EVTV

Drinking Water Forum - Meny Elimelech


Meny:
Thank you, Steve. Today I will talk slightly different than what I thought initially. I'll talk about the science and technology for a sustainable water supply. I will start with a slide they put together for me, a lecture that Richard Smalley, a Nobel Laureate in chemistry from 1996 about the ten global challenges for the new millennium and not surprisingly we see they’re energy and water. Indeed, when you look at the list here, the rest of the list somehow either directly or indirectly is related to water and energy. So the theme we'll be talking will be a lot of water and energy and the interrelationship between them.

Now since the focus is on water, I would like to show you a slide of the projected water scarcity for the year 2025. When you look at this, you see the red and the orange; this is the area of water scarcity, either physical or economical. But when you look at the rest of it, the blue one, it means there is little or no water scarcity, which may be surprising, at least for those who live in California, Arizona, and some other places. 


I would like to argue that these kinds of presentations are quite deceiving because they represent the average for a given country or a region and what we need to look at carefully when we analyze water scarcity, we need to look at the original and temporal water scarcity. Let's have two examples, one of them original water scarcity in California, and the other temporal water scarcity in Europe. 

When you look at the U.S. here, you see white means just average, there is no water scarcity. The area that is red or darker colored red is an area for a severe water scarcity as indicated by the indices here and the area that is green or super green you get more water than average. And indeed if you look at the IPCC report and some other ones on global warming, it indicates that areas that are dry will get drier and areas that are wet will get wetter. So there will be a distribution of water scarcity and we need to worry about it because it will be impossible from an economic point of view to get water all the way from Texas to California, so we need to account for it.


Another one is water scarcity how it can (?)_____. This represents the average between April and June and if you see blue it means this is more water than usual or the average is about here. And as you look here at the map of this year for this given year, the majority of Europe had water for this period less than typically they were getting there in the previous years. So there is original and temporal water scarcity that you would need to account for. 

So the question I mean and it's clear now that there is not enough water. So the question is how do we increase the available water supplies for people so we can think about water conservation, repair of infrastructure, improved catchment? All of these will improve the use of water but they will not create new water. The key is we need to develop some technologies to create new water and indeed this is a term now that's being used, new water. And the only way to gain new water is by technology by two methods which will be the highlight of my talk. First will be reuse of wastewater; and yes, some of the talks highlighted this point. And the other one will be desalination of seawater and also some brackish water. So I'd like now to go over reuse of wastewater and desalination of seawater.


I would argue that for us scientists and engineers there are many opportunities. These are the reasons: First, you can calculate for example, for desalination you can calculate what's the minimum theoretical energy based on thermodynamics. And indeed as you will see very soon, we are far from the thermodynamic limit which means we can still improve technology and not violate thermodynamics so this is one reason. Secondly, the traditional methods that we are using now for water and wastewater are chemically intensive. They use a lot of chemicals, which is not good. And they also use a lot of energy. And lastly, also they are not suitable for most of the world. Here we think only about the developed countries but there are many developing countries that you can not apply these technologies.

Another area that may hold some promise is nanotechnology. This field has been used in many other fields, in biomedical materials and so on but has not been used a lot in the water industry and as I'm going to show you, there is some promise in being able to reduce the energy use of these technologies by incorporating some advances in nanotechnology. 

I was a coauthor of a paper in Nature, a review paper that highlighted some of the technologies and some of the advances in water science and technologies. In my talk I will highlight only a very, very small part of what was covered in this paper and of course many other new things. But those of you who are interested I recommend you to look at this paper.


I would like now to start with wastewater reuse. I'll start with several examples. The first one is Singapore. In Singapore there are several plants that recovered reused wastewater up to the degree of potable water standards. Again, as you will see, they will not be using it for potable water. There was some discussion yesterday on some of the talks and I will also mention some of it very soon. So again, up until now they provide about ten percent of the water supply in Singapore. There will be four new water supplies. And the idea is that in a few years they will supply 15 percent of the water supply in Singapore. In Singapore, they want to increase the water supplies because now they get most, I would say at least 50 to 60 percent of their water from Malaysia and they want to be independent in their water supply. One way to do it is wastewater reuse and they also of course do desalination. 

Another example here is in California and it was the first plan for wastewater reuse. It used to be called Water Factory 21 and a few years ago it went through a major upgrade and now it's called a groundwater replenishment system. It provides 70 million gallons per day. They treat the wastewater and then put it in the groundwater and this groundwater supply is used for drinking water in Orange County. So those of you who were in Orange County and drank some tap water, most likely you drank somehow water that started from a toilet someplace.


Now when you look at these technologies, instead of our technologies now for these two systems, one in Singapore and the one in California are mostly based on membrane technology and they take the wastewater from the municipal wastewater district and then it undergoes pretreatment by micro-filtration. Then it's fed to a reverse osmosis that in principal should remove a lot of the contaminants and dissolve also some organic contaminants including some endocrine disrupting chemicals. Since this barrier is not complete against some of the chemicals, you also have some UV and advanced oxidation and eventually you can get water of a good quality. In this case, in California in this example, they recharge the groundwater basin with this reused wastewater. 

I would like to give you another example that was mentioned before about Namibia. It's in Africa. Namibia, specifically the City of Windhoek. As you know, Namibia, it's a beautiful place. There is plenty of beauty but not enough water. To solve this problem in Namibia they built the first wastewater reclamation plant for direct potable use. This is the only place in the world that they recycle wastewater and it directly goes for drinking water. You know a nice quote from Dr. Lucas(?) from the International Institute of Water Research in South Africa that indicates, "…Water should not be judged by its history but by its quality."


