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CHAPTER 2 REVIEW OF LITERATURE



2.1



GENERAL The heavy metals like copper, lead and nickel can be removed by



various hydrometallurgical methods like chemical precipitation, adsorption, ion-exchange, solvent extraction, membrane techniques etc. The main disadvantages of these methods are formation of sludge, low efficiency at lower concentrations, higher operating cost, membrane fouling, etc. These methods are not suitable for recovery of metals in their purest form and hence, reuse opportunity is lost. Methods like LM and PIM eliminate these disadvantages and hence more importance is given to these methods for the separation of heavy metals from aqueous solutions. This chapter gives a detailed account on the recovery of Cu(II), Pb(II) and Ni(II)ions. 2.2



E- WASTE E-waste has become a problem of crisis proportions because of two



primary characteristics: A. E-waste is generated at an alarming rate: due to the rapidly evolving technology, the rates of obsolescence are extreme, resulted in generation of much higher volumes of waste in comparison to other consumer goods.
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B. E-Waste is hazardous: the vast amounts of computers, that are disposed of all contain a variety of toxic substances. Given the sheer magnitude of e-waste generated each year, the problems that these toxins present increase exponentially as they progressively pollute the environment and threaten to enter the food chain. When electronic wastes are dumped in landfill, or when the waste is incinerated, contaminants and toxic chemicals are generated and released in to the ground or air. Landfilling - It is the process by which whole computers, monitors, CPU, wires are disposed on the earth’s surface (landfills). The environmental risks from landfilling of ewaste cannot be neglected because the conditions in a landfill site are different from a native soil, particularly concerning the leaching behaviour of metals. Landfilling does not appear to be an environmentally sound treatment method for volatile and non-biodegradable substances. As



the



presence of complex material mixture in e-waste, it is not possible to exclude environmental (long-term) risks even in secured landfilling (Okwu & Onyeje 2014). Incineration - It reduces the volume of solid waste but not the toxic substances in it. During incineration, emission of pollutants in the stack gas causes air pollution. There is also the problem of disposal of the hazardous ash. Air pollution and water pollution control devices need to be installed to ensure minimum discharge in to the environment. Incineration is energy intensive. There are no monetary returns like in recovery or recycling. Therefore, this technique is expensive (Borthakur & Singh 2012).
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PCB is the main item in every electronic product, in other words, it is like a brain for human. PCBs are necessary part of almost all of the electronic products and the base of electronic industry (Yihui and Keqiang 2010). Consequently waste PCBs are called as an “urban mineral resources” (Kui et al 2009). According to the economic point of view, the amount of metals turns the PCB waste into an interesting raw material. Besides that, a new environmental challenge is presented by waste PCBs, which contain abundance of toxic substances like heavy metals (Xuefeng et al 2006). 2.2.1



E-waste recycling practices in India



2.2.1.1



Non-formal Sector



Ninety-five percentage of the e-waste in India is being recycled in non-formal sector and five percentage of the e-waste volume are handled in formal unit (Yoheeswaran 2013). In and around metropolitan cities in India, there are over 3000 units engaged in non-formal sector for e-waste recycling. Non-formal units of e-waste recyclers are distributed all over India. A large cluster of industries are in Delhi, Tamil Nadu, Uttar pradesh, Karnataka, Maharashtra, Gujarat, Kerala, Andhra Pradesh, West Bengal, Rajasthan, etc. Non-formal units generally follow the steps such as collection of the e-waste from the rag pickers, disassembly of the products for their useable parts, components, modules, which are having resale value. The rest of the material is chemically treated to recover precious metals. Due to inadequate means, it may cause leaching of hazardous substances to soil, and water. This recycling method has low efficiency and recovery is carried out only for valuable metals like gold, silver, aluminum, copper, etc. Other materials such as tantalum, cadmium, zinc, palladium etc. is not recovered (Manhart et al 2011; Chatterjee & Kumar 2009).
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2.2.1.2



Formal Sector Few formal recyclers are operating in India. The processes



followed in formal sector are mainly limited to the segregation, dismantling of e-waste till the size reduction stage of PCBs. A shredder is employed for PCBs size reduction. The pre-processed PCB is exported to smelting refineries in developed countries for further recovery of precious metals like copper, silver, gold, aluminum etc., and also treating the slag by product. The end-to-end solution of e-waste recycling is still not available in India (Manhart et al 2011; Okwu & Onyeje 2014) Most of the e-waste in India is channelized to non-formal sector, whereas, the formal sector is facing problem of not having sufficient input materials. In order to address the issue, Ministry of Environment and Forests (MoEF) had introduced adequate clauses in the Hazardous Wastes (Management, Handling & Transboundary) Rules, 2008. The MoEF had advised all the Government Departments/ Offices to dispose the e-waste generated in various offices in an environmentally sound manner in accordance with these Rules. The occupier is now responsible for safe and environmentally sound handling of such wastes generated in their establishments. It was further advised that the units handling and engaged in activity like collection, segregation, dismantling and recycling of e-wastes are required to register with Central Pollution Control Board (CPCB). 2.3



DIGESTION



OF



HEAVY



METALS



USING



ULTRASONICATION A fast ultrasonic acid method for leaching of Pb, Mn and Ni from roadside superficial soil samples prior to determination by atomic absorption spectrometry has been examined



by Elik (2009) and was shown to be



beneficial in the recovery of these metals from surface soils. The best
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analytical conditions influencing leaching such as exposure time, acid concentration, and sample amount were determined. A short exposure time (0.5 h), a mixture of concentrated HNO3-HCl (4:1, v/v), and a 0.5 g sample amount (in 25 mL solvent) were found to be best. Comparable results for the proposed ultrasonic leaching method and the hot-plate acid digestion method for metals are obtained. Besides, this method reduces the time required for all treatments with hot-plate digestion method approximately from 14 h to 1.5 h. The concentration of Pb, Mn and Ni were 85.1 ± 0.9 µg/g, 622.4 ± 7.1 µg/g and 81.7 ± 1.2 µg/g, respectively by ultrasonication method whereas the concentration of Pb, Mn and Ni were 82.9 ± 1.9 µg/g, 624.1 ± 13.4 µg/g and 80.9 ± 1.5 µg/g, respectively by hotplate digestion method. The precision obtained from 12 replicate ultrasonic leaching methods yielded an average RSD of 1.16, 1.73 and 1.34% for Pb, Mn and Ni, respectively, depending on the analyte. The precision of the method, together with its efficiency, rapidity, matrix free and environmental acceptability, makes it a good alternative for the determination of metals. Pengping and Kungwankunakorn (2014) studied an ultrasonic acid digestion (UAD) as a sample preparation for determination of Cr, Ni and Pb in human hair samples. The key parameters that influence an ultrasonic acid digestion, such as acid mixture, sonication time and temperature of the ultrasonic bath have been investigated. 30 min sonication time of the ultrasonic bath was sufficient for leaching of 98.4%, 98.7% and 100% of Cr, Ni and Pb, respectively. 2.4



RECOVERY OF EXTRACTION



HEAVY



METALS



BY



SOLVENT



Solvent extraction (SE) has been applied extensively for the separation of heavy metals from aqueous solutions. The process involves the extraction of specific target pollutants from the aqueous phase in the organic phase with the aid of carrier/solvent and back extraction (stripping) from the
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organic phase into another aqueous phase. The SE selectively extracts the specific metals contained in low concentrations from aqueous metal solutions, allowing for higher purity and concentration (Reddy et al 2005; Park et al 2006). The advantages of SE include high throughput, ease of scale up and automatic operation. The efficiency of SE is based on the right choice of a highly selective extractant molecule for desired metal (Shilimkar and Anuse 2002; Silva et al 2005). However, this technology poses some limitations like emulsification, flooding and loading limits in continuous counter-current devices, the need for density differences between the phases, phase disengagement difficulties, high solvent losses and large solvent inventories (Yang et al 2003). SE is an equilibrium-based separation process, where extraction and stripping are two separate steps and therefore, the separation that can be ultimately achieved is limited by the conditions of equilibrium. In order to overcome these limitations, another membrane-based SE process called LM was developed by Li (1968) which was found to be an effective alternative to the SE technology (Danesi et al 1981; Kim 1984; Gega et al 2001). 2.5



