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 Lyotropic Phases of Dodecylbenzenesulfonates with Different Counterions in Water Arjen Sein† and Jan B. F. N. Engberts* Department of Organic and Molecular Inorganic Chemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
 
 Erik van der Linden and John C. van de Pas Unilever Research Laboratory Vlaardingen, Liquid Detergents Section, Olivier van Noortlaan 120, 3133 AT Vlaardingen, The Netherlands Received November 27, 1995. In Final Form: March 22, 1996X The lyotropic phase behavior of (technical grade) dodecylbenzenesulfonates (DoBS) is strongly influenced by the type of counterion and the relative amount of water. Phase diagrams are composed for the following systems: HDoBS/water, NaDoBS/water, (HDoBS + NaDoBS 1:1)/water, LiDoBS/water, KDoBS/water, CsDoBS/water, Ca(DoBS)2/water, NaDoBS/water/NaCl, and NaDoBS/water/CsCl. The phases were characterized by light microscopy, freeze-fracture electron microscopy, X-ray diffraction, and macroscopic appearance. The phase diagrams all contain large areas of lamellar phases. The appearance of the lamellar phases differs along this series, in particular regarding swelling behavior, either with or without a micellar phase next to the lamellar phase, and formation of large, rather irregular lamellar units versus smaller, perfectly spherical lamellar topologies (so-called lamellar droplets). LiDoBS shows, in addition, a hexagonal phase between 25 and 50 wt %. Explanations for the occurrence of the different phases are given in molecular terms and in terms of interactions between bilayers and between aggregates.
 
 Introduction The class of alkylarenesulfonates is the most widely used surfactant for detergent products worldwide.1-5 Despite its commercial importance, only little is known about the lyotropic phase behavior of these types of compounds in water.6 Tiddy and co-workers7 reported a partial phase diagram of the isomerically pure sodium dodecyl-5-p-benzenesulfonate. In contrast, a large body of phase diagrams of many other amphiphiles is known.6,8-10 We are interested in the phase diagrams of the lyotropic liquid-crystalline phases of (polydisperse) dodecylbenzenesulfonates (DoBS) with several different counterions. This interest has been inspired by our research aimed at finding out how surfactant molecules obtain a lamellar arrangement. More specifically the dynamic process of the formation of the lamellar phase is examined starting from a less ordered system such as the * Author to whom correspondence should be addressed. E-mail: J. B. F. N. [email protected]. † Present address: Unilever Research Laboratory Vlaardingen, Product Principles Section, Olivier van Noortlaan 120, 3133 AT Vlaardingen, The Netherlands. X Abstract published in Advance ACS Abstracts, May 15, 1996. (1) Clint, J. H. Surfactant Aggregation; Blackie: Glasgow, 1992. (2) Rosen, M. J. Surfactants and Interfacial Phenomena; Wiley: New York, 1978. (3) Ainsworth, S. J. Chem. Eng. News 1992, 27. (4) Smith, G. D. In Solution Chemistry of Surfactants; Mittal, K. L., Ed.; Plenum: New York, 1979; Vol. 1, p 195. (5) Groot, W. H. de. Sulphonation Technology in the Detergent Industry; Kluwer Academic Publishers: Dordrecht, 1991. (6) Laughlin, R. G. The Aqueous Phase Behavior of Surfactants; Academic Press: London, 1994. (7) Ockelford, J.; Timini, B. A.; Narayan, K. S.; Tiddy, G. J. T. J. Phys. Chem. 1993, 97, 6767. (8) Ekwall, P. In Advances in Liquid Crystals; Brown, G. H., Ed.; Academic Press: New York, 1975; Vol. 1, p 1. (9) Liquid Crystals and Plastic Crystals; Gray, G. W., Winsor, P. A., Eds.; Ellis Horwood; Chichester, Vols. 1 and 2, 1974. (10) Mitchell, D. J.; Tiddy, G. J. T.; Waring, L.; Bostock, T.; McDonald, M. P. J. Chem. Soc., Faraday Trans. 1 1983, 79, 975.
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 micellar phase or the isotropic bulk surfactant.11 The lamellar arrangement of surfactant molecules finds an important commercial application in several liquid laundry detergents and household cleaning products,12 where the lamellar units (so-called lamellar droplets) are homogeneously dispersed in the product. Previously we have studied how a lamellar arrangement of surfactant molecules can be obtained by the addition of salt to a dilute micellar solution of sodium dodecylbenzenesulfonate (NaDoBS) or a mixture of NaDoBS and a nonionic surfactant (a poly(ethylene glycol) alkyl monoether, C13-15E〈7〉) in water.13,14 More closely related to the processing of commercial products is a study toward the formation of the lamellar phase starting from the bulk surfactant. In the case of dodecylbenzenesulfonates the industrial precursor for commercial products usually is the acidic form (HDoBS), which is an isotropic liquid. Important steps in the manufacturing of a commercial product are the neutralization of this acid by (sodium) hydroxide and the penetration of water into the bulk surfactant. Moreover, the presence of extra salt in the aqueous phase strongly influences the appearance of the lamellar phase. If one wants to know how a surfactant molecule adopts a lamellar arrangement in the presence of the other ingredients that are present in commercial products, its aggregation behavior should be followed from the bulk surfactant state to the state of lamellar arrangement. In order to do so, first insight ought to be obtained at which compositions the lamellar arrangement occurs and what are the environmental requirements for a lamellar arrangement. In other words, the surfactant/ water/salt phase diagram needs to be examined. The problem asks for a four-component phase diagram: water/ HDoBS/NaOH/NaCl, as depicted in Figure 1. The most (11) Sein, A. Ph.D. Thesis, University of Groningen, 1995. (12) Pas, J. C. van de. Ph.D. Thesis, University of Groningen, 1993. (13) Sein, A.; Engberts, J. B. F. N. Langmuir 1995, 11, 455. (14) Sein, A.; Engberts, J. B. F. N.; Linden, E. van der; Pas, J. C. van de. Langmuir 1993, 9, 1714.
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 Figure 1. Schematic drawing of the four-component water/ HDoBS/NaOH/ NaCl phase diagram.
 