This is the plant and their approach in this plant is to have a multiple barrier approach and this approach was described yesterday in some of the talks. To have more than one barrier, one, two, or three, to make sure that no pathogens and no chemicals reach the drinking water. Here I will just give you the principles of the multiple barrier. Those of you who are engineers that took any water treatment, you see that there are many, many processes here, much more than -- at least much more than the ones we use in the U.S. 

So it starts with ozonation and oxidation, I mean disinfection and oxidation and goes through some basics. These are the basic treatments that you can see in most cities that treat water in the U.S. Instead of flotation there is sedimentation. But here it's, I mean preceded with ozonation, then another main ozonation and then a series of barriers. One of them is biologically active carbon to have biodegradation of some organics that may go through the ozonation and some organics produced by ozonation, then go through granular activated carbon to absorb all the organics. Another ultra-filtration, a barrier for any pathogens that went through the system, which likely very little will go and here another stint(?) by _____ in case there is some of the -- if there is any alarm and some of the units do not work then they add this unit here. 

So in terms of technologies, I mean there is no problem. We can have any technology to treat any water to a potable water standard. The problem is more psychological, why we do not drink recycled wastewater. So the most important thing is public acceptance in terms of the quality of water and as I wrote here, you need to breakdown the psychological barrier or what you call the act(?) factor for drinking water. And this is not trivial; this is really the main, main issue and it's the reason why it's not being used now for direct potable use in the rest of the world, including Singapore. 

So in the case of Windhoek, the way they overcame these things, they have a rigorous monitoring of water quality after each process step and there are all these sensors and alarms that go if something is not working well. They provide a final product water quality that is analyzed continuously and made public so everyone can see it on a daily basis. And also for the City of Windhoek that developed this kind of pride by telling them, "You are the first city in the world, the one and only one that has direct potable use." So combined with all of this, the City of Windhoek, I mean the people there accepted it and they are drinking it and up to now they are quite happy. So this is just one example to show you wastewater reuse, the technologies and some of the barriers for them, mostly I mean public acceptance.


Now I would like to talk a little more about technology. What I showed you before here, that we take the wastewater from the municipal wastewater district. And then it goes through this advanced treatment plant that involves microfiltration, reverse osmosis, and oxidation. What is being tested nowadays in pilots although there is not any plant of this configuration is the following: To combine the wastewater treatment with the advanced reuse technology. And the way you combine it within the wastewater treatment you operate what you call a membrane bioreactor. This is a common technology, activated sludge(?) and rather than using the usual clarifier, a big sedimentation tank, you involve a membrane here and together it's called membrane bioreactor. It's a very advanced technology to recycle the wastewater. But because we are already using this membrane to treat the wastewater, we can skip the pretreatment that I showed you earlier with microfiltration because this membrane can be used now as a pretreatment also for the reverse osmosis. So you save another unit, less capital investment and less energy because this unit will require some energy.


So there is a lot of research now going on on this concept and again there are many pilots and the main problem is that this membrane is fouled. There are a lot of organics in this wastewater and the membrane will be fouled in a way that some of the substances will have touched the membrane and then if you wash the membrane down not remove, so it will reduce the performance of the membrane. You need to have more pressure and replace the membrane once in a while. 


So the key is really to develop some membranes that are what you call fouling resistant. And I would like to show you some research that's going on in our lab on fouling resistance membranes. The details are not important. But in principle, you can synthesize membranes with an amphiphilic copolymer. It's a copolymer that there's two parts. One of them will be very hydrophilic part, polyethylene oxide and this polymer, I mean, as tendency many of the organics will not touch this polymer and then the other part will be just a polyacrylate nitron(?). You can put it in a caustic solution of polyacrylate nitron(?). The details are not important. Those of you who are interested can look here. And eventually, these copolymers self-segregate and you will get this polyethylene oxide just at the interface of the membrane and the water, which will cover the surface and the internal pores and this layer provides some barrier for absorption of any organics and this is what you call anti-fouling so it provides some anti-fouling resistance. 

I would like just to show you some examples. Again, this is the membrane that is produced by this amphiphilic copolymer. I will show you here the water permeability of these membranes is a function of the fraction of these copolymers that you enter(?) the caustic(?) solution. And if you look at the wide bars, these indicate the pure water flux of this membrane, found that when you make this membrane with more of these copolymers it becomes more hydrophilic and you get higher water flux to start with which is a good thing. 

The second one is what happens if you do some accelerated fouling. These are experiments with very high concentration of organic matter. And what happened at the end of the experiment when you just rinsed the membrane simply by water _____ chemicals to see if you can recover the flux that you started with. For example, if you don't have any of these copolymers, if you have these experiments with fouling and you rinse it, you will not be able to recover the flux. Still you get less flux than before. If you have only five percent of these copolymers in the caustic(?) solution and you rinse the membrane, then you can recover the flux. Up to this point, you still cannot recover all this portion here. And if you go to 20 percent, which is we found optimal amount by mass of these copolymers, you see that at the end of the experiment when you fouled the membrane and you rinsed it, you can recover the entire flux. You get exactly the same flux as the pure water flux of the clean membrane which indicated if you find the right chemistry and the right amount of polymer, again it's optimization because you don't want to spend a lot of money and put more of these polymers, you can create a membrane which does not foul which will be able to be used in the technologies that I showed you earlier and maybe some other ones that I will discuss.