LIQUID MEMBRANE The liquid membrane (LM) is a homogeneous, porous thin film of



liquid (organic/aqueous) interspersed between feed and strip phases (aqueous) of different compositions. The feed and strip phases are miscible while the LM phase is immiscible with both. LM can generate large surface area in small sized equipment with or without the mechanical support. Li (1968) is the pioneer in using the LM technique, for extracting hydrocarbons from dilute aqueous solutions, especially in low concentration
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range. From a practical point of view, separation by LMs finds its applications in the fields of industrial (Danesi 1985; Linden & De Ketelare 1998),



biomedical



(Uragami



1992)



and



analytical



(Parthasarathy



et al 1997; Djane et al 1997) as well as in wastewater treatment (Chakraborty et al 2003; Bukhari et al 2006; Teng et al 2014). Nowadays, these studies constitute basic materials that stimulate scientific research and technological developments. Consequently, efforts are being made to improve the performance of LM. LMs are relatively high in efficiency, and are therefore considered suitable for industrial applications. It is a cost-effective alternative to other existing forms of membrane filtration technology which offers the following advantages (Thunhorst et al 1999). Attractiveness and versatility of this separation technique lies in the fact that diffusivity of solute in liquid is several orders of magnitude higher than polymeric membranes. Coupling of extraction and stripping in a single step instead of two steps as required by LLE, eliminates the equilibrium limitation inherent in LLE processes. Requires low initial capital costs and low operating cost. Capability of treating a variety of elements and compounds in laboratory and selected industrial settings at great speed and with a higher degree of effectiveness Mobile carrier enhances the mass transfer rate and hence very high separation factors can be obtained. Relatively easy operation and easy to scale up High selectivity of the target substances.
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Extract metals, organic chemicals and other elements and compounds in degrees of concentration and purity which may permit their reuse. Capability of selectively removing more than one element from a mixed process stream by incorporating LM systems in series. 2.5.1



Types of LM LMs, depending on whether they contain only liquid phases or a



polymeric support, are divided into two main categories: non-supported liquid membranes (non-SLMs) and supported liquid membranes (SLM). The available types of LMs are shown in Figure 2.1. In the case of non-SLMs, the most common types are emulsion liquid membrane (ELM) and bulk liquid membrane (BLM). Liquid membrane



Non -supported liquid membrane



Supported liquid membrane Flat sheet SLM



Hollow fibreSLM



Spiral wound SLM



Bulk liquid membrane



Emulsion liquid membrane



Unified liquid membrane



Contained liquid membrane



Electrostatic pseudo liquid membrane



Figure 2.1 Types of LMs
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2.5.1.1



SLM Bloch (1970) first proposed the use of extraction reagents dissolved



in an organic solution and immobilised on microporous inert support for removing metal ions from a mixture. A typical SLM consists of a polymeric (organic or inorganic) support impregnated or in contact with an extractant or carrier dissolved in an organic solvent and two aqueous solutions (Danesi 1985). The organic phase is immiscible with the aqueous media and sometimes contains another component, which is called the ‘modifier’. A modifier is added to favour the extraction of a selected species in a synergetic fashion or to avoid microemulsion or third phase formations. SLMs offer a simpler configuration and process compared to different types of nonsupported liquid membrane (ELMs, ESPLIM, CLM and ULM) as listed in Figure 2.1. The major advantage of SLM is very low organic inventory for a similar transfer rate of the other LM. The micro-porous support for the SLM can be a flat sheet, hollow fibre and spiral wound modules which are as follows. i)



Flat sheet SLM The schematic representation of flat sheet SLM (FS-SLM) is shown



in the Figure 2.2 (a). In the case of FS-SLMs, the support is generally a laminar-form inert porous material. The solute, initially present in the aqueous feed solution, permeates selectively through the membrane by interacting with the specific carrier contained in the organic phase. On the opposite side of the membrane the reaction between the solute and the carrier is reversed due to the different prevailing conditions of the strip aqueous phase. In a specific case, the prevailing conditions favour the formation of a stronger complex between a counter-ion present in the stripping solution and the metal species. The solute passes into the stripping solution and the
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extractant stays in the SLM to repeat the cycle (Yang et al 2003, Sarangi & Das 2004). In SLMs, the transport mechanism can be described as a series of elementary steps (Figure 2.2 (b)) which constitute the overall reaction scheme: (1) The metal ion diffuses from the bulk phase to the membrane interface across the aqueous diffusional layer. (2) The carrier reacts with the solute at the feed interface. (3) The complexed carrier diffuses across the membrane. (4) The solute is released by the carrier at the strip interface. (5) The released metal ion diffuses from the strip interface to the bulk phase across the aqueous diffusional layer. (6) The carrier returns across the membrane.



Receiving phase



Source phase



Supported membrane containing organic liquid and carrier



(a) Vertical view of FS-SLM set up



(b) Transport steps in SLM separation Figure 2.2 Schematic presentation of the transport process in a SLM
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ii)



Hollow fiber SLM In SLM, to overcome the problem of surface area, hollow fiber



supported liquid membrane (HFSLM) and spiral wound SLM were proposed. In the case of HFSLM, (Figure 2.3) the carrier is adsorbed in the microporous walls of polymeric supports in the shape of tiny hollow tubes (internal diameter: 0.5 -1.0 mm). The aqueous feed flows in the lumen of a fiber of one of the sets. The aqueous strip solution passes through the shell side. Each aqueous-organic interface is immobilised at the respective fiber by applying the correct phase-pressure conditions. For hydrophobic fibers, the aqueous feed and strip solutions flow at higher pressures than the organic liquid phase (Parthsarathy et al 1997; Rathore et al 2001). Since, the membrane phase is stationary, it can be said that HFSLM uses the principle of the BLM. This process can also be carried out in two separate hollow fiber modules with the membrane phase circulating between the two modules. This configuration is called the hollow fiber membrane contactor (HFMC). In such cases, extraction and back extraction of the target species take place simultaneously. In the HFMC, aqueous and organic solutions flow continuously in the same way as described above, with both phases coming into contact through the pores of the fibre wall, and a differential pressure is applied in one of the phases to avoid phase entrainment. Here, at a time only one separation operation is possible: either extraction or back-extraction. iii)



Spiral wound SLM The simple spiral wound SLM (SWSLM) is shown in the



Figure 2.4. In the SWSLM, microporous membranes and mesh spacers are spirally wound around acrylic resin pipes through which the feed solution, strip solution and the organic membrane solution are supplied to the module. Spiral wound elements are generally more economical to operate. Spiral
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systems are compact and their high membrane packing density results in more efficient utilisation of floor space (Gyves & Miguel 1999).



Figure 2.3 Hollow fiber supported liquid membrane



Feed



Permeate



Feed Spacer Membrane Permeate Spacer Membrane Feed Spacer



Residual



Residual



Figure 2.4 Spiral wound supported liquid membrane
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2.5.2



Comparison of LM process configurations The advantages and disadvantages of the various types of LMs are



summarised in Table 2.1. It has been realised that quantitative comparison of the various LM processes becomes difficult because no quantitative criteria can be applied to the different LM processes. However, from a qualitative point of view, the comparison may be of general guidance. As for the permeability, it is impractical to set a value of the mass-transfer coefficient to compare the efficiency of different LM processes, in particular when the membrane area and thickness are different. As for the selectivity, the microporous membrane itself has no selectivity contribution and the process selectivity is provided by the extractant. However, extraction kinetics make a considerable contribution to the selectivity of the Electrostatic pseudo liquid membrane (ESPLIM) and ELM. The membrane utilisation efficiency (MUE) proposed by Yang et al (2003) is comparable for different LM processes. The SLM has the highest MUE, but the stability problem of SLM is due to the loss of the organic phase. The BLM and contained liquid membrane (CLM) have no such stability problems because of the increased inventory of the organic phase, but this is at the cost of a decrease in the mass-transfer rate. Basu and Sirkar (1991) reported that membrane life and stability problems encountered in SLMs were eliminated in the hollow fibre contained liquid membranes (HFCLMs). However, pressure control across the membranes in the HFCLM operation can be more difficult than, the hollow fibre supported liquid membrane (HFSLM) operation. In the long-term operation of HFCLM, organic phase leakage was observed. The ESPLIM suffers from the problem of durability of electrodes immersed in the organic phase in a high electrostatic field. Duration of the electrodes stability was about 3-5 months in continuous operations. After this period, the electrode must be replaced otherwise, the electric spark occurs because of the damage/breakage of the insulation polyethylene layer.
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Table 2.1



Summary of advantages and disadvantages of various LM systems



Process Advantages BLM Useful for laboratory studies. No stability problems



ELM



Disadvantages Low fluxes due to very low interfacial area to volume ratio. High costs associated with achieving sufficient mass transfer area. High extraction efficiency achieved using Problem with emulsion swelling and membrane rupture, which limits the a large interfacial area. High concentration resulting from a high level of concentration that can phase ratio between the feed and the strip achieved. phases.



CLM



No stability problems



SLM



Simpler process than other LMs Low organic inventory.



Low mass-transfer rate High organic inventory The interfacial stripping reaction and the extraction reaction were the limiting steps. Scale up not straightforward low mass transfer rates. Stability problem



HFCLM High specific area in HF modules



Relatively complex HF module manufacture not commercially available, slightly higher solvent inventory when compared to SLM. ESPLIM Highest concentration factors Complex cell to manufacture. Not energy efficient and requires High through puts elaborate safety precautions and may be dangerous to operate at very high voltages on an industrial level. ULM Occlusion of the external phase is Complex process. eliminated since there is no mechanical stirring and hence no shear. Does not require surfactants to form a High operating cost membrane and hence problems of emulsification, demulsification and emulsion swelling do not arise.