 important part of this diagram is the right-hand half of the base of this trigonal pyramid. Halfway along the HDoBS/NaOH axis lies NaDoBS (formally this is NaDoBS + H2O 1:1). The lyotropic phase behavior along the HDoBS/water axis appeared to differ remarkably from the phase behavior observed on the NaDoBS/water line. To understand the difference in phase behavior between DoBS with either H3O+ or Na+ as the counterion, other counterions have been studied as well: Li+, K+, Cs+, and Ca2+. A large variation in phase behavior can be traced back to the hydration characteristics of the cations.15,16 Several other systems are known where the lyotropic phase behavior varies with the type of counterion.8,17-22 Once the phase diagrams are known, these can be used to trace out the route from the bulk surfactant phase toward the lamellar phase. This will be the topic of a following paper.23 We also have studied the process of penetration of water into bulk surfactant using the cryo-transmission electron microscopy technique.24 Experimental Section Materials. Technical dodecylbenzenesulfonic acid (HDoBS, “MARLON AS3”, Hu¨ls, 96.7% pure, provided by Unilever Research Laboratory, Vlaardingen, The Netherlands) has an average composition as sketched below. It contains 0.2% sulfuric
 
 acid and 1.7% non-surface-active organic material, the remaining part being water. Residual water has been removed from HDoBS by azeotropic distillation of toluene, followed by prolonged vacuum treatment at elevated temperature to remove the remaining toluene. No traces of toluene were found by NMR (1H-NMR in CDCl3 solution, recorded on a 200 MHz Varian Gemini 200). NaDoBS was prepared by reaction of HDoBS with sodium ethoxide in ethanol, followed by recrystallization from 2-propanol/ (15) Israelachvili, J. N. Intermolecular and Surface Forces, 2nd ed.; Academic Press: London, 1992. (16) Marcus, Y. Ion Solvation; Wiley: Chichester, 1985. (17) Karaman, M. E.; Ninham, B. W.; Pashley, R. M. J. Phys. Chem. 1994, 98, 11512. (18) Khan, A.; Jo¨nsson, B.; Wennerstro¨m, H. J. Phys. Chem. 1985, 89, 5180. (19) Persson, N.-O.; Lindman, B. J. Phys. Chem. 1975, 79, 1410. (20) Radley, K.; Reeves, L. W.; Tracey, A. S. J. Phys. Chem. 1976, 80, 174. (21) (a) Kang, C.; Khan, A. J. Colloid Interface Sci. 1993, 156, 218. (b) Kang, C.; Khan, A. Prog. Colloid Polym. Sci. 1993, 93, 146. (22) McGrath, K. M. Langmuir 1995, 11, 1835. (23) Sein, A.; Engberts, J. B. F. N. Langmuir 1996, 12, 2924 (following paper in this issue). (24) Sein, A.; Breemen, J. F. L. van; Engberts, J. B. F. N. Langmuir 1995, 11, 3565.
 
