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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Capacitive deionization (CDI) is an energy-efficient process for desalination of brackish (low-salinity) waters, and will be able to meet the 
freshwater demands of agriculture, industry, and potable water. One of the key challenges in widespread adoption of CDI is mechanical reliability 
of the electrodes manufactured by additive manufacturing processes. Mechanical reliability of electrodes depends on the optimal chemical 
composition of activated carbon-based electrode material. Traditional materials used for CDI electrodes are known to have adverse environmental 
effects from solvents such as N-Methyl-2-pyrrolidone (NMP) and Dimethyl sulfoxide (DMSO), and fluorine containing binders such as 
polyvinylidene difluoride (PVDF). In this paper we present (1) electrodes based on ‘green chemistry’ with reduced environmental impact, (2) 
stable chemical composition of electrodes with required mechanical reliability. We present the alternative CDI electrode composition using 
activated carbon, toluene as solvent, and polyvinyl butyral (PVB) as binder. We also mixed ion-exchange resins to produce composite electrode 
materials with toluene and PVB, which showed similar salt removal characteristics as composite electrodes with PVDF and NMP. Thus, the new 
electrode composition is a viable alternative for sustainable additive manufacturing of CDI electrodes with mechanical reliability and reduced 
environmental impact.  
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1. Introduction 

Climate change and population growth will lead to severe 
freshwater shortages globally [1, 2]. The issue 
disproportionately affects populations in lower-income 
countries, with the poorest among them being worst affected. 
Hence, there is a critical need to design and develop affordable 
solutions that generate new freshwater supplies from currently 
unused water sources. One such widely dispersed, potentially 
new source of water is low salinity brackish water. Brackish 
water is considerably lower in salinity than seawater and is 
found in vast amounts around the world [3]. Hence treatment 
of brackish water can provide a new source of freshwater to 
address the growing water demands [4]. Capacitive 
deionization (CDI) has emerged as the energy and cost-

efficient technology for desalination of brackish water with low 
or moderate salt content. CDI consists of two steps: (1) Ion 
electrosorption or charging, which immobilizes ions in porous 
electrodes and results in deionized water (2) Ion desorption, 
where ions are released into a saturated brine solution, and 
electrodes are regenerated. Figure 1 shows a schematic of the 
standard CDI process.  

 
From the classical work in CDI which started years ago in 

the 1960s [5], CDI methods have evolved, to include ion-
exchange thin membrane barriers in front of the electrodes to 
reduce the unwanted co-ion adsorption. Substantial research 
has been done on membrane-CDI, such as prior work by 
Andelman et al.[6] and Biesheuvel et al. [7]. Membrane CDI or 
m-CDI system also increased salt removal efficiencies from 
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32.8-55.9% (CDI) to 83.9-91.3% (m-CDI)  [8] [9-18] [10] [19-
21]. However, membranes increase the cost and hence the 
affordability of the CDI process. In this paper, we restrict 
ourselves to non-membrane configurations of CDI, and 
introduce a new composite electrode material with ion-
exchange resins mixed with activated carbon. 

 
With the increase in demand for freshwater throughout the 

world, the demand for energy has also increased because of 
energy intensive water treatment processes such reverse 
osmosis, thermal methods such as multi-stage flash (MSF), 
Multi Effect Distillation (MED), and electrodialysis (ED) [22]. 
In comparison, capacitive deionization (CDI) has been 
regarded as a potential alternative method with reduced energy 
demands for low-salinity brackish water desalination [3, 23, 
24]. Figure 2 shows the graph of reduced energy consumption 
in CDI versus reverse osmosis, with significant reduced energy 
consumption at low salinity brackish waters (1000 to 10,000 
ppm of salt in water) which is widely available [3, 23]. Thus, 
CDI has the potential as a future technology in the Water-
Energy nexus for highly energy efficient and affordable 
brackish water desalination [3, 24].  