2.5.3



Advantages of SLM over other LMs Among the available configurations of LM the most promising for



the applicability on large scale is SLM system (Dworzak & Naser 1987, Boyadzhiev 1990), which offers the following process advantages:
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Low capital investment and operating cost Low energy consumption It is environmentally safe, in most instances producing no sludge or other harmful byproducts which would require additional post-treatment prior to disposal Low LM requirement, and thus less amount of expensive extractants which offer good selectivity Simple to operate and easy to scale up. 2.5.4



Disadvantages of SLM The major problem for SLMs is the loss of carrier from the



membrane into the both feed and strip phases, and as a result SLM-based process has not been exploited industrially because of their poor durability. Most of the investigators have established the stability of SLMs empirically over the period depending on the organic solvents and membrane. During the course of SLM transport, the LM phase is gradually removed from the pores of the membrane. This phenomenon has been regarded as confirmation of SLM instability. The membrane instability mechanisms include: Effect of LM phase solubility in the adjacent aqueous phases Effect of the membrane support Effect of trans-membrane pressure Effect of osmotic pressure Shear induced emulsion of the LM phase Contamination and pore blockages
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To overcome the instability of SLMs, many attempts have been proposed (Teramoto et al 2000) and reviewed by Kemperman et al (1996). The cause of the instability is the loss of membrane liquid held in the pores of supports in both feed and strip solutions followed by the replacement of feed/strip solution in the pores. In order to increase the stability of LM a new type of LM called Polymer inclusion membranes (PIM) was introduced. 2.6



POLYMER INCLUSION MEMBRANE A number of other names are also used for PIM such as polymer



liquid, gelled liquid, polymeric plasticized, fixed site carrier or solvent polymeric membranes. PIM a novel type of LM system and are usually composed of an extractant (carrier), a base polymer (commonly poly(vinyl chloride) (PVC) or cellulose tri acetate (CTA)) and a plasticizer like (dioctyl phthalate, 2-nitrophenyl octyl ether, dioctyl sebacate, etc.). The carrier is essentially a complexing agent or anion-exchanger, responsible for binding with the species of interest and transporting it across the PIM. This process relies on the concentration gradient of the species/carrier complex or ion-pair formed within the membrane, which acts as the driving force enabling transport across the membrane. The base polymer provides the membrane with mechanical strength and the plasticizer provides elasticity and flexibility. The plasticizer decreases the glass transition temperature of the membrane and improves the compatibility of the membrane components. A modifier (eg. ethanol) is occasionally added to the membrane composition to improve the solubility of the extracted species in the membrane liquid phase. The resulting membrane is used to separate feed and strip phases. 2.6.1



Advantages of PIM PIM have attracted considerable interest owing to their advantages



over the SLM in the metal ion transport,
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Long term stability and durability of the membrane High selectivity In contrast to SLMs, it is possible to prepare a PIM with negligible carrier loss during the membrane extracting process. Low energy consumption Low operating cost The PIM provides low mass transfer rate. One of the important aspects of PIM is the distribution of organic carrier in the polymer matrix, which determines their transport efficiency (Lamb et al 1998). 2.6.2



Stability of PIM Stability has been the main advantage attributed to PIM in



comparison with other liquid membranes. Several authors have studied the stability of PIM and their reusability by performing repeated transport experiments with the same membrane, which involved renewing both the feed and strip solutions each time. Overall, the stability of PIM was proved to be quite good with flux or permeability values varying only slightly within the first several cycles and with no signs of structural weakening of the membrane. Gherasim et al (2011b) investigated on the stability of 50% D2EHPA/50% PVC membrane by subsequent transport experiments of Pb(II) for a time period of 12 h each. The reproducibility of the Pb(II) transport process was analyzed. The membrane showed a gradual decrease of the Pb(II) flux during the first 9 cycles, which might be expected due to the gradual loss
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of the membrane’s liquid phase. After the 9th , cycle a significant amount of the carrier is most probably lost and the membrane becomes inefficient for further use. Kozlowski (2006) compared PIMs and ACMs stability for the transport of Pb(II) using Cyanex301 as the carrier. The flux of Pb(II) was constant up to 10 transport cycles (12 h each) for both membranes, thus showing similar stability. Alvarez et al (2005) showed that transport experiments carried out for about 3 h did not provide indications of the fluxes tapering off due to the membrane phase leaching. However, when more transport experiments were carried out using the same membrane it was observed that the transport of protons increased with the number of runs and the Pb(II) flux decreased by approx. 30% after 5 cycles of 3 h each. In order to increase the stability of the PIM the addition of a modifier (ethanol) was tested based on the favourable results this compound has shown for the modification of the miscibility between the components in PIMs. The addition of 0.5 cm3 of ethanol in the casting solution during the preparation of the membranes improved their stability, as expected, allowing its use in long term experiments. It must be pointed out that after membrane formation ethanol was no longer present in the membrane as was confirmed by FTIR spectroscopy of the films. The reproducibility of Pb(II) transport across PIM with Cyanex® 301 was investigated by Kozlowska et al (2007). The flux of Pb(II) ion transported after 4 h obtained from 10 replicate measurements was found to be 2.87 µmol/(m2.s). The flux of Pb(II) varied only slightly, and no signs of structural weakening were observed. When the initial concentration of the source phase was 1.0 mM, the standard deviation for 10 experiments was 0.009 mM.
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2.6.3



Classification of carriers used in PIM Transport in PIM is accomplished by a carrier that is essentially a



complexing agent or an ion-exchanger. The complex or ion-pair formed between the metal ion and the carrier is solubilized in the membrane and facilitates metal ion transport across the membrane. Nghiem et al (2006) have classified carriers used in PIM as follows: 1.



Acidic carrier



2.



Neutral or solvating carrier



3.



Basic carrier and



4.



Macrocyclic and Macromolecular carriers



The chemical reactions that are involved in the extraction and stripping of target solutes using PIM are essentially the same as for the corresponding solvent extraction systems. 2.6.3.1



Acidic carriers To extract a cation from an aqueous solution, it must be combined



with an anion to form an uncharged complex. Acidic extractants are very effective for the separation of cations by exchanging their protons for the cations. Commonly used acidic extractants can be classified into two main categories (Nghiem et al 2006) A.



Chelating extractants



B.



Alkylphosphorous compounds
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The transport of a cation across a membrane by an acidic extractant follows the counter-current transport mechanism in which hydrogen ions are used to generate the driving force for solute permeation across the membrane. A.



Chelating extractants Compounds containing a group with an easily dissociating proton



near an atom with a free electron pair are called metal chelating systems. Chelation refers to “claw”, which is a graphic description of the way in which the organic extractant binds the metal ion. In general, the coordination complex of the chelating extractant with metal cations is very specific. Chelating extractants can be classified into three groups (Nghiem et al 2006) hydroxyoximes -acyloin oximes or aliphatic hydroxyketone oximes such as 5,8-diethyl-7-hydroxy-6-dodecanone oxime (LIX 63) 2-hydroxybenzaldehyde oxime derivatives such as 5dodecylsalicylaldoxime (LIX 860-I) aliphatic-aromatic hydroxyoximes such as 2-hydroxy-5nonylacetophenone oxime (LIX 84-I). quinolines such as 7-(4-ethyl-1-methyloctyl)-8-hydroxyquinoline (Kelex 100) -diketones such as benzoylacetone. Hydroxyoximes are the most commonly used chelating agents. Hydroxyoximes reveal two chemically active groups: a hydroxyl group and an oximino group with a free electron pair on the nitrogen atom. The acidity of the hydroxyl group is higher than that of the oximino group. As a result, in
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normal extraction systems, only the dissociation of the hydroxyl group can be considered. The transport properties for Cu(II) of PIM prepared with different commercially available LIX® reagents, namely, LIX® 84-I, LIX® 984 and LIX® 54–100, were explored by San Miguel et al (2006). Permeability values obtained using PIM composed of CTA, TBEP and ethanol as the base polymer, plasticizer and modifier, respectively, followed the order LIX® 84-I > LIX® 984 > LIX® 54–100. In particular, the addition of a small amount of ethanol to the casting solution for LIX® 84-I- based PIM resulted in a permeability increase of up to 2.6-fold. B.