 Sein et al. acetonitrile. Under these conditions, possibly a small fractionation has occurred (Elemental analysis C17.4H27.8O3SNa in weight percentage. Calculated: C, 61.5; H, 8.2; S, 9.4; Na, 6.8. Found: C, 61.7; H, 8.4; S, 9.5; Na, 7.3. The analysis is probably affected by the presence of trace amounts of Na2SO4.). LiDoBS, KDoBS, and CsDoBS were obtained by neutralization of HDoBS with LiOH, KOH, or CsOH, respectively, in anhydrous ethanol or acetone (KDoBS). LiDoBS appeared hard to crystallize. It was freeze-dried from water, yielding a waxy, yellow solid (Elemental analysis. LiDoBS: C17.4H27.8O3SLi (in weight percentage). Calculated: C, 64.5; H, 8.6; S, 9.9; Li, 2.1. Found: C, 62.9; H, 8.6; S, 9.5; Li, 2.0. KDoBS: C17.4H27.8O3S. Calculated: C, 58.7; H, 7.8; S, 9.0; K, 11.0. Found: C, 58.6; H, 7.8; S, 9.0; K, 10.8. CsDoBS: C17.3H27.8O3SCs. Calculated: C, 46.6; H, 5.9; S, 7.2; Cs, 29.6. Found: C, 44.1; H, 6.0; S, 6.7; Cs, 28.6). Ca(DoBS)2 was prepared by Mr. Anno Wagenaar in our laboratory. HDoBS was neutralized with Ca(acetate)2 in a 50 vol % ethanol/water mixture. The solvent was removed, and after stripping twice with dry ethanol, the product was crystallized from acetone, to obtain a white powder (Elemental analysis. Ca(DoBS)2: C34.6H55.6O6S2Ca. Calculated: C, 62.0; H, 8.3; S, 9.5; Ca, 6.0. Found: C, 59.7; H, 8.2; S, 7.1; Ca, 4.6). The elemental analyses are probably affected by the hygroscopic nature of the compounds and by trace amounts of the corresponding sulfate salts, which might also have affected the position of the phase boundaries slightly. Phase Diagrams. In order to construct the phase diagrams, samples were prepared by combining the appropriate amounts of amphiphile and water in small screw-capped vials, usually in steps of 10 wt % through the whole composition. In the regions where phase transitions occur, more sample compositions were studied. The phase boundaries are accurate within 3 wt % or less. The samples were homogenized by prolonged sonication, vigorous shaking, and temperature fluctuations. The samples were allowed to equilibrate for at least one week before characterization. The characterization was performed by light microscopy, using a Zeiss Axioplan or a Zeiss Axioskop light microscope. Some samples were examined by freeze-fracture electron microscopy, as described previously.14 The temperature dependence of the phase transitions was first grossly determined by heating the samples in a water bath, increasing the temperature with increments of 10 °C, and allowing it to equilibrate for at least 1 h at a certain temperature, before observing the macroscopic appearance. The phase-transition temperatures were determined more accurately with a Nikon polarizing light microscope equipped with a Mettler FP82 hot stage, coupled to a Mettler FP80 processor, at the Netherlands Institute of Carbohydrate Research (NIKO-TNO) in Groningen, The Netherlands. X-ray Measurements. Bilayer repeat distances were measured by X-ray using a Kratky compact small angle system (manufactured by Anton Paar, Austria), equipped with a position sensitive counter (manufactured by Braun, Germany). The camera was installed on a Philips PW1729 generator with a Cu anode X-ray tube (λ ) 0.1518 nm). The generator was operated at 2 kW. The samples were sealed in 1 mm diameter Mark glass capillaries. The sample-to-counter distance was 200 mm.
 
