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ABSTRACT 

A process for the capacitive deionization of water with a stack of carbon aerogel electrodes 
has been developed by Lawrence Livermore National Laboratory. Unlike ion exchange, one of 
the more conventional deionization processes, no chemicals are required for regeneration of 
the system. Electricity is used instead. Water with various anions and cations is pumped 
through the electrochemical cell. M e r  polarkation, ions are electrostatically removed fiom 
the water and held in the electric double layers formed at the surfaces of electrodes. The water 
leaving the cell is purified, as desired. The effects of cell voltage on the electrosorption 
capacities for Na2SO4, Na3PO4, and NaZCO3 have been investigated and are reported here. 
Results for NaCl and NaN03 have been reported previously. 

I. INTRODUCTION 

A process for the capacitive deionization (CDI) of water with a stack of carbon aerogel 
electrodes has been developed by Lawrence Livermore National Laboratory. Aqueous 
solutions of NaZSO4, Na3POh or Na2CO3 are passed through a stack of carbon aerogel 
electrodes, each having an exceptionally high specific surface areas (400-1000 m2/gm). After 
polarization, non-reducible and non-oxidizable ions are removed fiom the electrolyte by the 
imposed electric field and held in electric double layers formed at the surfaces of electrodes. 
As desired, the effluent fiom the cell is purified water. This process is also capable of 
simultaneously removing a variety of other impurities. For example, dissolved heavy metals 
and suspended colloids can be removed by electrodeposition and electrophoresis, respectively. 
CDI has several potential advantages over other more conventional technologies. Unlike ion 
exchange, no acids, bases; or salt solutions are required for regeneration of the system. 
Regeneration is accomplished by electrically discharging the cell. Therefore, no secondary 
waste is generated. In contrast to thermal processes such as evaporation, CDI is more energy 
efficient. Since no membranes or high pressure pumps are required, CDI may offer operational 
advantages over electrodialysis and reverse osmosis 60). 

2. BACKGROUND 

Several publications and patents have appeared that discuss the use of porous electrodes for 
the recovery of heavy metals fiom aqueous solutions [l-81. In these cases, metallic ions are 
electrodeposited on the Surfaces of cathodes with relatively low specific surface areas. Since 
deposits can be several atomic layers thick, high specific surface areas are not required. 
Reticulated vitreous carbon (RVC) foam has been found to be adequate for such applications. 

The first studies published on capacitive deionization appeared around 1966. Caudle et al. 
used porous flow-through electrodes made of activated carbon powder to desalinate water 
[9,10]. Johnson et al. conducted similar studies of reversible electrosorption, or capacitive 



deionization, and published their work in 1970 [ 1 1-13]. Their experimental program included 
verification of the theoretical basis for the process, parametric studies, and evaluation of a 
variety of candidate electrode materials. Johnson’s work prompted Newman to develop a 
comprehensive theoretical model for the capacitive charging of porous carbon electrodes [14]. 
Unfortunately, CDI was eventually abandoned by Johnson due to various problems, including 
the failure to demonstrate degradation-fiee electrode performance. However, preliminary cost 
studies did indicate that an efficient, low-cost d e d i t i o n  plant based upon this technology 
could be built if adequate durability of the electrodes could be achieved. Since this work was 
conducted decades before the invention of carbon aerogel electrodes, such materials were not 
included in the study. Several years later, work on CDI was done in Israel and published in 
1983 115-171. They used a CDI system similar to that described by Johnson et al. for the 
removal of NaCl fi-om water. A column was built fiom two separated beds of activated 
carbon, one serving as the anode and the other serving as the cathode. Concentration ratios as 
high as 1/100 were attained between the top and the bottom of the column. They also 
developed a theoretical model to predict process performance. 

Previous CDI systems used flow-through beds of activated carbon as electrodes. The beds 
were separated by appropriate membrane separators. Raw water was flown along the axial 
direction of the carbon beds. Several important practical problems are inherent in such cells. 
First and foremost, axial flow through such packed beds can result in significant pressure drop. 
Activated carbon appropriate for use in a flow-through packed bed has a relatively low specific 
surface area. Since the carbon powder cannot be immobiliied, beds must be physically 
separated by porous membranes. Even so, carbon particles and fines, smaller particles 
generated by erosion of the primary particles, can become entrained in the flow, thereby 
depleting the bed. Since these carbon electrodes are quite thick, a large potential drop also 
develops, thereby lowering process efficiency. Even though adjacent carbon particles may 
touch, intimate electrical contact may not exist. Consequently, a significant electrical 
resistance may develop. 