Alkylphosphorous compounds Alkylphosphorous extraction agents are less selective compared to



the chelating extractants. On the other hand, they are less expensive and their metal complexes are more soluble in organic solvents than metal chelates. Therefore, they are also widely used in hydrometallurgical processes. Reagents belonging to this class are (Nghiem et al 2006): organophosphoric acids such as di(2-ethylhexyl)phosphoric acid (D2EHPA) and dibutylphosphoric acid (DBP) organophosphonic acids such as mono(2-ethylhexyl)ester of 2-ethylhexylphosphonic acid (PC-88A) organophosphinic acids such as di(2,4,4-trimethylpentyl) phosphinic acid (CYANEX 272) thiophosphoric acids such as di(2-ethylhexyl)dithiophosphoric acid (DTPA)
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thiophosphinic



acids



such



as



di(2,4,4-trimethylpentyl)



monothiophosphinic acid (CYANEX 302) and di (2,4,4trimethylpentyl) dithiophosphinic acid (CYANEX 301) carboxylic acids such as Lasalocid A and N-6-(t-dodecyl amido)-2-pyridine-carboxylic acid (t-DAPA) Sulfonic acids such as dinonylnaphthalene sulfonic acid (DNNS) The characteristics



chemistry which



of



the



resemble



alkylphosphorous



the



chelating



compounds



extractants,



but



has also



characteristics which are similar to neutral or solvating extractants. One of the characteristics of the extraction behaviour of alkylphosphorous extractants is their strong affinity for iron over other metal ions. The organophosphoric acid, D2EHPA, is a very efficient and versatile extraction agent in liquid-liquid extraction processes for the purification, enrichment, separation and recovery of metal salts including transition metals, rare earth metals and the actinides. D2EHPA replaces the carboxylic acids in metal extraction because of smaller extractant losses, higher metal loadings and faster equilibrium rates (Bouboulis 1977). D2EHPA can also act as bidentate chelating agents. From the above list of acidic carriers, some of the commercial carriers that have been used in PIM to date are LIX® 84-I, Kelex 100 and D2EHPA. Extraction and transport of a metal cation by an acidic carrier is governed by the exchange of the metal ion for protons of the carrier. Consequently, counter-transport of protons is the driving force and is achieved by maintaining a suitable pH difference between the feed and strip solutions. In addition, careful pH control in the feed solution can result in good selecivity as is the case in solvent extraction systems using acidic reagents.
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Gherasim et al (2011b) have reported on a PIM containing D2EHPA as the carrier for the extraction and facilitated transport of Pb(II) ions. Carrier concentrations between 25% and 50% in the PIM were tested, and results showed that the extraction efficiency increased proportionally with the carrier concentration in the membrane. Hence, the authors chose 50%D2EHPA/ 50% PVC as the optimum PIM composition, as membranes with more than 50% carrier were soft and sticky, and thus not mechanically strong enough for further experiments. 2.6.3.2



Neutral or solvating carriers Neutral extractants often extract uncharged metal complexes or



cations together with anions in order to maintain the electrical neutrality in the membrane phase. The metal species are coordinated with two different types of ligands, a water-soluble anion and an organic-soluble electrondonating functional group. Examples of such carriers are organo-phosphoryl compounds, such as tri-n-butylphosphate (TBP), tri-n-butylphosphine oxide (TBPO), and tri-n-octylphosphine oxide (TOPO). Arous et al (2010a) have developed and compared two CTA-based PIM for the transport of Pb(II) and Cd(II) ions. The first one contained TBP and NPOE as the carrier and plasticizer, respectively. The second membrane, coupled with CuFeO2 and incorporating TBP as the carrier and NPOE or TEHP as the plasticizer, was used as a polarized photoelectrode and exhibited higher transport efficiency for Pb(II) than the conventional PIM. 2.6.3.3



Basic carriers Basic extraction reagents can extract any metal capable of forming



anionic complexes in aqueous solutions. In aqueous solutions, many metal ions form a variety of anionic complexes with sulphate, cyanate, thiocyanate,
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cyanide, chloride and a number of other anionic ligands. Examples of anionic metal complexes that commonly exist in solutions in hydrometallurgical and electroplating processes are Cd(CN)42-, AuCl4-, etc. The extraction with basic carriers is based on the principle of ion association (Rydberg et al 2004). Basic carriers are long chain organic compounds containing primary, secondary and tertiary amino functions. It also includes high molecular mass amines, e.g. tri-n-octylamine (TOA) and Alamine 336, which consists of a mixture of tertiary amines with alkyl chains varying from C8 to C10. In addition, some weakly basic compounds such as alkyl derivatives of pyridine N oxides also belong to this group, e.g. 4-(1’-ntridecyl)pyridine N-oxide (TDPNO). The quaternary alkyl ammonium salts such as Aliquat 336, also comes under basic carriers even though they do not have a lone electron pair at the nitrogen atom. The reason for this classification is based on the similarity in the extraction mechanism involving amines and fully substituted quaternary ammonium compounds (Rydberg et al 2004). In the case of fully substituted quaternary ammonium compounds, the carrier in the PIM reacts as an anion exchanger forming an ion-pair with a metal-anion complex from the aqueous phase, e.g. the dichromate extraction by quaternary ammonium salts. The dichromate extraction by quaternary ammonium salts follows the counter-coupled transport mechanism. This means that the permeation of the metal-anion complex of the aqueous phase is transported in the direction opposite to the anions of the strip phase (Nghiem et al 2006). In the case of amines, the carrier must be protonated to react with the metal anion complex or may react directly with a protonated metal-anion complex, e.g. the dichromate extraction with tertiary amines. The dichromate
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extraction with a tertiary amine follows the co-coupled transport mechanism. The commercial tertiary amine, Alamine 336, is widely used as extractant for acidic brines, while the commercial quaternary ammonium salt Aliquat 336 is not pH dependent. As a result, Aliquat type reagents may successfully treat some basic metal leach solutions without any pH adjustment. The choice of the stripping reagent depends on the recovery process, but in general, basic stripping agents that deprotonate the amine show the best stripping characteristics. Amine type reagents can be stripped with a wide variety of inorganic salt solutions such as NaCl, Na2CO3 and (NH4)2SO4. The biggest disadvantage of using an Aliquat reagent is that these reagents will not deprotonate. Therefore stripping is usually more difficult than with the parent amine type reagent. 2.6.3.4



Macrocyclic and macromolecular carriers The macrocyclic and macromolecular carriers, contains hetero



atoms capable of forming electron-rich interior cavities. In many cases, they have the remarkable property of high complexing selectivity for metal ions as a result of the presence of specifically tailored encapsulating coordination sites in their structure. On the one hand, the macrocyclic ligands results in increased stabilities of the complexes and on the other hand, the ratio of the diameter of the cation to that of the cavity provides an additional criterion for selectivity (Bacon and Kirch 1987). In general, oxygen macrocycles such as crown ethers are effective for the extraction of alkali and alkaline earth metal salts and the nitrogen analogue macrocycles are effective for transition metal salts. At present, the initial costs of the macrocylic compounds are still very high and in some cases, their solubility in aqueous phases prevents them from being suitable for large-scale processes (Yordanov & Roundhill 1998). Modification of these macrocycles with long-chain aliphatic compounds
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makes them more applicable in membrane processes. Compared to solvent extraction, the consumption of these expensive compounds in a PIM is much lower. This makes these extractants quite competitive in membrane process for the separation of precious metals. One of the important tasks is to develop economical methods of synthesizing these compounds with the necessary phase distribution and metal coordination properties (Winston and sirkar 1992). Ulewicz et al (2010), have studied the transport of Pb(II) using p-tert-butylcalix[4]arene with functional group containing nitrogen atoms as ion carrier, CTA as polymer and o-NPOE as plasticizer across PIM. The study included two different feed solutions containing Zn(II), Cd(II), Pb(II) (mixture 1) and Co(II), Ni(II), Pb(II) ions (mixture 2) at concentration of metal equal 0.001M each. Nitric acid was used as strip solution. Only Pb(II) ions were transported. Transport efficiency for the zinc(II) ions were generally less than 3%, whereas the other metal ions (Ni(II), Co(II), Cd(II)) were not transported. The driving force of Pb(II) cations transport was the exchange of protons from the strip phase with metal ions from the feed phase. The initial fluxes of Pb(II) from mixtures 1 and 2 were 2.69 x 10-7 and 2.88 x 10-7 mol/(m2.s), respectively. 2.6.4



Principles of Separation in PIM Both SLMs and PIMs involve the selective transport of a target



solute from one aqueous solution to another via the membrane that separates them. The overall transport consists of two processes, namely the transfer of the target solute across the two interfaces (i.e., Interfacial transport mechanisms) and diffusion through the membrane (i.e., Bulk transport mechanisms). The former process is similar for both types of membranes; however, because PIM are distinctively different from SLMs in their
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composition and morphology, the actual bulk diffusion mechanisms within the membrane phase can be quite different. Consequently, the overall transport mechanisms of SLMs and PIMs are not identical. 2.6.4.1



Interfacial transport mechanism The three major steps which characterize the transport of a target



solute from the feed to the strip solution in PIM are schematically illustrated in Figure 2.5 a–d. These figures depict the transport which will occur in the final stages of the separation process. In the first step, the target solute after diffusing through the aqueous stagnant layer at the feed solution/membrane interface, reacts with the carrier at this interface to form a complex, which is then transported across this interface and replaced by another molecule of the carrier. In the second step, the complex diffuses across the membrane toward the strip solution. Finally, at the membrane/strip solution interface, the complex dissociates and the target solute is released into the strip solution, which is essentially the reverse of the process occurring at the feed solution/membrane interface. Consequently, the aqueous phase metal ion concentration is its total analytical concentration which is the sum of the concentrations of all chemical species containing this metal ion. Within the membrane phase, there is a concentration gradient of the target solute/carrier complex or ion-pair acting as a driving force for its transport across the membrane, despite the fact that the total analytical concentration of the target solute in the feed solution can be substantially lower than in the strip solution. In other words, uphill transport only takes place with respect to the total analytical concentration of the solute, while in the membrane phase it is actually downhill transport regarding the actual chemical species diffusing across the membrane.
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Another driving force for the uphill transport phenomenon is the potential gradient of a coupled-transport ion across the membrane. In a typical PIM process, the target solute is transported in association with this ion to maintain electroneutrality. This is known as the coupled-transport phenomenon, which can be counter-transport (Figure 2.5 b and c) or cotransport; [(Figure 2.5 b & c) (b) the target solute is a cation and is countercurrently transported with a coupled-transport cation; (c) the target solute is an anion and is counter-currently transported with a coupled-transport anion]. (Figure 2.5 a and d), [Figure 2.5 a & d (a) The target solute is a cation and is concurrently transported with a coupled-transport anion (d) the target solute is an anion and is concurrently transported with a couple transport cation], depending on the transport direction of the coupled-transport ion with respect to that of the target solute. The potential gradient of protons maintained by adjusting the solution pH can be seen as the driving force for the uphill transport of a metal cation across the membrane. Gyves & San Miguel (1999) give a detailed analysis taking into account the diffusion of the target solute through a stagnant layer at the membrane/aqueous solution interface and also consider for the transport of co- or counter-ions. However, the authors note that when suitable hydrodynamic conditions are maintained near the membrane/aqueous solution interface by constant agitation or tangential flow, the diffusion process through this aqueous stagnant layer is relatively fast and can be ignored. When the extractant exhibits acidic properties, coupled counter transport takes place and the extraction reaction proceeds as in Equation (2.1) M+ + HX (membrane)



