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The principle of liquid-liquid separation, or LLS, has existed in various forms throughout all of history. The acceleration of the separation of two or more immiscible liquids can be applied in many diverse fields, depending on the method chosen and the technology used to accomplish the process. The first application of this basic idea probably came in the creation of butter. By churning milk until it separated into fat and buttermilk, people as early as 2000 B.C. separated liquids to achieve a desired result.
 Early forms of separators also included packed-bed and gravity coalescers, which were slow and less efficient than modern methods. In the 19th century, hand-driven centrifuges were used in dairies to separate cream. Gustaf de Laval developed the first continuous centrifugal separator in 1879, and it was used to separate fish oil in Norway in 1882.
 Clemens von Bechtolsheim improved upon de Laval’s design in 1889, creating the stacked-disk centrifuge, which was more efficient than previous models. The ultracentrifuge was developed in 1923 for use in molecular biology and biochemistry, and its inventor, Theodor Svedberg, won the Nobel Prize partly as a result of his invention. LLS has matured even further since that time, and is now applied in food processing, the oil industry, manufacturing facilities, and chemical laboratories.

In the oil industry, LLS has been used successfully in many diverse applications. When refining oil, water must be removed in order to achieve the final product. This is often done through electrostatic LLS—accelerated coalescence through a electrostatic field. Furthermore, when oil spills occur, the damage must be contained and the oil removed as quickly as possible. One of the most notable oil spills, the Exxon Valdez spill of 1989, utilized LLS to clean up the eleven million gallons of crude oil spilled. Several methods were attempted during the cleanup, including chemical dispersants and in-situ burning; however, the most effective proved to be oil skimmers. The models used included weir, mop, disk, and belt skimmers. Of these, the belt skimmers were the least susceptible to debris and environmental interference. The circulation of oleophilic materials through the oil slick allowed the oil to be removed as quickly as possible, which was essential for the recovery of the surrounding habitats.

One of the most common applications of LLS is in manufacturing facilities where wastewater is circulated through the system. In these cases, a wastewater sump—essentially an oil skimmer with a pump—dehydrates the oil, allowing for cleaner, cheaper wastewater disposal.
 The same principle is also applied in food processing, where oil is removed from wastewater in order to reduce the cost of disposal, and outdoor garages and water bodies, where oil is often removed from the environment using skimmers.

LLS is also often used in more scientific applications. After Svedberg’s invention of the ultracentrifuge, commercial centrifuges became common in laboratory settings. The principle of centrifugation can separate biomolecules and organelles, or analyze proteins and drugs in pharmaceutical settings. Various coalescing mediums are also used in order to separate liquid metals from each other, and magnetic fields are often applied to accelerate the process.

Over time, there have been many advancements in LLS technology; and there are presently several main forms of LLS which can be chosen. The separation of immiscible liquids has diverged into three major approaches: master coalescer, centrifugation, and skimmers.
 Master coalescers are a modern version of the historic gravity decanter design. Gravity decanters pull mixtures through multiple filters by gravitational force, and the differentiating properties/densities of each component of the mixture cause the liquids to separate. Coalescers, however, accelerate and refine the basic gravitational separation process. This is accomplished by merging many scattered and minute droplets of a substance into localized droplets of larger diameters; thus requiring less residence time for the settling and separation of this substance from its partner fluid. The Stoke’s Law equation—a mathematical equation describing the force required to move a sphere through a viscous fluid at a specific velocity—explains the effect of coalescence on the rate of separation.
 The droplets’ buoyant forces are increased in the equation, thus speeding up the procedure.

The second method primarily employed in liquid-liquid separation is centrifugation. Centrifugation is used to separate multiple liquids in a mixture, again utilizing the principles of gravity and particle size/density. Upon activation, the centrifuge (usually in the shape of a bowl) begins to spin around an axis located at its center. Its contents are then subjected to centripetal force and forced against the wall of the chamber. Depending on its specific gravity, each liquid is forced to the outside of the container to various degrees. Denser liquids will be more affected by the centripetal force and tend towards the outer rim of the centrifuge, while less dense liquids will remain closer to the center.
 The suspended and separate particles can then be fully separated by passing through or around varied membranes, wires, or “obstacle courses”. Centrifuges generally achieve a fairly clean product, but require dangerously high rotational speeds and large amounts of energy. Most LLS centrifuges also employ some sort of semi-permeable membrane to ensure the complete separation of the liquids, and these can be costly and difficult to obtain.

Finally, the third option when separating immiscible liquids (usually oil and water) is an oil skimmer. Skimmers utilize the natural phenomena of specific gravity and surface tension/affinity.
 Most oils, due to their lower density than water, will float to the water’s surface when left to settle. Furthermore, “oil bonds more tightly to itself and other materials than to water. This affinity and difference in surface tension between oil and water cause oils to adhere to a skimming medium.” The general LLS category of skimmers can be further designated into three more specific designs: weir, suction, or oleophilic skimmers. Weir skimmers use a dam or enclosure positioned at border of oil and water; the oil, which floats on top, will spill over the dam and be collected in a separate container. Suction skimmers function essentially as large vacuum cleaners—oil is sucked up a wide floating head and pumped into a separate storage tank. Finally, oleophilic skimmers use oleophilic (oil attracting) tubing, belts, or disks to remove oil from water. When the material is submerged in the mixture, oil adheres to it and is then carried out of the water and then scraped off into a separate container. 


For this competition, our group chose to employ skimmers, rather than other methods of LLS. This decision was based on the fact that skimmers, when compared to their counterparts, are more simple, cost-efficient, dependable, and easy to maintain. Coalescers and centrifuges, in addition to being more costly, are also more prone to loss of some of the separated product due to their design. Conversely, the skimmer’s design produces little or no waste, allows us to easily control both input and output flow rates, and is relatively inexpensive. In regard to the three main types of skimmers, it was observed that oleophilic skimmers are the most efficient; weir skimmers are prone to retaining excess water in the oil, and suction skimmers require constant monitoring. Both weir and suction skimmers are vulnerable to debris clogging their intake valves, causing costly maintenance and repair issues.
 Upon further research of oleophilic skimmers, five basic design options for the oleophilic material became apparent: disk, drum, tube, mop, and belt. While all work under the same basic principles, they each have limitations. When using a rotating oleophilic disk or drum (a cylinder) the main problem is that of reach; that is, the oleophilic section can only reach a limited depth. This restricts the rate of extraction of oil from the mixture, rendering the system less effective than others. Mop skimmers essentially absorb oil using a “fuzzy” oleophilic membrane. This method absorbs relatively high amounts of water along with the oil, greatly decreasing the efficiency of the process. The tube and belt designs utilized essentially the same principle to separate the oil—a hydrophobic, oleophilic material shaped to be pulled through the oil-water mixture and scraped clean of oil. Either of these systems could be adjusted to reach any depth necessary, depending on the pulleys used. The deciding factor, then, was the shape of the material. The tube would require a cylindrical scraper, while the flat belt would require dual flat scrapers. The cylindrical scrapers created a greater risk of dripping and recontamination of the substance being separated, reducing the efficiency of the machine. The flat scraper blades could easily remove all oil from the belt, increasing the output rate and the percent recovery of oil. Thus, the conclusion drawn from these observations was that the most practical and efficient design to pursue for the construction of a LLS was an oleophilic belt skimmer.
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