 Results Phase diagrams will be presented that give an overview of the lyotropic phases of dodecylbenzenesulfonates with a variety of counterions and also in the presence of some salts. Two different single phases are usually separated by a two-phase area in the phase diagram, in compliance with the phase rule.6,25 However, in some cases this twophase area is too small to be indicated in the diagrams. Since all the amphiphiles must have a certain critical aggregation concentration, below which the amphiphile is dispersed only as monomers, all the phase diagrams should contain an area which represents such a solution of monomers. These are not indicated in the phase (25) Atkins, P. W. Physical Chemistry, 4th ed.; Oxford University Press: Oxford, 1990.
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 Figure 2. HDoBS/NaDoBS/water phase diagram at ambient temperature. I is the isotropic phase, LAM is the lamellar phase, and L1 is the micellar phase.
 
 diagrams, because these would fall practically on the y-axis of 100% water or electrolyte solution. The HDoBS/NaDoBS/water phase diagram presented in Figure 2 is the right-hand half of the base of the multiplecomponent phase diagram shown in Figure 1. The starting point in the analysis of the phase behavior of dodecylbenzenesulfonates is the HDoBS corner of Figure 2. The first small amounts of water will mix homogeneously with the liquid HDoBS; water is dispersed as separate molecules in the isotropic phase (I). When the concentration of water molecules was increased to three water molecules per HDoBS molecule (86 wt % of HDoBS), enough water is present to display its directional properties: it forces the HDoBS to arrange itself into a lamellar fashion. This is also highlighted in Figure 2. At the transition a narrow two-phase lamellar plus isotropic area occurs, where stacks of lamellae appear as so-called baˆtonnets.6,26,27 Further increase of the water content leads to swelling of the lamellar phase (LAM), and accordingly the bilayer-bilayer distance will increase. This swelling continues to a composition of 39 wt % of HDoBS. At that point a micellar phase (L1) appears next to the lamellar phase. Now the lamellar units appear again as baˆtonnets. At 33 wt % HDoBS the lamellar phase has disappeared completely. Macroscopically, the micellar phase is recognized as a clear, somewhat viscous solution. The most noteworthy difference on the NaDoBS/water line as compared to the behavior of the HDoBS/water system is the arrival in the two-phase micellar plus lamellar region already at 30 wt % water, 70 wt % NaDoBS. Further addition of water does not lead to swelling of the lamellar structure. Instead the water is used to facilitate the formation of micelles. At 29 wt % NaDoBS the lamellar phase has completely disappeared. To complete the diagram in Figure 2, the phase behavior was studied of a 1:1 mixture of HDoBS and NaDoBS in water at ambient temperature. The difference between the swelling HDoBS lamellar phase and the nonswelling NaDoBS lamellar phase is (26) Hartshorne, N. H. In ref 9 , Vol. 2, p 24. (27) Candeau, F.; Ballet, F.; Debeauvais, F.; Wittmann, J.-C. J. Colloid Interface Sci. 1982, 87, 356.