We also developed some techniques in our laboratory, rather than do all these measurements with the membranes and measure -- foul them and measure the flux, we were able to develop a technique in which you used atomic force microscopy. You have what you call a particle probe here. You can quantify the force, you measure the force. You stick the probe through the membrane and measure the force it takes to pull off the probe from the membrane. This is what you call the adhesion force. 

And what you find if you look at the negative value it means it is very sticky. What we found, all the combinations of the amount of polymers that resulted in irreversible fouling, the fact that you were not able to recover all the flux, we were able to detect very strong stickiness of this probe. And the formulations in which we did not get fouling we did not see any stickiness and indeed if you look it is positive by convention(?) repulsion, we even got some repulsive force. 

So we can now at the laboratory level develop this technique in which we can synthesize the membrane and optimize the amount of polymer there to get anti-fouling just by measuring the interficial(?) forces by atomic force microscopy. So this is an example how you can for example modify ultra-filtration membrane that can be used in this membrane bioreactor technology and then it can be used quite effectively to recycle and reuse wastewater. 

Now let's go back to this scheme here of I'm going to show you this is the one that is now being tested in many pilots and there are many developments of membranes that hopefully will be anti-fouling. And I believe that all wastewater reuse schemes will follow this one. The question: Let's be even bolder and see if we can save something. Again, the key is really to save energy, less units, less capital costs. Let's see what else we can do here. For example, we can think about a concept that instead of having this ultra-filtration membrane here in the membrane bioreactor we can have a nano filtration. Nano filtration is a membrane which is very tight, almost like reverse osmosis. By this way, because this nano filtration is very, very effective, we can eliminate this reverse osmosis against another -- I mean another step that you can save a lot of electricity and capital costs and have this kind of a very robust unit that practically treats wastewater to very, very high standards, maybe not directly for potable use but indirect potable use or some other application like recreation. 

Now Steve mentioned, I was a few weeks in Korea and I will spend some more time there on a yearly basis. Now they are trying to recycle -- the idea there in Korea, there are 58 streams that are all dry and they used to be streams way back before the City of Seoul developed. And they are thinking now about reviving these streams and have them for recreation, for aesthetically, for increasing the value of the real estate in the area and so on. And they thought about using recycled wastewater. But to bring the wastewater all the way from the centralized wastewater treatment plant you need to bring the water for 20 to 30 miles so it's not economical. 

So what they have decided to do and those of you who are in Seoul, you know that everyone lives in these high rise buildings. So they will collect all the rainwater and wastewater and have a decentralized unit in this apartment complex that involve these technologies of membrane bioreactor with reverse osmosis and maybe one of the ideas that I have discussed here and using this water directly to replenish all the local streams that were in this area there. So it'll save a lot of energy because a lot of the energy, and those of you who listened to the talk of Mark LeChevallier yesterday, involves conveying the water also. 

So this is just another idea how you can use a very robust scheme that involves membranes and this is the future now, membranes. Unfortunately, I mean the U.S., again I don't see any people here from the traditional consulting companies, the U.S. is really behind in all these aspects of using membrane technologies to recycle wastewater because the consulting firms here are more conservative than European and some of the ones in Asia. Although those of you who listened to the talk by Mark LeChevallier of American Water, there are some apartment buildings in New York and he mentioned the idea, just to show you the picture, in the basement of treating the wastewater by this kind of membrane bioreactor technology. So there are some attempts in the United States. 

Now to have this nano filtration as I indicated here, again you will have a very high load of organics, I mean treating this water on these nano filtration membranes so we need to develop, again, an anti-fouling nano filtration membrane and again this is work that we have done in our lab collaboration with MIT, with Ann Mace(?) from MIT. We took sort of like a base PVDF membrane that is commercially available and by coating it with another _____ copolymer slightly different than before, this hydrophilic part also can impart anti-fouling properties. We were able to operate this membrane with a real feed(?) water from the membrane bioreactor, real wastewater for a long, long time without any fouling. 

If you take the membrane, the base membrane with all this coating, you get severe flux decline, I mean dramatically. It means you need to have a lot of pressure to operate it. And when you rinse it at the end, you can recover only very little of the flux. So definitely now we need some technologies and some formulation of membrane that will have these anti-fouling properties because this is the only way that we can operate in this robust scheme that I indicated before, the membrane bioreactor with ultra-filtration or the one step scheme that you treat wastewater just with MBR with NF. 

I would like now just briefly to talk about another aspect of wastewater reuse and this is a really very new area that is just beginning to be investigated in the laboratories and several universities, not even in industry. This is what you call osmotically driven membrane processes. Membrane processes that are operated rather by applying hydraulic pressure, here we will be utilizing osmotic pressure to drive the water across the membrane and by some other manipulations we can really make it work which I'm going to show you. 

One of the approaches to treat wastewater is to use these what you call forward osmosis or direct osmosis in which you need to have a semi-permeable membrane. In principle, the same properties of reverse osmosis but it's not the case. If you take reverse osmosis membrane it doesn't work well. You need to develop the right membrane which again I will not get into the details now.