MX(membrane) + H+



(2.1)



However, when basic or neutral extractants are used, coupled cotransport takes place in the following way (Equation (2.2)),
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M+ + X- + C



CMX (membrane)



(2.2)



where pH and counter ion concentration are used as driving forces.



Figure 2.5



Schematic description of coupled transport of a positively charged (M+) or negatively charged (M ) species through a PIM. C represents the carrier and X is an aqueous soluble coupledtransport ion. [M+], [M ], [X ] and [X+] represent the total analytical concentrations of the respective solute in the bulk aqueous phases.



Source: Nghiem et al 2006



2.6.4.2



Bulk transport mechanism The facilitated transport across a membrane from feed to strip



phase involves diffusion of the carrier/target complex through the bulk membrane in addition to transport across the two solution / membrane interfaces. In the case of a bulk liquid membrane, the carrier, which is
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assumed to be able to move freely within the membrane, plays the role of a shuttle. However, facilitated transport can also occur in ion-exchange and other types of membranes, in which the reactive functional group (or carrier) is covalently bound to the polymeric backbone structure (Scindia et al 2005). In this case, the carrier is immobilized and it is assumed that the bulk diffusion of the target solute takes place via successive relocations from one reactive site to another. For a typical PIM, the carrier is not covalently bound to the base polymer, the membrane is essentially a quasi-solid homogeneous thin film and it is not a true liquid phase. Cussler et al (1989) proposed the “chained carrier” theory to describe the facilitated transport process in a solid membrane where mobility of the carrier is restricted. The membranes with immobilized carriers may show a percolation threshold, i.e. the carrier concentration must be sufficiently high so that a continuous chain across the membranes can be formed. The facilitated transport can occur only when the carriers themselves have some local mobility. In another study, White et al (2001) reported a higher percolation threshold for fructose as compared to the disaccharide sucrose in a PIM investigation using CTA and TOA as the base polymer and carrier, respectively. Unlike the mobile carrier-diffusion mechanism, which assumes that complexation formation and dissociation occur only at the solution/membrane interface, the fixed-site jumping mechanism explicitly includes the complexation reaction between the carrier and target solute as an integral part of the bulk membrane transport. In fact, because the carrier is not covalently bound to the base polymer, it may be assumed that the actual diffusion mechanism is intermediate between mobile carrier diffusion and fixed-site jumping.
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2.6.5



Factors affecting transport in PIM Fundamental parameters like pH of the aqueous phase, carrier



concentration, plasticizer concentration in membrane, membrane thickness, stirring speed of the aqueous phases, etc., tend to affect the transport efficiency in PIM. A.



Effect of pH of the aqueous phase The pH gradient between feed and stripping phase generates the



potential gradient across the membrane, which is the driving force for the permeation of metal complex towards the strip phase. Inorder to assess the role of feed phase pH on the separation of Cu(II), Tasaki et al (2007), investigated the effect of pH on the extraction efficiency of the membrane containing N-6-(t-dodecylamide)-2-pyridine carboxlic acid (t-DAPA) as carrier. The permeability coefficient increased with an increase in pH region from 1.0 to 2.0, although at higher pH, it remained unaffected. This indicates that the diffusion of a metal complex through the membrane is the rate-determining step at low pH, whereas the diffusion of a metal cation across the aqueous boundary layer is the ratedetermining step at high pH values. From the experimental result it was considered that copper(II) can be selectively transported in the presence of other metal ions in the feed solution at an optimum pH value of 2.0. As D2EHPA is an acidic extraction reagent it is expected that the extraction efficiency can be enhanced by increasing the pH of the metal ion solution. Experiments were conducted using solutions with an initial concentration of 122 mg/L Pb(II) and pH in the 2–4 range, taking into account that Pb(NO3)2 solutions are stable under acidic conditions. The results
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revealed that the maximum extraction capacity of the membrane towards Pb(II) was reached in the 3–3.5 pH range. B.



Effect of plasticizer concentration The plasticizer will interpose itself between the polymer chains and



the forces held together by extending and softening the polymer matrix. It is incorporated into the films for various reasons such as to reduce brittleness, impart flexibility, increase strength and improve adhesiveness of the film with other surfaces of membranes. Gyves et al (2006) reported that as TBEP concentration in PIM increases from 0 to 30% (w/w), improved transport is observed along with CTA as base polymer and LIX 84-I as ion carrier for the transport of Cu(II) . Above this upper limit mass transport diminishes. The presence of this maximum is explained by two factors. On one hand, the augment in permeability as plasticizer concentration increases is due to the plasticization effect of TBEP that turns the membrane a better medium for plasticizer and carrier movement. Plasticization is usually attributed to the ability of the plasticizer to reduce the intermolecular attractive forces between chains in the polymer system. On the other hand, the decrease in permeability as plasticizer content increases is probably related to an increment in the viscosity of the medium that opposes to the favorable plasticization effect and thus to carrier movement. C.



Effect of carrier concentration The carrier concentration has a significant effect on the metal ion



transport across the membrane. The effect of carrier concentration in the performance of PIMs containing 50% D2EHPA was investigated in the transport of lead by Gherasim et al (2011b). They varied the concentration of
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D2EHPA from 25% to 50%. HNO3 (1.5 M) was used as stripping solution. The results indicate that transport of Pb(II) increases with the increase of the amount of carrier in the membrane. Maximum extraction efficiency is obtained for membranes containing 50% carrier. This may be explained by considering the increasing availability and formation of Pb(II)–D2EHPA complex with subsequent extraction into the membrane phase. Increase in Pb(II)–D2EHPA complex formation also increases its concentration gradient within the membrane along the membrane thickness. Based on these results, further experiments were performed using 50%D2EHPA/50%PVC (w/w) membrane. D.



Effect of membrane thickness Copper flux was measured as a function of membrane thickness by



Gherrou et al (2005). Cellulose triacetate (CTA) membranes containing the crown ether dibenzo-18-crown-6 (DB18C6) as a fixed carrier and NPOE as plasticizer were prepared. Films of various thicknesses were obtained, by changing the volume of the polymer solution (10, 20 and 30 ml, respectively) taken in petridish. The flux decreased linearly with membrane thickness. This is unambiguous evidence that the slow step in the transport process is migration through the membrane and not decomplexation from the carrier. Alvarez et al (2005) varied the membrane thickness by adding different amount of CTA in PIM; the concentration of the carrier (D2EHPA) and the plasticizer (TBEP) were kept constant. HNO3 (1.5 M) was used as stripping solution. The prepared membranes were 8, 16, 39, 62 µm thick. A decrease in Pb(II) flux with higher membrane thickness was observed. E.