 
One of the key challenges in realizing CDI as a technology 

at scale is the mechanical reliability of the carbon electrodes 
made for CDI using additive manufacturing processes. These 
electrodes are made of activated carbon, mixed with a binder 
and solvent and then additively manufactured on current 
collectors (metal plates). The electrodes are further heat-treated 
over certain time to allow the binder and solvent polymerize 
with the carbon, and then remove the excess solvent through 
evaporation. First, these electrodes often lack mechanical 
reliability, with failure modes such as fracture and 
delamination/peeling from the backing substrate metal and 
swelling of the electrode while being used. Secondly, the 
materials used in the manufacturing of these carbon-based CDI 
electrodes are known to have adverse environmental effects, 
and is not sustainable for the future [4]. Hence, there is an 
urgent need of research on new electrode material 
compositions which manufacture electrodes with (1) 
mechanical reliability (2) reduced impact on the environment. 
Such innovations would lead to manufacturing sustainability 
for both the product sustainability by reduced mechanical 
failure of electrodes, and manufacturing process sustainability 
using less harmful chemicals. Additionally recent 
manufacturing research has aimed to incorporate principles of 
“green chemistry” for sustainability in manufacturing, taking 
into consideration the 4 E’s of green chemistry, which are 
Environment, Economics, Energy (consumption) and 
Engineering [4].  

 
The mechanical reliability of the electrode is determined by 

the durability of the carbon-based material throughout the 
manufacturing process and lifetime (casting, drying, and 
usage). The ratio and type of solvent, binder, and carbon are all 
factors which affect the reliability of the electrode.  Thus, our 
research is motivated by the need to manufacture CDI 
electrodes which are mechanically reliable and also reduce the 
environmental footprint, and provide affordable and energy-
efficient method of desalination of low-salinity brackish waters 
to meet the demands for freshwater in future.  

 
 

Figure 1. Schematic of the desalination and regeneration process by capacitive 
deionization. (a) Initial stage has salt water coming in between the electrodes 
which are similar to parallel plate capacitor. (b) During charging, 
electrosorption of the positively and negatively charged ions occur, leading to 
desalination and clean water as output, (c) During discharging, ions are 
released from the electrodes to regenerate the electrodes resulting in 
concentrated brine as output. 
 
CDI electrodes are generally made with activated carbon mixed 
with solvents such as N-Methyl-2-pyrrolidone (NMP) and 
Dimethyl sulfoxide (DMSO) and binders such as 
polyvinylidene difluoride (PVDF) such as those given by 
studies by Porada et al. [25, 26] and previous work by the 
authors [4, 27]. The manufacturing processes using these 
solvents and binder compositions are not environmentally 
friendly. First, we aimed to find solvents which have reduced 
impact on the environment, such as Ethanol and Toluene [4]. 
Second, we wanted to avoid fluorine containing binders such 
as polyvinylidene difluoride (PVDF) by using alternatives such 
as Polyvinyl Alcohol (PVA) and Polyvinyl Butyral (PVB). 
Based on some initial trial experiments, we finalized PVB as 
the possible alternative binder to PVDF. Prior research on 
heterogeneous ion-exchange membranes in electrodialysis has 
shown that polarity match of solvent and binder combination is 
critical for additive blending of the components [28-30]. We 
build on the knowledge of ion-exchange membranes in prior 
literature, and translated to activated carbon electrodes in CDI, 
and investigate ethanol and toluene as possible solvents which 
can combine with PVB as the binder for reliable electrodes. We 
hypothesized that using a compatible binder-solvent with 
matching polarity will produce adequate polymerization and 
strong bonds within the solvent-binder matrix along with the 
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activated carbon, resulting in CDI electrodes with mechanical 
reliability. Moreover, the chemicals in the new formulation are 
expected to have reduced environmental impact than the 
conventional formulation of CDI electrodes using NMP and 
PVDF as found in prior literature [4]. 
 

 
Figure 2. Energy consumption increases with salinity for both CDI and RO 

processes, however with low salinity brackish water (less than 1000 to 10,000 
ppm of salt), CDI has potential to be more energy efficient than RO [23]. 
 

After finding the optimal combination of solvent and 
binders with activated carbon for pure carbon electrodes, we 
incorporated commercially available ion-exchange resins 
(IERs) into the matrix to produce composite electrodes, to 
improve salt-capture. Mixing of ion-exchange resins promises 
of passive desalination without application of energy, and 
active regeneration by applying a small voltage, called 
Electrically Regenerated Ion-Exchange or ERI (patent filed in 
2017, Gadgil et. al) and is expected to produce more energy 
efficient desalination process. Finally, we compare the 
desalination performance of the carbon-resin composite 
electrodes with the new and conventional solvent-binder 
combination. We run the capacitive deionization cell with 
applied voltage 1.2 V and regeneration at 0 V. Researchers 
have used a range of voltages which affect salt absorption 
capacity, but high voltages may also cause water splitting or 
faradaic reactions [13, 25, 26, 31]. To quantify the desalination 
performance, we compare the metrics of salt absorption 
capacity (SAC) of these electrodes for different electrode 
formulations. Salt absorption capacity (SAC) of the electrodes 
is defined as amount of salt in milligrams captured per unit 
grams of the electrode material.  
 