If you apply it on the other side of the membrane a brine, for example sodium chloride, concentrated sodium chloride and you have the wastewater here, then it tells me it's not really nine(?) percent(?). It's just a concept. So the water will go by osmosis to this part of the membrane and of course for this part you will not need energy but now what you will have now, you will end up with fresh water mixed up with this salty water. So then it goes to a reverse osmosis unit or a nano filtration membrane in which you take this diluted salty solution, recycle it and then get it back for doing the job here. 

Now the advantage of this technology is that you have two barriers. In a way the wastewater goes through one semi-permeable membrane as you see here and then another semi-permeable membrane so you can get water very, very high quality, practically free of any contaminant, even endocrine disrupting chemicals that usually go through reverse osmosis. If you have two passes, then practically none of them will get here. And also now you can operate the reverse osmosis without fouling because the reverse osmosis will recycle just pure water mixed with salt. 

Here, also the advantage as you'll see soon for the osmosis membranes is they are not fouled as frequently because there is no hydraulic pressure. Most of the fouling is because of applying hydraulic pressure that compresses the cake(?) layer of the membrane. So combined with the very minimized fouling here and no fouling the reverse osmosis, if you have the appropriate membrane and there is not a right membrane for this technology yet because of some issues, this would be quite economical. 

Another concept that is only in the laboratory level just at universities and I think the Public Utility Board of Singapore in collaboration with a Dutch company are trying to test this on a very small scale, this is a forward osmosis MBR, the same MBR that I showed you earlier but in this case instead of using the UF or NF membrane operated by hydraulic pressure, you have this forward osmosis membrane that also will be operated by this osmotic radiant. You can think about inorganic electrolyte like sodium chloride, a mixture of sodium chloride then _____ and then once you withdraw the water here you will have the reverse osmosis to recycle these draw(?) solution, these electrolytes so they can be used again to draw the water across the membrane. And again, the advantages here, this membrane will have very little fouling because there is no hydraulic pressure so it can operate very effectively and this reverse osmosis will not need a lot of energy because there is no fouling. And of course you'll have disinfection. So you can get water here in principle of potable quality and indeed there are some -- the group that I am collaborating with now in Korea, they may(?) investigate here at the laboratory level and maybe farther in a pilot as well as the potential scheme for these wastewater decentralized systems in these apartment complexes. 

Now what I mentioned, I mentioned that these membranes, when you operate them in forward osmosis they have a tendency to have what you call reversible fouling. This is an example in the laboratory that we used a condition in which you're going to get a lot of fouling when you operate a membrane in forward osmosis when you just operate at a very low cross flow and very, very high _____ organics just to have it in a short period of time to have reduced flux. So this operated in a forward osmosis mode. In the end, when we just flushed the water, we rinsed the membrane with a slightly higher cross flow than usual, we were able to recover the entire flux which means that things do not stick to the membrane. If you operate a reverse osmosis membrane in this mode you will not be able to recover all the flux and you need a lot of chemicals to clean the membrane.


This is just an example and we did some other experiments. For example, here if you operate the membrane and intermittently you just have some air bubbles going across the membrane you will get flux that doesn't look(?) like -- I mean you get just constant flux because this intermittent dosing of air bubble is enough to remove all the foulant from the membrane and you can operate the membrane in the long-term. 

So again, I wanted to show you another set of technologies, osmotically driven membrane technologies. These are relatively new. There is only the very few universities now investigating it, including our here at Yale, and I think there is a lot of potential for these technologies for the reason that I showed you, namely less fouling and also a double barrier. You have two membranes that the wastewater is going through and you can get water of very, very high quality. 

I would like now to move to desalination. Again, desalination is another source for getting water or new water to augment water supply. If you look at the map here, a large number, fraction of the population of the world, if you look at the dark areas here, living next to the ocean. The ocean carries plenty of water. The question is how we can sustainably take the seawater and produce clean water. So I would like here to highlight some of the current technologies and some ideas for the future how to make it more feasible, more economically feasible.


Desalination got many highlights by some high profile journals in the year 2006. In Science there was a special issue on water and desalination got a lot of coverage, at least what they claim there, the cheaper materials, more efficient equipment and some promising new approaches could make large scale extraction of clean water as a major force in the battle against global thirst. So the idea here is that you can use desalination to augment water supply. Two years later in 2008, also Nature came out with a special issue on water and they also highlighted desalination as a viable technology to augment water supplies and here they attribute it to climate change, growing population and political concerns are prompting government and investors from California to China to take a fresh look at desalination of seawater. 

This is the capacity in million cubic meters per day of the desalination currently and at least at the time of the article that was written last year. And this is the projected. The projection is really it will grow exponentially and it did. I would say it did even more because many, many, many people are now getting to this desalination, mostly prompted by many of these high profile publications in Nature and Science. 

Also, I was a member of the National Academies Committee and we came out with a report that was just published just five months ago and this was Desalination: A National Perspective, in which here we analyzed the economic, environmental implications, technological implications and in principle we gave a green light only for cases that really there is no other alternative. So those of you who are interested in desalination I highly encourage(?). But again, we indicated that it can be a viable technology but again you need to first explore all the other options for reasons that I'm going to describe now, mostly the energy. It's energy intensive and we need to worry about it. 

Let's say a few words about seawater desalination. As I indicated, it can augment and diversify water supply. In water supply, we need to think about the portfolio of water in which you can get water from surface water, recycled wastewater, seawater, and many other options. You cannot think about just one source of your water unless you are in the Gulf countries and some region that there is no other alternative. But most places, I mean there are many other alternatives so you cannot rely everything on desalination or any other source.