Stirring speed of the aqueous phases The stirring speed of the aqueous phases is also important to obtain



a uniform mixing and to minimise the thickness of the aqueous boundary layer. The influence of the stirring speed, on the transport rate of Pb(II) by
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PIM containing CTA based D2EHPA as carrier and TBEP as plasticizer was investigated by Alvarez et al (2005) in the speed range of 600–1100 rpm. Under the studied conditions the flux values remained practically constant, which means that the thickness of the aqueous boundary layer was minimised to a constant value which did not vary the fluxes. Hence, a stirring speed of 800 rpm was selected to perform the experiments to avoid any concentration polarisation in the aqueous phases. Thus the factors like aqueous phase pH, carrier concentration, membrane thickness, stirring speed of the aqueous phases, tend to affect the transport in PIM. 2.7



SEPARATION OF COPPER(II) Gholivand and Khorsandipoor (2000) reported that N-ethyl-2-



aminocyclopentene-1-dithiocarboxylic acid is an excellent synthetic carrier for highly efficient and selective transport of Cu(II) ions through a liquid membrane and has the ability to transport Cu(II) ions uphill. In the presence of hydrazine sulfate as a reducing agent and thiocyanate as a metal ion acceptor in the receiving phase and at the optimum pH of 1.5, about 100% of copper was transported over a period of 1 h. The carrier can selectively and efficiently transport 4 mg/L of Cu(II) ion from aqueous solutions containing other cations such as Mg(II), Ca(II), Co(II), Ni(II), Cd(II), Fe(II), Cr(III), Cr(VI), Zn(II), Mn(II), Pd(II), Pb(II), Hg(II), Sn(II), Fe(III), Al(III) and Ag(I) Danesi et al (1981) successfully predicted Cu 2+ permeation results using a mathematical model of transport, which included both membrane diffusion and chemical reaction. Facilitated counter-transport of silver and copper ions, in acidic thiourea medium, across a SLM using carrier D2EHPA, dissolved in
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chloroform was reported by Gherrou et al (2002). In fact, the mass transport flux of silver and copper ions decreases when the concentration of thiourea in the feed phase increases. The obtained results showed that Ag+ and Cu2+ species predominate at very low thiourea concentration (10 5 – 10



4



M) and



they are substituted by M(Tu)n+ complexes (M=Ag, Cu with n = 1–4 and Tu refers to thiourea) with increasing thiourea concentration. Transport fluxes of silver and copper ions from feed solutions of different anionic composition, in the absence and presence of thiourea, following the descending order: NO3 >Cl >SO4 >PO4 . Ren et al (2009) used the hollow fiber renewal liquid membrane (HFRLM) and hollow fiber supported liquid membrane (HFSLM) simultaneously to remove and recover copper(II) from aqueous solutions, and the transport performance of these two techniques were compared under similar conditions for the system of CuSO4+D2EHPA in kerosene+HCl. The results showed that the HFRLM process was more stable than the HFSLM process. The HFRLM process had a higher overall mass transfer coefficient than that of HFSLM process in single-pass experiments. Therefore, HFRLM technique is a promising method for simultaneous removal and recovery of Cu(II) ion from aqueous solutions. Yang et al (2007) demonstrated that P84 co-polyimide with novel chemical cross-linking modification can be effectively used as the polymeric microporous matrix for supported liquid membrane (SLM) applications. It is found that the symmetric membrane outperforms the asymmetric one because the former may provide (1) balanced forces exerted at two aqueous/membrane interfaces and (2) the formation of more stable stagnant layers than the latter. However, the performance of both unmodified asymmetric and symmetric flat membranes deteriorates severely after use for 20–30 h. A novel chemical modification agent, p-xylenediamine/water, was discovered and shows
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effectiveness to improve P84 membrane stability for SLM. The improved SLM stability is attributed to the reduced pore size and the enhanced hydrophobicity on the membrane surfaces. Ren et al (2007b) investigated the extraction equilibria of copper(II)



from



aqueous



acetate



buffer



solutions



with



di-(2-



ethylhexyl)phosphoric acid (D2EHPA) dissolved in kerosene and the stripping equilibria. Results showed that acetate ions can greatly improve the copper(II)



extraction



efficiency.



The



distribution



coefficients



were



significantly dependent on the concentration of acetate ions and the pH value in the aqueous phase because of various mechanisms of extraction and complex formation in the organic phase. With the initial pH value of 4.44 and the acetate ion concentration of 0.18 molL-1, the maximum distribution coefficient was observed. In the stripping process, the ability to back-extract copper(II) from the organic phase is HCl > H2SO4 > H3PO4. The recovery of copper from ammoniacal medium using nondispersive solvent extraction (NDSX) with hollowfibres as contactors was studied by Gameiro et al (2008). The -diketone LIX 54 was used as an extractant. Simultaneous extraction and stripping experiments were carried out using two hollow fibre modules under several operating conditions. The results obtained showed that practically all the copper content was removed from the ammoniacal feed solutions. The recovery of copper attained 96– 100% and concentration ratio of about 40-fold could be achieved. Kocherginsky & Yang (2007) used LIX54 as a carrier, one of wellestablished extractants for Cu(II). A detailed theoretical model - referred to as “Big Carrousel” - for facilitated transport through flat membrane was developed. Both diffusion of a Cu2+ complex with ammonia in an aqueous stagnant layer and fast reactions of the carrier and copper species in the
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aqueous reaction layer are accounted for in this model. This model, in which the carrier moves slightly out from the organic membrane in the aqueous reaction layer and then transfers from one aqueous phase to another through the membrane before finally moving back, called as “Big Carrousel”. Finally, high selectivity for Cu over other cations and long-term stability in a HFSLM system for ammoniacal wastewater treatment make the SLM technology promising for practical industrial applications. A study on transport, kinetic selectivity and stability for the separation of Cu(II) by SLM, using a new carrier, 2-hydroxy-5dodecylbenzaldehyde (2H5DBA) in kerosene, was reported by Molinari et al (2006). Operating the SLM at optimum conditions (50% (v/v) 2H5DBA concentration in kerosene, feed pH 5, strip pH 2.2) final copper concentrations in the feed and strip phases were 2.0 and 47.0 mg/L respectively, starting from 50 mg/L in the feed, meaning a significant up-hill transport. The transport (kinetic) selectivities of Cu(II) by SLM separation over Ni2+, Zn2+ and Mn2+ was given by the ratio J0(Cu)/J0(M), where M = Ni, Zn and Mn. The values of J(Cu)/J(Ni), J(Cu)/J(Zn) and J(Cu)/J(Mn) were 37.4, 48.2 and 42.1, respectively. They have obtained a lower copper flux (8.67 mmol/hm2 versus 36.71 mmol/hm2), a lower lifetime (20 h versus 57 h) and a lower mass transfer coefficient of the membrane (3.00 × 10 7 m/s versus 2.00 × 10 6 m/s) with 2H5DBA, but the selectivity of the separation process overcome the above said disadvantages. Many researchers have worked on the development of PIM for Cu(II) recovery and their systems are presented in Table 2.2.
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From the literature study it is found that for Cu(II) recovery the various carriers used were D2EHPA, H5DBA, LIX 54, crown ethers, imidazoles etc., dissolved in kerosene, chloroform, dichloromethane etc. have been reported.



2.8



SEPARATION OF LEAD (II)



The summary of various PIM systems available for the separation of Pb(II) is presented in Table 2.3. A polymer material composed of cellulose triacetate as support, dioctyl terephthalate or o-nitrophenyl octyl ether as plasticizer (solvent) and tri-octylphosphine oxide as complexant, was investigated by Nazarenko and Lamb (1997) as a solid extractant for Pb(II) ion sorption and as a membrane material for lead(II) ion transport. The influence of the counter-ion on sorption and transport processes was investigated. High permeabilities of PbI2 and Pb(SCN)2 complexes were observed for both solvents studied. The transport mechanism was described in terms of diffusion coefficients (D) and distribution constants (Kp). The structure and properties of polymer inclusion membranes for Pb(II) transport from solutions containing Pb(II), Ca(II), K(I) nitrates, and Na(I) acetate as a buffer were examined by Oberta et al (2011). The membranes were prepared from cellulose triacetate (support), dioctyl phthalate



(plasticizer)



and



2-(10-carboxydecylsulfanyl)benzoic



acidmethylmonoester as a new, Pb(II) selective ionophore (LSI). The following



order



of



membrane



selectivity



was



observed:



Pb(II)



K(I) Ca(II) Na(I) with the overall Pb(II) separation factors reaching the values up to 48,000 and Pb(II) fluxes up to 1.725×10



10



molcm 2s 1.
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Anupama & Palanivelu (2005) conducted experiments to study the removal and recovery of Pb(II) from aqueous solution using SLM process. Pb(II) was recovered with the iodo system with TBP as carrier and NaOH as strippant to be an efficient one. The initial lead concentration of 25 mg/L gave satisfactory result with complete removal and recovery in 4 h of operation with a permeability coefficient of 1.146 × 10-5 m/s.



