organic solvents such as MEK, octanol, pentane in this study are not capable to disslove dispersed dye into solvent phase from aqueous phase.  Ester is usually used for extracting surfactants.  To perform LLE for dispersed dye recovery, ethyl acetate is used to extrate surfactants in the dispersed dye.  Therefore the targeted dye component can be disslved into solvent phase for recovery.
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Fig. 9. Comparison of extraction capability for various solvent in LLE
LLA for different dyes
The LLE used for recovery of disperse dye DR60 and DB79, and reactive dye RB19 with ethyl acetate is compared.  The difference between the disperse dye and the reactive dye is the former contains surfactants and the latter does not.  The comparison results are illustrated in Fig. 10 where no extraction of reactive dye RB19 was achieved because no surfactants involved in the extraction process.  This confirms the mechanism of LLA with ester explained before.  When compared the LLE for DR60 and DB79, DR60 requires less amount of ethyl acetate than DB79 does.  This can be caused by the difference of surfactants contents in DR60 and DB79 or because bromine is among the functional groups of DB79 that may enhance DB79’s solubility in aqueous phase.  Hence less DB79 was extracted by the ethyl acetate
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Fig. 10.  Comparison of LLE with ethyl acetate for different dye solution
CONCLUSION
In this study, Cloud Point Extraction (CPA) and Liquid-Liquid Extraction (LLE) were used for dispersed dyes recovery.  In the CPA, the effect of the concentration of surfactant, temperature, pH and salt concentration were tested.  From the CPA experiments results, this study concludes the following findings:
1. A 0.12M TX-100 concentration was found as a threshold concentration for CPE process for dispersed dyes recovery.

2. To perform CPE of dispersed dyes recovery, the mixture solution needs to be heated over 85℃to ensure the CPT is reached, and then cooling proceeds to the range of 63℃-55℃ to separate dye in dilute phase and in coacervate phase.
3. No significant effect on the CPE for dispersed recovery was found for both pH changes and salt addition.
From the LLE experiments results, this study concludes the following findings:

1. Compared five solvents MEK, octanol, pentane, methyl salicylate, and ethyl acetate for LLE of disepersed dyes, both methyl salicylate and ethyl acetate were confirmed as the usable candidates. 
2. In concerns of longer reaction time and more emulsified matters produced in LLE with methyl salicylate, the ethyl acetate was selected as the best solvent for dispersed dye recovery.

3. Among the LLE of disperse dyes DR60 and DB79, DR60 requires less amount of ethyl acetate than DB79 does.
4. No extraction of reactive dye RB19 was achieved by the LLE because no surfactants involved in the extraction process.
Since the chemical structures of most of the photoresists are similar to dispersed dyes, the data obtained from the surfactant and solvent extractions of this study present an opportunity to recovery of similar valuable materials.
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DB79	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	3.1E-2	0.19900000000000001	0.13300000000000001	2.5999999999999999E-2	0.16400000000000001	0.34100000000000003	0.95299999999999996	0.97199999999999998	0.97699999999999998	0.97499999999999998	DR60	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	0.66600000000000004	0.68100000000000005	0.67100000000000004	0.66700000000000004	0.97699999999999998	0.97399999999999998	0.98499999999999999	0.98699999999999999	0.98799999999999999	0.98499999999999999	RB19	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	0.01	0	0	0	0	0	0	0	0	0	有機溶劑 ml

去除率