Now, currently the technologies that you see all around the world are either reverse osmosis -- that will be the main topic of here -- or thermal desalination, namely multi-stage _____ and multi-effective(?) selection(?). These are very effective ways to evaporate water by boiling it and then recovering the energy when you condense it. And it's used mainly if not only now in the Gulf countries. 

So these are considered to be energy intensive. They need a lot of electricity to operate and electricity transfers to CO2 emissions. And when you think about new desalination plants, all the ones that are designed around the world except the Gulf countries are based on reverse osmosis technologies. For example, two recent countries that have just completed desalination plants are Singapore and Israel they just finished three desalination plants. They're all based on reverse osmosis technology.


Now let's say a few words about it. There were major improvements in the past ten years and this is the reason why we are now using reverse osmosis. Ten years ago, the energy was at least four times more than what we are using now. When you think about future advancement, it is likely that all advances will be incremental because soon when I talk about the minimum energy of desalination, it's not that we are by a factor of ten that we can have really a lot of room. There is some room but not a lot of room. So I expect the improvement to be incremental and eventually they will approach a _____ limit because you cannot get more just because of thermodynamics.

There is a problem with seawater desalination by reverse osmosis. The recovery is 50 percent. It means you get 50 percent freshwater and 50 percent brine, a concentrated brine that you need to discharge in the ocean which may have some environmental implications. Now it also uses a lot of electricity. Currently, the best reverse osmosis plant, the one that I mentioned in Israel and in Singapore, just the desalination component without the pretreatment and without the post-treatment, just the reverse osmosis part consumes 2.5 kilowatt hours per 1,000 liters or one cubic meter. So it's quite a lot. But again, it's much less than what it used to be ten years ago.


Now as I indicated, the current desalination energy unit is 2.5 kilowatt hours per cubic meter and when we think about technologies we need to think how far we can get. You will be surprised that some people are not aware that there is a thermodynamic limit of how much you can desalinate seawater because you can read some proposals and people claim that they can desalinate seawater by -- I mean electricity so varied(?) that I mean definitely it would violate thermodynamics.


So you can calculate this thermodynamic limit and this value is independent of the method used. Just to separate seawater, freshwater from a saline solution, if you talk about zero recovery which means that if you take a vast amount of seawater and you just get one drop of fresh water, thermodynamics indicate that you need 0.7 kilowatt hours per cubic meter and these thermodynamics, we think about a reversible thermodynamics process which works very, very slowly. I mean from a practical point of view you need to have an infinite sized plant(?) because you will get water a drop at a time. 

If you go to 50 percent recovery which is the case in current desalination by reverse osmosis, the minimum limit assuming a reversible ideal thermodynamic process is one kilowatt hour per cubic meter. The current use is 2.5. This is the theoretical limit. So now we need to see where we can get there. And we can use, I mean some ideas how we can really improve it and get close. Again, you will never get close here. I mean we never get to this value. And part of the -- if you think about desalination by reverse osmosis, it's already very proven in many other system designs. The part that you can really improve now and get another maybe ten percent reduction of energy, maybe 15 percent is the membrane part. You need to have a lot of electricity or hydraulic pressure to drive the water through the membrane and if the membrane fouls you need to have even more energy.


So the idea is now to produce a membrane which will have higher permeability. Maybe you need instead of 1,000 psi, you will need, I mean, 20 percent less. And again, if you have 20 percent less hydraulic pressure you may save 20 percent electricity. So the idea and again I'm giving another quote of Richard Smalley who was a brilliant chemist. Unfortunately, he died a few years ago of cancer at a relatively young age. He was the inventor of the C60 molecule, the Buckyball that is the precursor for this molecule and he got a Nobel Prize for this Buckyball. So he claimed and he also did some research on carbon nanotubes. So he said these nanotubes are so beautiful that they must be useful for something and indeed some people took him quite seriously. And they were thinking how to use these nano materials to produce a high flux membrane. 

And there is an idea now going on and again, I'm not sure how realistic it is, some research showed that if you take some carbon nanotubes and if you have water flow inside the nanotube you will get flux as the water through the nanotube which are 1,000 or 10,000 times faster than what you calculate based on flow in a pipe and if there are some civil engineers here you know that _____ equation, you can calculate the flowing(?) part. Here you can get 10,000 times more and the reason is because the nanotubes inside are very, very smooth and the water just flows there with no slip(?) on the boundaries. There is no friction on the boundaries. It just goes there like there is no slip(?). 

So the idea was if you can align these nanotubes and have them here in this kind of form(?), a lot of them we can create a membrane that the water will flow very, very high. It means you need much less pressure and if you incorporate this kind of membrane in there for desalination you may save 10, 15, maybe a little more percent of energy, which is again significant. Again, 15 percent. And if you look at the capacity of desalination all around the world, it's a lot _____ to a lot of energy, I mean setting a lot of emission of CO2 which will help with our fight with global warming.