Arous et al (2011) prepared cellulose triacetate membranes doped with organo-phosphoric carriers (2-ethylhexyl) phosphoric acid noted (D2EHPA) or trioctyl phosphine oxide noted (TOPO) as fixed carriers and 2nitro phenyl octyl ether noted (NPOE) or tris ethyl-hexyl phosphate noted (TEHP) as a plasticizers and applied for investigation to the facilitated transport of Pb(II) and Cd(II) ions from aqueous nitrate feed phase. The membranes Polymer - Plasticizer - Carrier were characterised using chemical techniques as well as FTIR, XRD and SEM. A study of the transport across a polymer inclusion membrane has shown that the lead or cadmium transport efficiency was increased using D2EHPA as carrier at pH 1-2. Khaoya & Pancharoen (2012) worked on the extraction of lead (II) from wastewater of battery manufacturing (trace concentration) using hollow fiber supported liquid membrane (HFSLM). They have used polypropylene as supporter, D2EHPA as carrier, kerosene as solvent and HNO3 as stripping agent. The experiments were performed as various conditions such as organic phase concentration, stripping phase concentration, feed pH, and volumetric flow rate of feed and stripping solutions to obtain the best condition and to give the maximum efficiency. The extraction and stripping percentage of lead (II) from aqueous feed and stripping phase are 99.40% and 97.15% respectively.
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Pei & Wang (2012) studied the transport behavior of Pb(II) through a novel disphase supplying supported liquid membrane (DSSLM) with 2ethyl hexyl phosphonic acid-mono- 2-ethyl hexyl ester (PC-88A) as the carrier in kerosene, polyvinylidene fluoride membrane(PVDF) as the support and HCl as the stripping agent. The advantages of DSSLM campared to the traditional SLM were investigated. When initial Pb(II) concentration was 2 x 10-4 mol/L, the transport percentage of Pb(II) was up to 92.9% in 175 min at the carrier concentration of 0.15 mol/L, HCl concentration of 5 mol/L, O:S ratio of 4:1 and the feed phase pH of 5.2. A SLM system containing a mixture of dibenzyldiaza-18-crown-6 and palmetic acid was applied for transport of Pb(II) ions by Kazemi (2008). The transport was capable of moving metal ions “uphill”. Thus, it was possible to follow the transfer of Pb(II) from the aqueous feed phase to the organic layer and from the organic layer to the strip phase. The effects of thiosulfate concentration in the strip phase, palmetic acid and dibenzyldiaza18-crown-6 concentration in the organic phase on the efficiency of the transport system were examined. By using S2O32- ion as metal ion acceptor in the strip phase, the amount of lead ion transport across the liquid membrane after 150 minutes is 96 ± 1.5%. The selectivity and efficiency of lead transport from aqueous solution containing Cu2+, Tl+, Ag+, Co2+, Ni2+, Mg2+, Zn2+, Hg2+, Cd2+, Ca2+ were investigated. Lead (II) can be effectively removed from phosphoric acid media by LLE using Cyanex 302 (Menoyo et al 2001). The extraction of lead was strongly dependent on phosphoric acid concentration. Experimental data have been treated numerically by means of the computer program Letagrop-Distr and interpreted by assuming the extraction of the species PbR2(HR), PbR2(HR)2



and



PbR2(HL)2,



HR



was



bis(2,4,4-trimethylpentyl)



monothiophosphinic acid and HL stands for bis(2,4,4-trimethylpentyl)
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dithiophosphinic acid. The values of the extraction equilibrium constants at the different phosphoric acid concentrations were also reported. Bromley's theory for calculating activity coefficients in the aqueous phase had been applied in order to correlate the values of the extraction equilibrium constants with the phosphoric acid concentration. From the literature study it is found that D2EHPA, lasalocid A, calixarenes, TBP, cyanex 302, crown ethers, PC88 etc., were used as carriers dissolved in kerosene, chloroform, dichloromethane etc. 2.9



SEPARATION OF NICKEL(II) For the separation of Ni(II) ions from dilute feed solution different



SLM methods were developed by various researchers and are summarised in Table 2.4. The centrifugal LM method, which provides an ultra-thin two phase LM system in a rotating glass cell, was successfully proved for the kinetic study of the LM extraction of Ni2+ and Zn2+ with 2-(5-bromo-2pyridylazo)-5-diethylaminophenol (5-Br-PADAP) in toluene (Yulizar et al 2000). The initial extraction rate of the metal complexes depended upon the concentrations of the metal ion and ligand. The rate determining step was revealed as 1:1 chelate formation of Ni2+ or Zn2+ with 5-Br-PADAP adsorbed at the liquid-liquid interface. The interfacial complexation rate constants of Ni2+ -5-Br-PADAP and Zn2+ -5-Br-PADAP were determined as (4.1 ± 0.1) × 10 and (2.4 ± 0.6) × 103 m/s at pH 6.50 ± 0.02, respectively. Later they (Yulizar et al 2001) proposed the kinetic mechanisms of interfacial complexation of Ni2+, Zn2+ with 2-(5-bromo-2-pyridylazo)-5 diethylamino phenol (5-Br-PADAP or HL) in heptane/water and toluene/water systems. It was also found that the interfacial complexation rate constant in the heptane system was higher than that in the toluene system.
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The use of a permeation LM system for the preconcentration and separation of nickel from sea waters and subsequent determination by atomic absorption spectroscopy was presented (Aouarram et al 2006). 2Hydroxybenzaldehyde N-ethylthiosemi-carbazone (2-HBET) in toluene was used as the active component of the LM. Maximum permeation coefficient was obtained at a feed solution pH of 9.4, 0.3 mol/L of HNO3 in the stripping solution and 1.66 mmol/L of 2-HBTE in toluene as carrier. The preconcentration procedure showed a linear response within the studied concentration range from 3 to 500 g/L of Ni2+ in the feed solution. Under optimal conditions, the average preconcentration yield for real seawater samples was 98 ± 5%, with a nickel preconcentration factor of 20.83 and metal concentrations ranging between 2.8 and 5.4 g/L.



Kumbasar (2009) reported a method for selective extraction and concentration of nickel from ammoniacal solutions containing nickel and cobalt by an emulsion liquid membrane (ELM) technique using 5,7-dibromo8-hydroxyquinoline (DBHQ) as extractant. ELM consists of a diluent (kerosene), a surfactant (Span 80), an extractant (DBHQ), a modifier (tributyl phosphate), and a stripping solution (very dilute sulfuric acid solution containing EDTA as complexing agent, buffered at pH 4.25). Cobalt (II) in feed solution with 6 mol/L ammonia was oxidised to cobalt (III) by H2O2 and pH of this ammoniacal solution was adjusted to 10.0 with the addition of hydrochloric acid (HCl). After the optimum conditions had been determined, it was possible to selectively extract 99% of nickel from the ammoniacal solutions containing Ni and Co. The separation factors of nickel with respect to cobalt, based on initial feed concentration, have experimentally found to be of as high as 88.1 for about equimolar Co–Ni feed solutions.
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Jung et al (2008) investigated the solvent extraction of Ni(II) from aqueous solution using triethylamine (TEA) in hexane as the diluent. The influence of the pH of the aqueous phase, the concentration of TEA, the equilibrium time, the aqueous-to-organic (A/O) ratio, and the initial Ni(II) concentration in the aqueous phase was also monitored. The extraction of Ni(II) was most effective at pH 4.5. The maximum extraction (99.6%) was achieved when using 5.0% TEA (extractant) in hexane (diluent) to remove 50 mg/L of Ni ions from 50 mL of the aqueous phase. The extracted Ni(II) was stripped effectively from the organic phase using 0.5 M HCl as the stripping reagent. The stripped solvent mixture (TEA/hexane), when reused, retained its ability to extract Ni ions. An innovative, simultaneous separation of three metal species namely Fe3+, Cu2+ and Ni2+ by employing two-membrane–three-compartment SLM cell was reported by Gill et al (2000). Two PTFE support membrane loaded with Alamine 336 and LIX 84 respectively were used in these study. An Alamine 336-loaded membrane was placed between the 1st and the 2nd compartment, whereas the LIX 84-loaded membrane was placed between the 2nd and the 3rd compartment of the transport cell. Using this cell, it was able to separate Fe3+, Cu2+ and Ni2+ simultaneously from a feed containing these three species in 1 M NaCl and at pH of 2, into three compartments of the transport cell. Fe3+ was separated from the feed through the alamine 336loaded membrane, whereas Cu2+ was transported through the LIX 84-loaded membrane. Ni2+ remained in the central feed compartment (2nd compartment) of the cell. The transport fluxes of Fe3+ and Cu2+ through the two membranes were found to be 3.6 and 5.1 mol/(m2.s), respectively.



Serga et al (2000) have found out that direct current applied to an extraction system like SLM and ELM contributes to the complete extraction of nickel cations (0.003–0.009 M NiSO4) out of more acidic solutions as well.
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The organic membrane phase was D2EHPA solution (20 vol %) in 1,2dichloroethane with 5–20 vol% of TBP (I) or 1–2 vol% TOA (II) added. These additions increase the electrical conductivity of the system 10–20 times. This allows for the extraction of Ni(II) cations at optimal values of current density (for I: i = 2.1 mA/cm2; for II: i = 4.9 mA/cm2).