Numerous supercapacitors based on various porous carbon electrodes, including carbon 
aerogel electrodes, have been developed for energy storage applications [ 18-23]. However, 
none of these devices were designed to permit electrolyte flow and most required membranes 
to physically separate the electrodes. A double-layer capacitor with a porous activated carbon 
electrode was developed by Nippon Electric Company of Japan [18]. An electrically 
conductive layer of activated carbon powder dispersed in butyl rubber, butadiene rubber, 
polyisoprene, or their copolymers and derivatives was coated onto one side of a current 
collector. High performance electrodes for double-layer capacitors based on activated carbon 
fibers were developed by Matsushita Electric Industrial Company [ 191. NEC Corporation also 
developed activated carbon-carbon composite electrodes for a double-layer capacitor [ZO]. 
Apparantly, the first electrodes made of carbonized foamed phenol resin for application in 
energy storage capacitors were developed by Mitsui Petrochem 1211. Subsequently, a wide 
variety of microcellular carbon foams for application in double-layer capacitors were prepared 
and evaluated by Sandia National Laboratory [22]. These materials were prepared by the 
controlled pyrolysis and carbonization of several polymers including polyacrylonitrile, 
polymethacrylonitrile, resorcinol-formaldehyde, divinylbenzene-methacrylonitrile, fifiryl- 
alcohol, and cellulose polymers such as Rayon. The porosities of these microcellular carbon 
foams were established by a variety of techniques including gelation, phase separation, 
emulsion, aerogel-xerogel formation, and replication. An electrolytic double-layer capacitor 
for energy storage based carbon aerogel, a type of carbon foam, was also developed by 
Lawrence Livermore National Laboratory [23]. The carbon aerogel electrodes used in this 
device had very high specific surface areas, ranging fiom 100 to 700 m2/cm3 and relatively low 
corresponding bulk densities, ranging fiom 0.3 to 1.0 g/cm3. These characteristics made it 



possible to construct a device with a very high energy density. The electrical continuity of the 
material permits stored energy to be released rapidly, resulting in a relatively high power 
density (-7.5 kW/kg). Other composites of activated carbon powder and polymeric binders 
have also been developed for use as electrodes in electrochemical cells [24]. Even though 
these materials are made from activated carbon powders with very high specific surface areas 
(600 m2/gm), much of the surface is occluded by the binder. Consequently, they do not have 
specific surface areas as great as carbon aerogel. 

This paper discusses the capacitive deionization (CDI) of aqueous solutions with carbon 
aerogel electrodes. Some specific advantages of CDI with monolithic carbon aerogel 
electrodes include enhanced electrosorption capacity due to the accessibility of the immense 
specific surface area, as well as complete immobilization of the porous carbon matrix. Since 
the specific surface area of carbon aerogel is significantly greater than that of activated carbon 
powder appropriate for use in flow-through packed beds, a greater quantity of salt can be 
electrosorbed on carbon aerogel than on a comparable mass of activated carbon powder. 
Immobilization has made it possible to construct systems that do not require porous membrane 
separators. Unlike activated carbon powder, monolithic sheets of carbon aerogel are not 
entrained in the flowing fluid stream. The electrolyte flows in a channel between adjacent 
anodes and cathodes and does not experience the high pressure drop associated with flow 
through packed beds and porous media. Finally, less potential drop occurs in a thin sheet of 
carbon aerogel than in a relatively deep bed of activated carbon. Consequently, more ions can 
be electrosorbed on a unit of carbon aerogel surface area than on a comparable unit of 
activated carbon surface area. In deep packed beds of carbon, the potential can drop to levels 
where the electrosorption process is not very effective. 