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 apparant from the X-ray repeat distances (see below) and is also clearly seen by light microscopy (between crossed polars). The image of the 40 wt % HDoBS system (Figure 3A) is filled with a so-called mosaic texture. In contrast, the image of the 40 wt % NaDoBS system reveals irregularly shaped birefringent units in isotropic (micellar) surroundings. The lamellar character is also apparent from electron micrographs. Figure 4A shows a freezefracture electron microscopy (FFEM) micrograph of a focal conic domain, the structural unit of the mosaic structure that is seen by light microscopy (Figure 3A).27-31 It can probably be considered the inverse of a lamellar droplet; if a lamellar droplet compares to an onion, the structural unit of the mosaic structure is a diabolo-like structure. In the FFEM image presented in Figure 4b, many (screw) dislocations can be seen in an 80 wt % HDoBS lamellar phase.28,32 The lyotropic-phase behavior of a 1:1 HDoBS/NaDoBS mixture is roughly comparable to the behavior of only HDoBS. Only at the concentrated end (90 wt % total surfactant) were crystals observed by light microscopy (not shown) amidst a continuous lamellar phase. Not surprisingly, it is easier for water to induce lamellar order in the HDoBS part than to break down the NaDoBS crystal structure. Since the hydrophobic moiety and the headgroup are the same for HDoBS and NaDoBS, the difference in swelling behavior must be due to the difference in counterion: H+ (or better H3O+) versus Na+. In order to elaborate the role that the counterion plays in the lyotropic phase behavior of dodecylbenzensulfonates, different counterions were examined: Li+, K+, and Cs+, with their different hydration characteristics, and Ca2+, which strongly influences the electrostatic interactions. Summarized in Figure 5 are the lyotropic liquid-crystalline phases that occur at ambient temperature with these and earlier discussed counterions. In many binary phase diagrams discussed in the literature a pronounced temperature dependence is seen. The lyotropic phases of dodecylbenzenesulfonates with alkali metal counterions also depend on the temperature. Only the lyotropic phases of the binary HDoBS/water and the Ca(DoBS)2/water systems appeared to be hardly variant with temperature. Figure 6 displays four binary DoBS/water phase diagrams as a function of temperature. NaDoBS. The phase boundaries in the NaDoBS/water system (Figure 6A) depend only slightly on temperature. Other details have been presented above. In NaDoBS/ D2O systems, lamellar units are already formed in a composition of 18.4 wt % NaDoBS/81.6 wt % D2O, a system that contains a surfactant-to-solvent molecular ratio equal to the NaDoBS/H2O ratio of a 20 wt % NaDoBS/80 wt % H2O mixture, which is a micellar phase. It illustrates that D2O has a lower capacity (a less negative Gibbs energy) for hydration of ionic species.33 LiDoBS. The lyotropic phase behavior of LiDoBS is characterized by the occurrence of a normal hexagonal phase at concentrations between 27 and 50 wt %. Macroscopically this is a clear gel. It has a well-defined appearance when viewed by light microscopy, as shown (28) Kle´man, M. Points, Lines and Walls; Wiley: New York, 1983; Chapter 5, p 108. (29) Rosenblatt, Ch. S.; Pindak, R.; Clark, N. A.; Meyer, R. B. J. Phys. Fr. 1977, 38, 1105. (30) Boltenhagen, Ph.; Kle´man, M.; Lavrentovich, O. D. J. Phys. II 1994, 4, 1439. (31) Lavrentovich, O. D.; Kle´man, M.; Pergamenshchik, V. M. J. Phys. II 1994, 4, 377. (32) (a) Allain, M. J. Phys., Fr. 1985, 46, 225. (b) Allain, M.; Kle´man, M. J. Phys. Fr. 1987, 48, 1799. (33) Chou, S. I.; Shah, D. O. J. Colloid Interface Sci. 1981, 80, 49.
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 Figure 3. Light microscopy micrographs (between crossed polars) of several binary DoBS/water systems: (A) 40 wt % HDoBS one-phase continuous lamellar system; (B) 40 wt % NaDoBS, micellar phase and irregular shaped lamellar units; (C) 30 wt % LiDoBS one-phase hexagonal (H1) system; (D) 30 wt % CsDoBS, dispersion of (mildly flocculated) lamellar droplets in a micellar phase. Bars represent 25 µm.
 
