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FINAL WRITTEN REPORT 
 

With the advent of electric cars, the demand for Lithium is expected to surpass that which can be met from current 
supply channels. Therefore, new sources of Lithium must be found soon to meet this growing demand. Additionally, with the 
growing number of electric vehicles, there will be a large number of spent automobile batteries that will create an E-waste 
boom in the future. However, this work looks at solving both of these problems by recycling these batteries to prevent this E-
waste boom from happening and to create a new source to recover Lithium from using a green process. This process will be 
accomplished by using membrane cascades, as this technology is highly energy efficient.  

Membrane processes have been found to be an energy efficient technology that can be used to accomplish 
separations using greener methodologies. Specifically, diafiltration membrane cascades have been proposed because they 
have been shown to perform well in lab but have not yet been used much in industry outside of niche applications in the 
pharmaceutical and food and beverage industries. These membrane cascades are useful at recovering a high value product at 
high purity and could be applied to this problem of recycling Lithium Ion batteries, where the Cobalt and Lithium ions need to 
be separated. Typically, these ions are separated by using acid leaching and solvent extraction, where harsh solvents are 
typically used. This winter break, I am specifically looking at applying advanced process systems methodologies to this 
separation problem trying to gain insight into how membrane material properties effect the full-scale operation. This work also 
shows that separations that were once thought to be infeasible and inhibited by material’s properties are in fact able to be 
accomplished, once the entire system has been fully optimized.  

To fully optimize this system, this work successfully applies a superstructure model to these diafiltration membrane 
cascades. In contrast to simulation techniques, superstructure optimization explicitly manipulates configuration parameters 
such as all feed input locations, recycle strategies, split fractions, number of stages, and membrane area. Thus, this model 
exploits many more degrees of freedom to search for novel system configurations. An example superstructure model for a 
three-stage system is shown below in Figure 1.  

 
Figure 1. Superstructure Optimization Model where the red box represents the fresh feed into the system and the purple is the 

fresh dialysate into the stream. These streams are then split into flow streams into each finite element across the cascade. Cobalt product 
may be drawn from any stage whereas all the lithium product leaves from Stage N.  

 
This Figure reveals how many different solutions this superstructure optimization model can consider as the flow can go to any 

finite element. Being able to consider such a wide solution set is what allows novel solutions to be found. This model was solved by first 
maximizing the amount of Cobalt recovered and then fixing this value. In a second optimization step, The amount of impurity in the Cobalt 
and Lithium product streams is minimized. This model was solved for 1-10 stages, and a sensitivity analysis was performed by varying the 
amount of Lithium recovered to create Pareto Curves for all of the optimal designs. Please see Figure 2 below which shows these pareto 
curves, and some sample designs for a three stage system.  



 
Figure 2. Pareto Curve for isotropic cascades with a selectivity ratio of 2.6 revealing trade-offs between recovery of Cobalt and 

Lithium and the number of stages used to design the cascade. Three sample designs for a three-stage system are shown on the right side 
side for (a) low lithium recovery, (b) medium lithium recovery, (c) and high lithium recovery. These designs are also compared with regards 
to their recoveries, membrane area, and stage cuts in the table above in the figure.   

 
These three sample designs in Figure 2 reveal how the stream input locations are a function of the amount of Lithium recovered. 

To look at a simpler example, if all of these optimal designs’ stream input locations are plotted for just a 2-stage system along the pareto 
curve, the following plot below in Figure 3 is produced. Each vertical line on Figure 3 corresponds to a single point on the pareto curve as 
the Lithium recovery is increased.  

 

 
Figure 3. Design Heuristics for a 2 stage system where the blue stream is the fresh dialysate (fd), the red stream is the fresh feed 

(ff), and the purple stream is the recycle (rd). This figure reveals how the feed input location is a strong function of the amount of Lithium 
recovered and walks across the cascade which can be explained by the changing concentration gradients. Zero on the y-axis marks the 

beginning of the first stage, and 10 marks the beginning of the second stage, as there are 10 elements per stage.   
 

 By analyzing these solutions, design heuristics were derived, which can help engineers design optimal cascades without 
needing to go through such a rigorous optimization process. There are four main heuristics that can be used for designing these diafiltration 
membrane cascades which have been listed below.  

1.) Dialysate always enters the beginning of the last stage, as shown by the constant blue line in Figure 3.  
2.) Products are pulled off of opposite stages to maximize use of membrane area.  
3.) Feed stream walks across cascade in set pattern shown above in Figure 3.  
4.) Input streams enter the cascade where the concentration is closest to its own value to minimize entropy mixing losses.  