There are several important potential applications for CDI with carbon aerogel electrodes. Ion 
exchange is now used as a means for removing anions and cations, including heavy metals and 
radioisotopes, fiom process and waste water in various industries. This process generates 
large volumes of corrosive secondary wastes that must be treated for disposal through 
regeneration processes. After ion exchange columns are saturated, resins must be regenerated 
by pumping relatively concentrated solutions of acids, bases, or salts through the columns. 
These solutions become contaminated with ions removed &om the resins and become part of a 
large inventory of secondary waste. Eventually, the resins also become part of the inventory of 
secondary waste. During plutonium processing, resins and solutions of HN03 become 
contaminated with ha2+ and other radioisotopes. In this case, every kilogram of cation 
exchange resin requires approximately 100 kilograms of 10 wt. % HN@ and 2 to 3 kilograms 
of rinse water for regeneration. Similarly, every kilogram of used anion exchange resin 
requires approximately 100 kilograms of 10 wt. % NaOH and 2 to 3 kilograms of rinse water 
for regeneration. Given the high and increasing cost of disposal of secondary wastes in mined 
geological repositories, there is tremendous and still unfulfilled need for reducing, and in 
certain applications, eliminating the volume of secondary wastes. 

CDI could also be used to remove inorganic ions fiom boiler water for fossil and nuclear 
power plants. A variety of dissolved inorganic ions have to be removed to prevent scaling of 
heat exchanger surfaces and to prevent failure due to pitting and stress corrosion cracking. It 
might be possible to use CDI to remove radioactive ions from the contaminated waste water of 
nuclear power plants before discharge. Deionizers based on columns of zeolite, silica gel, and 
ion exchange resins were evaluated for the removal 13’Cs, %Sr, and ‘%b fiom contaminated 
water at the Three Mile T U  Nuclear Power Station Unit No. 2 [25]. As previously 
discussed, ion exchange cohmns require chemical regeneration and thereby produce large 
volumes of radioactive secondary waste. Eventually, the contaminated columns also become 
waste. Since CDI uses electrical regeneration, it may be ideal for such applications. 



3. EXPERIMENTAL 

Conceptually, the CDI process is very simple. M e r  application of a voltage between two 
adjacent carbon aerogel electrodes, cations and anions are drawn towards the cathode and 
anode, respectively. These ions are held in the electric double layers formed at the extensive 
surface of the carbon aerogel electrodes until the voltage is reduced. Double-sided electrodes 
are made by gluing two sheets of a carbon aerogel composite (CAC) to both sides of a 
titanium plate that serves as both a current collector and a structural support for the CAC. 
Conductive silver epoxy is used for gluing. CAC has an exceptionally high specific Surface 
area of 600-800 m2/gm. Each sheet of CAC is 6.86 cm x 6.86 cm x 0.0127 cm and has a total 
active surface of approximately 2.8~10~ cm2. Two orifices are located along one side of the 
carbon aerogel electrode and admit water to the electrode gap. A pattern of holes are located 
around the perimeter of the titanium plate and accommodate 12 threaded rods that hold the 
cell stack together. A lower stainless steel header with a rubber gasket and 12 threaded rods; 
an array of electrodes, gaskets, and spacers; and an upper stainless steel header are assembled 
into a stack. Even electrodes serve as cathodes while odd electrodes serve as anodes. The 
electrodes and headers are aligned by the threaded rods. An electrode separation of 0.05 cm is 
maintained by cylindrical nylon spacers concentric with the threaded rods and a rubber 
compression seal. Since the orifices in each electrode alternate fiom one side of the stack to 
the other, the flow path through the stack is serpentine. A stack of 192 pairs of carbon aerogel 
electrodes have a total active cathodic (or anodic) surface area of approximately 1.1~10~ cm2. 
Flow through the stack is generated by a programmable, magnetically-coupled, screw pump 
with a 304 stainless steel head. The pressure drop across a stack of 48 electrode pairs is only 5 
psi at 1.7 L/min, whereas the drop across a stack of 192 electrode pairs is less than 14 psi at 
1.5 Wmin. All lines are made of Teflon and have a nominal diameter of 1/4 inch. The cells are 
polarized by programmable power supplies that have a voltage range of 0 to 12 V or a current 
range of 0 to 60 A Sensors are placed on the inlet and outlet lines of the electrode stack, 
Electrical conductivity, pH, individual ion concentrations, and temperature are continuously 
monitored. A computerized data acquisition system logs important operating parameters such 
as voltage, current, conductivity, pH, and temperature. Data acquisition system is based on an 
Intel 486DX-33 microprocessor, a National Instruments 8-channel A/D converter, and 
LabTech Notebook data acquisition software for Microsoft Windows. 