The Ni(II) complex extracted with the commercial hydroxyoxime, LIX84I, and the effect of adding bis(2-ethylhexyl) phosphoric acid (D2EHPA) to LIX84I on the extraction rate and the coordination of Ni(II) were investigated by solvent extraction and X-ray absorption fine structure (XAFS) methods by Narita et al (2006). The XANES spectrum and the curve fits of the EXAFS spectrum of the Ni-LIX84I complex showed that the complex is four-coordinate square-planar with a 1:2 stoichiometry. In the Ni(II)– D2EHPA–LIX84I system, the coordination geometry changes from square-planar to six-coordinate octahedral with an increase in the D2EHPA concentration. The competitive transport of an equimolar mixture of Co2+ and Ni2+ across supported and hybrid LM were presented (Gega et al 2001). In both types of membranes D2EHPA as well as commercial extractants, i.e. Cyanex® 272, 301, and 302 were used as ion carriers and in experiments with the SLM PP Celgard® 2500 was used. It was shown that supported and hybrid LMs, containing phosphoorganic acids allow to separate a Co2+/ Ni2+ equimolar mixture. The separation of Co2+/Ni2+ was found to be governed by the ionic carrier used as well as the acidity of the aqueous feed phase. In the hybrid LM processes lower metal ion fluxes than in SLM processes were observed. On the other hand, higher separation coefficients for Co2+/Ni2+ were found for hybrid than for SLM processes.
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Reddy & Sarma (2001) studied the extraction of nickel at macrolevel



concentrations



(~0.5



M)



from



solutions



containing



sodium



sulphate/chloride using the extractants D2EHPA, PC 88A and Cyanex 272. Increase of sodium salt concentration in the feed solution (0–1.0 M) resulted in decrease in nickel extraction. This influence is more prominent with the extractant D2EHPA. At a given nickel: sodium salt ratio, variation in nickel/sodium salt concentration influenced the extraction. Temperature (in the range of 30–45 °C) and contact time (beyond one minute) had no effect on extraction. The loading capacity of 1.0 M D2EHPA, PC88A and Cyanex 272 (70% neutralised) was observed to be 17.7, 18.2, and 18.7 kg/m3 in the sulphate system and 20.74, 20.75, and 20.35 kg/m3 in the chloride system. Development of a complete solvent extraction process at the laboratory scale for recovering nickel from nickel electroplating second rinse bath solution by solvent extraction route using DEHPA and LIX 984N-C dissolved in commercially available kerosene has been investigated by Mehmet Kul and Ümit Çetinkaya (2010). An electrolyte from NESRBS containing ~48 g/L nickel, suitable for recycle to the nickel electroplating bath, was generated by 0.5 M D2EHPA in commercial kerosene at the O/A ratio of 1/5 and 5.0 ± 0.25 equilibrium pH value with two-stage countercurrent extraction. Stripping of loaded organic was done using nickel electroplating first rinse bath solution (16 g/L Ni) with 150 g/L sulfuric acid addition at two- stage counter-current stripping process. LIX 984N-C can also be used for this purpose, but it is not recommended due to a solid stabilized emulsion formation at high equilibrium pH value and nickel concentration.



Thus for the separation of Ni(II) by solvent extraction, SLM and PIM various systems have been developed using carriers like triethanolamine, D2EHPA, 2-ethylhexyl hydrogen-2-ethylhexylphosphanate, cyanex 302, LIX 84-I, etc. have been reported.
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2.10



CEMENTATION PROCESS Cementation reactions, known as metal displacement reactions or



contact reduction reactions, are processes where a metal ion presented in a solution is reduced to the metallic state with a more electropositive metal placed in the solution (Fouad & Abdel Basir 2005). Cementation is an n+



electrochemical process by which a more noble metal ion (M - Eq. 2.3) is deposited from solution and replaced by a metal higher in the electromotive m+



series (M



1



- Eq. 2.4) (Robertson et al 2005 and Karavasteva 2009). This is 0



necessarily a spontaneous heterogeneous reaction ( G < 0) that takes place 0



m+



n+



through the galvanic cell M /M 1



// M /M (Eq. 2.5). These reactions are



1



clearly composed of two redox half reaction involving, on the one hand, the reduction of the more noble metal ions and on the other hand, the oxidation of a sacrificial solid metal takes place (El Batouti 2005). n+



-



m M + m.n e 0



nM



m+



nM



1



0



0



-



(2.3)



0



+ m.n e E (V)



1



(2.4)



1



n+



n+



nM +mM



nM



1



0



0



m M E (V)



1



0



+mM



0



0



0



E (V) = E – E



1



(2.5)



0



G =–zF E



(2.6)



z = n.m is the number of electrons exchanged between M and M and F is the 1



Faraday’s constant. The thermodynamic basis of cementation can be summarized as 0



follows: The standard free energy ( G - Eq. 2.6) of the cementation process



65 0



after Eq. 2.5 must be negative (spontaneous reaction). This requires that E 0



is positive or E



1



0



< E . In order words, cementation consists in the



spontaneous heterogeneous reduction of a metallic ion present in solution n+



0



(M ) by a more electropositive sacrificial metal (M ). M is the metal higher 1



1



in the electromotive series. It is evident from the standard electrode potentials that, from a pure thermodynamic perspective, Al should be the most powerful metal for cementation followed by Zn and Fe (Gerasimov et al 1985). Cementation is an important chemical process used in industry to precipitate



and



recover



valuable



metals



from industrial



solutions.



Cementation method has some advantages, such as recovery of metals in essentially pure metallic form, relatively simple, ease of control, low energy consumption and in general low cost process (Fouad & Abdel Basir 2005). Gros et al (2008) worked, on the cementation of copper ions onto iron shots, within a fixed bed or fluidized bed, associated with an electromagnetic field. The influence of several parameters is studied: flowrate (5–45 L.min



1



corresponding to a 1.4×10



2



to 1.3×10



1



ms



1



superficial



velocity), initial concentration of Cu(II) (50–10,000 ppm), bed height (20–45 cm). The optimum temperature was around 30-40ºC at pH 2.5. Moreover, the influence of a movable and alternated electromagnetic field is also investigated. Recovery of metallic copper from the leach solution containing copper (II) ions by cementation process using aluminum disc has been examined by Ekmekyapar et al (2012). Solutions obtained from the leaching of malachite in aqueous acetic acid solutions were used in the study. It was determined that the cementation rate increased with increasing solution concentration, temperature and rotating speed, and decreasing solution pH.
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The reaction rate fits to the first order pseudo homogeneous reaction model and is controlled by diffusion. The activation energy of this process was calculated to be 32.6 kJ/mol. Demirkiran & Künkül (2011) examined the cementation of copper(II) ions from aqueous copper sulfate solutions by using spherical aluminum metal particles. The effects of the experimental parameters on copper cementation were investigated and evaluated. Reaction rate increases with increasing copper concentration, reaction temperature, stirring speed and decreasing pH. It was observed that the reaction follows the firstorder kinetics, and progresses according to the diffusion controlling step. A suitable hydrometallurgical and environmentally friendly process was studied by Volpe et al (2009) to replace the currently used practices for recycling lead-acid batteries via smelting. Metallic lead was recovered by cementation from industrial lead sludge solutions of urea acetate (200 to 500 g/L) using different types of metallic iron substrates (nails, shaving or powder) as reducing agents.Under specific operating conditions, up to 99.7% of lead acid battery paste,mainly composed of PbSO4, PbO2 and PbO·PbSO4 species,was converted to metallic lead. The conversion of the metallic lead and rate of the cementation reaction were strictly dependent on the type of iron substrate used as the reductant and the best performance were found with iron powder. Kuntyi et al (2004) analyzed the morphology of nickel powders obtained by contact precipitation on magnesium and establish the hierarchy of the shape of particles. They showed that in the concentration range of nickel salt of 0.2 – 2.0 M and at the optimum temperature range of 40 – 50°C, elementary precipitated round particles form rings, arcs, and polygonal conglomerations of the second level of formation. The greater the specific
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yield of nickel, the better this reproduction. The specific yield of nickel increases with increase in the temperature and concentration of nickel ions in the solution. 2.11



SUMMARY OF THE REVIEW From the foregoing account, it is clear that a variety of methods



have been developed for the removal of heavy metals. Ultimately, a simple, cost effective and safe alternative for heavy metal removal and recovery is required and membrane technology may provide this alternative. Among membrane technologies, liquid membranes have acquired a prominent role for their use in separation, purification or analytical application in various areas, such as biomedicine, effluent treatment and hydrometallurgy. LM has been developed for the extraction of heavy metals from wastewater. SLM have the advantage of achieving selective removal and concentration in single step. Thus, it has a great potential for reducing cost significantly. SLMs are considered as an attractive alternative to conventional liquid–liquid extraction, especially in the treatment of dilute solutions, because they combine the extraction and stripping processes in a single step. With SLMs has been achieved using a porous polymer film, such as Accurel or Celgard, and an organic solution of an ionic carrier. However, a common problem for these systems is loss of the carrier and/or membrane solvent to the contacting aqueous phases which limits the long-term integrity of these membranes. A novel type of liquid membrane system, called a PIM has developed which retain most of advantage of SLM and provides rapid metal ion transport with good selectivity and long term stability as well as easy setup and operation. The lower diffusion coefficient often encountered in PIM can be easily offset by creating a much thinner membrane in comparison to its
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traditional SLM. PIM are used in a variety of chemical sensors and laboratory scale separation/preconcentration processes based on carrier-mediated transport of ions. The superior stability as compared to SLMs in terms of leaching out of the extractant, PIM is predicted to find wide applications in large scale industrial separation processes. The properties of these membranes can be tuned by appropriate selection of the matrix forming polymer, plasticizer and extractant. Therefore, these membranes can be tailor-made for a specific application. Most of the studies in the literature were carried out with synthetic solutions and there are only few studies for e-waste. In view of this, it was decided to evolve a novel PIM technique for the separation of Cu(II), Pb(II) and Ni(II) from digested printed circuit boards. From the literature survey it was also clear that the digestion of metals by ultrasonication method was fast, easy and reproducible. Hence, in this study for acid digestion of e-waste ultrasonicator was used. PIM process was attempted in this work to separate and recover the metal ions using specific carriers. In order to recover the valuable metals and reuse in their pure metallic form, a relatively simple, low cost and low energy consumption technology like cementation was adopted for the recovery of copper, lead and nickel.
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