So starting a flow through kind of nanotubes, I mean there are many studies in the past but only since 2002 there were some attempts, the first one that indicated if you have flow through a double wall nanotube you can get high flux. There were some other studies later but this study did not show any desalination capacity. They just showed that you get high flux and they say if you get the tub smaller it may work for desalination. This is a review paper that I brought(?) to one of my graduate students and we discussed among many other applications of carbon-based nano materials, we discussed all these issues of desalination and we argued that the only way to have such a membrane as a de-salter(?) or way that you can desalinate seawater, you need to have single wall carbon nanotubes. All the previous studies were done with double wall nanotubes. And you need to have single wall nanotubes of 0.5 nanometers which is the limit of our -- practically the limit of how narrow you can synthesize(?) single wall nanotubes. You also need to have a lot of density of these nanotubes. You need to think about large production, how you can really make these very dense nanotubes in the membrane and produce large quantities. And those of you who are in the membrane industry, you know that you need to have very, very large areas of membrane that you roll them in a certain way. But again, it's an idea. It may work. It may not work. As scientists we always need to push the limit and think about ideas and this is one of them.

Related to it is an area of research. There are one or two startup companies. These are bio-inspired high flux membranes. In a way the idea was to incorporate aquaporin. These are again you have them in living cells, organisms. And the flow of water through these aqua(?) poring(?) or water channels in the cell is very, very high and again much higher than you predict based on the opening of the channel. And indeed, you can get a flow rate through aquaporin comparable to a single carbon nanotube that I mentioned earlier.


So there are some ideas either to isolate aquaporin from plants and living organisms or to synthesize -- I mean aquaporin, biomimetics, sounds like it's really simulated. And once you incorporate into membrane the idea that you can get high fluxes and then you can save some energy because you need less to drive it through the reverse osmosis membrane. But there are many issues how you can produce large quantities of these membranes, what about the fouling of these membranes if you have these proteins or the carbon nanotubes that are hydrophobic(?). Maybe they will encourage the absorption of organics. There are many, many issues and there are some startup companies now that are working in this area so it may work, it may not work.


Now, we need to remember that even hypothetically even if you develop a membrane with infinite permeabilities, suppose you develop a membrane that you need zero pressure which is impossible, you still need energy and the reason is because when you desalinate seawater you are already starting with an osmotic pressure of 400 psi or 25 atmosphere. So to get any water going through reverse osmosis you already need to have at least 400 psi and to get any significant fluxes you need to have at least 600 psi. So there is never no way you can operate it with no pressure.


Secondly, there is a phenomenon that as you operate the membrane there is a buildup of salt next to the membrane surface, what you call concentration polarization. So even for infinite permeability you will need pressure. As indicated, the minimum theoretical energy is one but this you will need an infinite sized plant. It is not practical. You need to, again, for practical limitations, mainly because of size I think there is no way we can get less than 1.5 kilowatt hours per cubic meter. It's just impossible. And most likely there is room for improvement and we can be in between 1.5 and 2. I would guess also probably 1.75 may be feasible if you have advancement in the membranes and some other things in the system design.


But you will still need some energy and if you think about two kilowatt hours per cubic meter and I'll show you the projection of the desalination capacity, you have millions, millions of cubic meters per day; you will need a lot of electricity to drive this desalination plant which will be translated into a lot of CO2 emissions. And the trend nowadays is really to go green and to use least electricity. 


So this will lead us to some technologies that we are working on now at Yale. We call it forward osmosis desalination and this technology, I'm going just briefly to discuss it, may overcome some of these limitations because it uses energy but the energy can come mostly from waste heat or low quality heat that can drive the process rather than electricity. And the principle is the same principle that I showed you earlier of forward osmosis. This is the seawater. But instead of using sodium chloride or some inorganic salt that eventually you need to have reverse osmosis to separate the freshwater from the salt, we are using here a combination of gases, ammonium and carbon dioxide that once you dissolve them in water soon you will see you can get a lot of ammonium salt and you can dissolve very, very high concentrations, up to five and six ______ create a huge osmotic reagent(?). And once water passes through this part, these are thermolytic salts in a way if you apply low quality heat, at atmospheric pressure you will need 58 degrees, if you have a very, very slight vacuum that you can achieve easily by distillation column and you build a distillation column and you have condensed the gases, you create some kind of slight vacuum. You can even operate it at 45ºC heat.


So if you take this energy input as waste heat, which is available in many power plants and many other industries, you can use it to separate the ammonia and CO2 and use them back again for the process and get fresh water. And soon you will see that all the electricity that you need here is a simple one to let the solution, the seawater go flowing across the membrane and the draw(?) solution flowing across the membrane. You don't need any pressurized vessels or anything with the energies that you use in reverse osmosis. 

So this is a principle, you can take these two gases and you can add them also with salt, you can add the ammonium bicarbonate and the ammonium hydroxide and you can get the same species and you will get ammonium bicarbonate, ammonium carbonate and ammonium carbomate(?) and you can create very, very high osmotic pressures. These are thermolytic salts. You need to have very low quality heat or low temperatures. You can decompose them back to ammonia and CO2 and use a low temperature distillation to separate the fresh water from the gases and use the gases again.


Now what’s the advantages of this forward osmosis desalination with this unique draw(?) solution? Let's see. When you desalinate seawater, when you desalinate seawater this is the osmotic pressure of the seawater. When you start the osmotic pressure of the seawater is about 25 atmosphere. In reverse osmosis desalination you can achieve up to 50 percent recovery to which you will double the osmotic pressure and you cannot use higher recovery because you need to apply such high hydraulic pressure and the units, the membranes, the modules cannot tolerate this pressure. This is why the limit of seawater desalination is 50 percent. It's not because of scaling -- you can always add pretreatment. It's because it cannot tolerate this high pressure. 