As previously discussed, electrodes are made fiom thin sheets of CAC glued to titanium plates 
with conductive epoxy. Carbon aerogels were developed at Lawrence Livermore National 
Laboratory 126,271. The preparation of resorcinol-formaldehyde (RF) aerogels and their 
carbonized derivatives has been described previously [28-301. For this study, carbon aerogel 
composite (CAC) electrodes were formed by infiltrating a 70% wlv RF solution into a porous 
carbon paper (Lyndall Technical Papers, Rochester, NH). The RF/carbon paper was cured 
between glass plates in a closed vessel to prevent evaproation. Next, the RF/carbon paper was 
exchanged into acetone which was subsequently evaporated at room temperature. It should be 
noted that these electrodes were not supercritically dried, which is necessary for producing low 
density organic aerogels. Finally, the RF/carbon paper was pyrolyzed at 1050°C in a nitrogen 
atmosphere to give thin film electrodes (-125 mm thick) having bulk densities of -0.6 g/cm3. 
A thin film of graphite-filled epoxy (3: 1:3 Epon 828: HY955: graphite) was then applied to the 
titanium current collectors, and the electrodes were lightly pressed into place. The epoxy was 
fiuther cured for 24 hours at 85°C. This fabrication process results in unique open-cell carbon 
foams that have high porosities, high specific surface areas (400-1000 m2/g), ultrafine cell and 
pore sizes (I 50 nm), and a solid matrix composed of interconnected colloidal-like particles or 
fibrous chains with characteristic diameters of 10 nm. 



Initial parametric studies were perfomed with solutions of Na2S04, Na904, or Na2CO3 in 
water. Results for NaCl and kNaNO3 have been reported previously [31-321. Cell voltages 
were 0.0, 0.6, 0.7, 0.8, 1.0, and 1.2 V. Batch-mode experiments were done by continuously 
recycling 4.0 L of electrolyte at a flow rate of 1.0 Umin. Single-pass experiments were done 
by pumping 20 L of electrolyte through the electrode stack at flow rate of 25-27 d m i n  and 
involved no recycle. The solution conductivity was 100 pmho/cm in all cases reported here. 

4. Results 

Overall, tests demonstrated that CDI with carbon aerogel can Na2SOh Na3PO4, and Na2C03 
fiom water. Deionization was accomplished during charging, while regeneration was 
accomplished during discharge. The concentration and conductivity of each solution was 
cycled up and down numerous times by charging and discharging the stack. The ability of the 
CAC electrodes to remove ions from water, e.g., the electrosorption capacity, had a strong 
dependence on cell voltage. The best results were achieved at 1.2 V, with relatively poor 
performance below 0.6 V. Breakthrough was observed during single-pass experiments 
without recycle. 

Sodium Sulfate Solutions Batch-mode experiments with complete recycle were conducted 
with a solution of Na2S04 in water that had an initial conductivity slightly greater than 100 
pho/cm (approximately 100 ppm). The electrochemical cell was constructed fiom 192 pairs 
of aged carbon aerogel electrodes, electrodes that had been cycled several months with NaCl 
and NaNO3 solutions. The volume of electrolyte was 4.0 L and the flow rate through the stack 
of electrodes was 1 .O L/min. Transients in solution conductivity during batch-mode 
experiments with Na2S04 at four different applied voltages, 0.6,0.8, 1 .O, and 1.2 V are shown 
inFig. 1. 
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Fig. 1. Batch mode experiment with sodium sulfate at 0.6-1.2 V. 

As expected, cations and anions were held in the electric double layers formed at the extensive 
surfaces of the carbon aerogel cathodes and anodes during charging and released back into the 
electrolyte during discharge. Consequently, the salt concentration dropped during charging 
and increased during discharge. The greater the cell voltage, the greater the extent of 
deionization. Reductions in solution conductivity were 0, 27,44, and 65% at 0.6, 0.8, 1.0, and 
1.2 V, respectively. The process was reasonably effective at 1.2 V, with relatively poor 
performance at lower voltages. Electrosorption capacity decreased as the cell voltage was 





complicated breakthrough curves are not observed with monovalent salts such as NaCl and 
NaNO3 [31-321. Once again the apparant drop in inlet conductivity is an artifact, possibly due 
to trapped air in the inlet conductivity sensor near the end of the experiment. Some 
irreversibility was abserved in the electrosorption of phosphate on the CAC electrodes. 
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Fig. 3. Single-pass experiment with sodium phosphate at 1.2 V. 