 Figure 4. Freeze-fracture electron microscopy micrographs of (A) a focal conic domain in a 50 wt % HDoBS continuous lamellar phase; (B) several types of dislocations in an 80 wt % HDoBS continuous lamellar phase; and (C) the hexagonal phase of a 30 wt % LiDoBS system. Bars represent 500 nm.
 
 in Figure 3C. Although more difficult to observe, the hexagonal character can also be seen by FFEM, as Figure 4C shows. In this cross-fracture the 60° (1/3π) angular positioning of the cylindrical units can even be inferred.
 
 Possibly, the fracturing process in a normal hexagonal phase leads to less contrast than that which occurs for the easily visible inverse hexagonal (HII) phase.34 A fracturing along the ribbons, as is common for the inverse hexagonal
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 Figure 5. Binary phase diagrams of dodecylbenzenesulfonate with different types of counterions at ambient temperature: unfilled, micellar; horizontal lines, lamellar; hatched, micellar (or water) plus lamellar; crosshatched, hexagonal; double crosshatched, two-phase transition region; vertical lines, lamellar droplets in micellar surroundings; gray, isotropic (plus crystals); crossed, (hydrated) crystals plus lamellar.
 
 phase but which has been reported also for a normal hexagonal phase,35 has not been observed here. The hexagonal character was also clear from X-ray measurements (see below). At higher concentrations of LiDoBS, a lamellar phase emerges, which is macroscopically recognizable by viscous flow and moderate turbidity. Due to the hygroscopic nature of LiDoBS (see Experimental Section), even the bulk LiDoBS phase appears lamellar. KDoBS. The lyotropic phase behavior of KDoBS (Figure 6C) is comparable to that of NaDoBS, albeit lamellar units are observed at a lower concentration of KDoBS (23 wt %). The temperature dependence of the lamellar phase boundary (L1 to L1 + LAM, see Figure 6C) is reminiscent of the lyotropic phase behavior of CsDoBS. CsDoBS. With a poorly hydrated Cs+ as a counterion, the amphiphile will form a lamellar phase at rather low amphiphile concentration at ambient temperature (Figure 6D); at 9 wt % CsDoBS, lamellar units are formed in the micellar solution. In contrast to the lyotropic phase behavior of NaDoBS and KDoBS, these lamellar units are perfectly spherical onion-like aggregates and smaller in size. Moreover, mild flocculation but no coagulation is observed. Figure 3D shows a light microscopy image of this two-phase system at 30 wt % CsDoBS. The spherical lamellar droplets (as large as 5 µm) are clearly distinguished by the Maltese crosses. This birefringence pattern is caused by a radially symmetric stacking of the bilayers. On heating, the lamellar droplets transform into micelles. After cooling down again, the droplets spontaneously reappear. The spontaneous formation of these lamellar droplets (no shear or other type of mechanical energy input is necessary) is quite exceptional.36 The units apparently profit from the spontaneous curvature of the bilayers. Between 9 and 14 wt % the units do not show a clear birefringence pattern. (34) Deamer, D. W.; Leonard, R.; Tardieu, A.; Branton, D. Biochim. Biophys. Acta 1970, 219, 47. (35) Bouwstra, J. A.; Jousma, H.; Meulen, M. M. van der; Vijverberg, C. C.; Gooris, G. S.; Spies, F.; Junginger, H. E. Colloid Polym. Sci. 1989, 267, 531. (36) Linden, E. van der; Buytenhek, C. J. Manuscript in preparation.
 
 Upon increasing CsDoBS concentration, the droplet size increases. At 40 wt % the droplets span the whole sample and henceforth the micellar phase could not be observed anymore. The bulk of the 70 and 80 wt % samples also show the typical birefringence pattern of a lamellar phase. However, a clear liquid phase is present in a minor amount next to the lamellar phase. The structure of this low viscosity phase is at present unknown. The X-ray measurements (see below) reveal a lamellar character with a decreasing repeat distance between 70 and 90 wt % CsDoBS. At the high concentration end (>80 wt %) too little water is present to facilitate a lamellar arrangement for all the amphiphiles; a part remains present as (partially hydrated) crystals next to the lamellar phase. Ca(DoBS)2. The lyotropic phase behavior of Ca(DoBS)2 hardly varies with temperature (20-90 °C). Only lamellar aggregation is observed, even at very low concentrations (














Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