In the forward osmosis desalination by this unique draw solution you can achieve very high osmotic pressures. In principle, you can achieve such high osmotic pressure that can treat water that undergoes up to 85 percent recovery. If you squeeze this recovery and get most of it as freshwater and only less than -- I mean about 10 percent of the brine, the brine becomes very, very concentrated and still with this osmotic pressure that you can create this forward osmosis you can drive the process. So you can not only operate the reverse osmosis with less electricity but also you can achieve higher recovery which is very important.


The last slide before the conclusion is just about the energy, just to give you some idea about the energy. This slide describes the total energy that you need by here there are three thermal desalination techniques. These are the leading thermal desalination multi-effect(?) distillation. This is multi-stage(?) flux(?) that is used a lot in Saudi Arabia, Kuwait, Dubai and all these places. This is reverse osmosis. Now here I'm showing the equivalent energy or the total energy which is made up of two components. For this thermal desalination you need electricity, and very high values of electricity -- you see here 2.5 kilowatt hours per cubic meter -- just to drive the water in this unit because multi-stage flux(?) is very, very complicated. All these chambers and the water needs to flow from place to place and all these pumps. Just the electricity to take them from place to place, you need 2.5 kilowatt hours per cubic meter. 

Now they also use steam as in thermal energy and the only way to compare all these processes, I said if you take this steam and use a turbine, steam turbine to produce electricity, what kind of electricity you can produce from this steam? And this is what you call ______ energy and this steam that's used for this desalination, you can produce this amount of electricity. It has this kind of _____ or value, energy value that can be used. And by converting all of this energy to kilowatt hours per cubic meter, we can call it equivalent energy and we can compare thermal processes to for example membrane reverse osmosis. 

Also, multi-effect(?) distillation needs a lot of electricity. Reverse osmosis, as you see all the electricity, you see the shaded area, all the electricity is electrical so there is no thermal energy. And for forward osmosis when you apply to this low temperature distillation you need this amount of electricity which is about one-tenth of reverse osmosis. So again, it's very, very promising this technology if you can make it work and there are some challenges. I indicated the membranes that you need to develop and so on. 


If you can operate this technology of one-tenth of the electric energy that you need for reverse osmosis, it will really make this desalination viable because now I think really the limiting factor for desalination is the large amount of electricity that is being used. And although many countries now are jumping into this, there is a lot, a big trend now all around the world also to be green. Again, the U.S., we have the Green New Deal of the current administration and he gave a talk in Korea and now they have their own, the Korean Green New Deal and they're all very excited about technologies that use less electricity. But on the other hand, they are also very excited about seawater desalination so they need to think about some way to, if they want to desalinate water without a lot of electricity.


I would like to, again, when I mentioned the source of the energy for this forward osmosis, you can get many power plants, their waste cheap that otherwise being discharged into the environment and it's of very high value. You can use it for desalination. In principle even you can use geothermal energy. This is just a map that was a very, very big study by the government and sponsored by MIT. And this is the steam that you can get, the temperature that you can get when you drill 5.5 kilometers all around the U.S. So you see places in the East Coast or Connecticut and these places you can get quality of heat of about 50ºC or 100ºC would be good enough for forward osmosis. And of course in the other places you can get very, very high quality heat. 

So of course if you can get this very high quality heat I would not use it for forward osmosis desalination. I would use electricity. But if you can get any of this very low quality to 50ºC that you cannot use otherwise for any other process, you can think about decentralized desalination but you can have your own water production unit just in your -- if you have a well you can take some energy and produce your own water.


To conclude, we are far from thermodynamic limits for separating unwanted species from water. I gave you just the example of seawater. There is some room for improvement and even though 10 and 15 or maybe 20 percent, what I mentioned, it sounds not a lot but this is a lot when you translate to CO2 emissions if you implement seawater desalination in many, many other countries. So it's very, very important.


I argue that nano technology and new materials can really improve and advance water purification technologies. I discussed anti-fouling membranes. I discussed high permeability reverse osmosis membranes and there are plenty of other things. Again, the water industry is far behind using the advances of nano technology and I highly encourage to get in this area. And just a general statement: Advances in the science of water purification can aid in the development of robust cost effective technologies. Then I gave some examples that in principle can be appropriate for different regions in the world. Here I highlighted mostly the developed world but there are a lot of issues in the developing countries and we still can use high tech -- I did not mention here -- we still can use high tech in the right way also to implement in developing countries. 

So I would like to thank the students who did all the work, my group and some of the funding, mostly from Office of Naval Research to develop this concept of the forward osmosis desalination and the National Science Foundation and some other small funding agencies. Thank you very much.