Sodium Carbonate Solutions Batch-mode experiments with complete recycle were 
conducted with a solution of Na2CO3 in water that had an initial conductivity slightly greater 
than 100 pmho/cm (approximately 100 ppm). The electrochemical cell, the volume of 
electrolyte, and the flow rate were identical to those described for the NaZSO4 experiment, 
except for the electrical-rejuvenation of the electrodes. Transients in solution conductivity 
during batch-mode experiments with Na2C03 at four different applied voltages, 0.6, 0.8, 1.0, 
and 1.2 V are shown in Fig. 4. As expected, cations and anions were held in the electric 
double layers formed at the extensive surfaces of the carbon aerogel cathodes and anodes 
during charging and released back into the electrolyte during discharge. Consequently, the salt 
concentration dropped during charging and increased during discharge. The greater the cell 
voltage, the greater the extent of deionization. Reductions in solution conductivity were 63, 
80, 89, and 96% at 0.6, 0.8, 1.0, and 1.2 V, respectively. The process was very effective at 
1.2 V, with relatively poor performance at 0.6 V. Electrosorption capacity decreased as the 
cell voltage was lowered. A breakthrough curve fiom a single-pass experiment with 100 
mmho/cm Na2CO3 solution is shown in Fig. 5. The cell voltage was 1.2 V and the flow rate 
was 27 d m i n .  The outlet concentration, measured as conductivity, dropped to a very low 
level immediately after polarization of the carbon aerogel electrodes. Two increases in 
conductivity were observed, one beginning at approximately 180 minutes and another 
beginning at approximately 600 minutes. This may be due to the simultaneous elution of two 
carbonate species (HCOj and C033 in the electrode stack. The apparant drop in inlet 
conductivity is an artifact, possibly due to air in the conductivity sensor. 
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Fig. 4. Batch mode experiment with sodium carbonate at 0.6-1.2 V. 
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Fig. 5. Single-pass experiment with sodium carbonate at 1.2 V. 

Electrical Rejuvenation Electrical rejuvenation is discussed in another paper [35]. In 
general, electrosorption capacity (salt removal) decreases with cycle life. After months of 
operation with NaCl and NaNO3, the electrodes lost 6 8 %  of their capacity at 1.2 V. The 
effect was more pronounced at lower cell voltages. However, it appeared that most of the loss 
in capacity could be recovered by periodically reversing the electrode polarization 
(rejuvenation). These problems are reminiscent to those discussed by Johnson [12]. 
Additional aging studies should be performed to quantifj, electrode life more precisely. 

5. CONCLUSfONS 

The capacitive deionizatioa &QX) of aqueous solutions of Na2S04, Na3PO4, and Na2C03 with 
carbon aerogel electrodes has been demonstrated for the first time. Cell voltages ranging fiom 
0.6 to 1.2 V were investigated. As expected, the best performance (salt removal) was 
achieved at 1.2 V. Periodic voltage reversal was necessary to maintain high electrosorption 



capacity. In experiments with electrically-rejuvenated carbon aerogel electrodes, 96% of the 
Na2C@ was removed fiom a fixed volume of 100 pmho/cm electrolyte. Greater removal was 
achieved in single-pass experiments. Relatively complicated breakthrough curves were 
observed in single-pass experiments with both Na3PO4 and Na2C03. Such complexities were 
not observed in previous studies with monovalent anions and are attributed to the coexistence 
of several ionic species. I f N y  developed, carbon aerogel CDI might serve as an alternative 
to conventional ion exchange, thereby avoiding the generation of a large volume of secondary 
waste due to the chemical regeneration of ion exchange resins. The energy efficiency of the 
process may also make it desirable for some desalination applications. However, more detailed 
studies of electrode aging and fouling are essential, 
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