Q:
Thank you. It was a very good presentation. One question I have is have you looked at electrochemical processes for desalinization like capacitive deionization and what are your thoughts on that technology?
Meny:
Yes. _____ capacitive deionization. I know that these technologies ______ UCLA 1989. I know in 1990 some of the work ______ technology. So I think again people _____ talking about a lot of technologies but I would say since 1990 _____ difficulties. So I'm not sure really the details, I mean what's ______ it but it's probably not there yet. But regardless, I mean, it will ______ thermodynamic limits and you will not be able to make it less than one kilowatt hour per cubic meter and you won't have any meaningful recovery and _____ to be at least 1.5. So I would argue that anything that doesn't _____ you need electricity _____. 
Q:
First of all I want to thank you for the talk. I thought you gave a good overview of all the different technologies and prospects. I had two questions.
Meny:
_____.
Q:
And this is the first time I've heard him speak, I mean besides in class. 
Meny:
_____.
Q:
I had two questions. The first is I mean you talked a lot about forward osmosis and all the advantages of it but yet it's really not being used on a very wide scale. So what are the key challenges in terms of making sure it's implemented in places like the Middle East and where there's a lot of water scarcity. And then also, what are the applications for the developing world in terms of using solar or other alternatives, biogas forms of energy in places that don't have electricity?
Meny:
Maggie, she just defended her PhD a few weeks ago and she worked on water and sanitation issues related to Sub-Saharan Africa. She was in Tanzania for eight months and I was there for about eight days and _____. Anyway, so about forward osmosis desalination, the key limiting factor now is there is no appropriate membrane for the process. When you use a reverse osmosis membrane, because the reverse osmosis membranes have very thick support layers that need to withstand this hydraulic pressure, when the draw solution is facing this support layer, once fresh water going across this thin active layer of the membrane and it's diluting the draw solution in the support layer, you utilize only about ten percent of the driving force. And there is no way to overcome this to enhance the mixing there because it's a very confined layer. So the research now is done to make a membrane with a very thin and porous support layer that may be able to overcome this point. 

Now in the renewable energy or solar energy, for example one of our graduate students who applied for our program, they did a senior project at Duke about this ammonia carbon dioxide forward osmosis desalination, how to implement it in developing countries and they were thinking about using solar energy. And in solar energy if you need to use to get a heat source of only 40ºC to 50ºC, they think it can be feasible. So in principle you can use this approach if you will have solar energy.


So there are other let's say technologies. For example, I know that in Cypress now they are testing multi-effect distillation not forward osmosis. Multi-effect distillation is one of these technologies in the middle for use and operation of thermal energy and what they are using there, they have a lot of these panels and then they focus all the _____ to some point and get this high source of energy and they are testing it. So in principle all these thermal desalination processes can use solar energy in this form. But I think forward osmosis will have the advantage because you need to have very low quality. All the other ones you need 80ºC to 90ºC which is more expensive.

Q:
Very good talk. I appreciate it. I'm also interested in the forward osmosis aspect, especially when you can get such higher water recoveries with it. Another need that exists in addition to desalinating water is just for many water supply treatments, just removing part of the ions like the hardness ions in water, the calcium and magnesium. And we do that now, we've done it for many years with ion exchange. But the Achilles heel of ion exchange is that it has a salt discharge, which when it goes to the wastewater makes the wastewater harder to reuse. So we would love to have a way to soften water for boilers and just home use without having that salt discharge but yet have it be robust and effective and really take the hardness right out of the water completely. And maybe membranes are the way to do that but the reason reverse osmosis doesn’t work is because one, the energy; but two the fact that in order to get 100 gallons you've got to treat 200 gallons and so there's 100 gallons of discharge for every 100 gallons of product water. So I wonder if forward osmosis would be something that may be to look forward for that kind of an application, too, just taking the divalent and polyvalent cat(?) ions out of water rather than totally desalinating it.
Meny:
I would say forward osmosis is the way to operate because to use draw solution you must have a very, very tight and semi-permeable membrane. So it must be at least as good in terms of blocking the salt as reverse osmosis. So it will not be able to use for this kind of application if you talk about selective suppression ______ selective suppression there is a lot of research now being done to have this nano suppression membrane can let selectively only certain ions the tube only(?) to go and the other ones to not go. So I will say it will not solve this aspect of selective separation and let only a few salts to be removed and some going through but it can achieve very high recovery which may solve this problem. 

For example, one way to overcome it, maybe you can treat part of the water by forward osmosis and part by nano filtration and then blend it in so you can get water which still has some salt. But I would say for this unique application it has the same limitation as reverse osmosis.

Q:
I've heard, too, that part of the solute that can be used for the driving force of reverse osmosis may be organic solutes in some cases. 
Meny:
For the forward osmosis?
Q:
For forward osmosis the solute that is used to pull the water off of the high TDS(?) water could be an organic solute.
Meny:
In principle any solution that you can create higher osmotic pressure, much higher than the water that you treat will let water go through and then the question is what's the energy that you need to separate these draw solutions from the freshwater. So a lot of people are trying now to get up with some idea of draw solutes. I talk about two classes. One of them, the inorganic salts will be just for this wastewater treatment scheme but you need reverse osmosis to recycle it. 

If you want to have seawater desalination the idea in our case in ______ is you need to have something that is easily removed with low energy and recyclable. So I think if you think about low energy, organic solutes are less change face like our draw solute you will need a lot of energy, electricity to separate it. I think there maybe some room and some chemists can think about it, some other combination of gases. But we thought about a lot of them and since we published our paper about ammonia and carbon dioxide in 2005 I don't think anyone came up with better draw solutes. But it's endless all the combinations that you could come up with.

Q:
Meny, are there any other federal entities other than the Navy and NSF that are interested in this research and are talking about putting money behind it that you're aware of?
Meny:
Unfortunately, NSF did not fund this forward osmosis. We have ______ membranes it may work with. But Office of Naval Research they have this special program to develop some very risky technologies and we are very fortunate. Before when we had the idea we could not get funding from other sources. So _____. Luckily there is a Yale(?) spinoff company that _____ will try to commercialize it. So it's out of my lab now. So hopefully they will develop incentives to commercialize it. ______. 
Male:
Thank you very much

END