In this paper, we present the results of additive 
manufacturing of an optimized activated carbon-binder-solvent 
composition of the electrode (carbon-toluene-PVB) which 
produces similar salt absorption capacity as traditional 
electrodes (carbon-NMP-PVDF), but alternative chemicals 
reduce environmental impact following green chemistry. In the 
following sections, we describe the experimental methods, 
present the results of electrode material characterization and 
desalination tests, and discuss the implications of our findings 
for additive manufacturing of CDI electrodes. 

2. Experimental Methods 

CDI electrodes are made with activated carbon, a binder, 

and a solvent mixture applied to substrate (current collector) 
metal plate by additive manufacturing. As the first step, the 
binder-solvent solution was made by using binder (PVB or 
PVDF) with the solvent (Ethanol, Toluene, NMP) in 1:10 
weight by volume ratio. As an example, we used 0.4 gm PVB 
with 4 ml of the solvent Toluene. Next, the glass beaker 
containing the binder-solvent mixture was put on a stir plate 
with a magnetic stirrer for a minimum of 2 hours to ensure a 
homogenous mixture. We took care to have uniform non-
turbulent mixing by adjusting the magnetic stirrer intensity. 
Next, activated carbon is slowly mixed with the solvent-binder 
solution. This mixture is allowed to mix uniformly by stirring 
for 1 more hour on the stir plate. The mixing time for the carbon 
slurry was set as 1 hour to ensure the polymerization of the 
binder-solvent among the activated carbon particles. To note, 
this mixing procedure was followed for the pure-carbon 
electrodes.  

 
For the composite carbon electrodes with ion-exchange 

resins, the results were best-achieved by mixing the solid 
binder and milled ion-exchange resins in dry conditions, before 
wetting in the solvent. The ion-exchange resins were milled in 
a ball-milling machine for 15 minutes total with three steps of 
5 minutes milling time in each step. This method of intermittent 
milling was done to avoid the polymer ion-exchange resins 
from melting, which we observed in case of continuously 
milling for longer time such as 15 minutes. Figure 3 shows the 
progression of the size of the milled resins along with milling 
time, larger sized particles were along the wall of the container. 
To note, there are two types of ion-exchange resins, Cation Ion-
Exchange Exchange (CER) and Anion Ion-Exchange Resin 
(AER) for the cathode and anode respectively. After mixing the 
powders uniformly in solid state, they are dissolved and stirred 
in the solvent for a minimum of 2 hours as mentioned for the 
pure-carbon case. After uniformly mixing, carbon was added 
to the solvent-binder-resin mixture, and stirred for 1 more hour 
on the stir plate. The next step of casting the electrodes is done 
only after all the components are mixed uniformly.  
 

 
 

Figure 3. Progression of the ion-exchange resins size along with milling time 
from 0 minute to 15 minutes, in 5 minute intervals of ball milling.  

 
The general mixture of the activated carbon weight to binder 
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weight is 9:1 (gm:gm) by weight ratio, and total weight of 
activated carbon and binder to volume of solvent is 1:3 
(gm:mL). This mixture is coated on titanium current collector 
plates at a height of 150 micrometers.  We use a manual doctor 
blade (Tester Sangyo CO., LTD, Japan) to ensure precise 
control over the height of the electrode. The doctor blade 
allows precise control of the height using a micrometer screw 
gauge as shown in figure 4a. The mixture of activated carbon 
is supplied to the top of the substrate metal (Titanium current 
collector) at regular intervals while the doctor blade moves 
over the plate to spread the mixture. The doctor blade is moved 
perpendicular to the sharp edge. In Figure 4a, the blade is 
moved from bottom of the image towards the top, as shown by 
the blue arrow, completing the casting of the carbon slurry on 
the metal. After the electrodes are additively manufactured by 
the doctor blade, they are dried in the heating oven at 80 ℃ for 
2 hours to evaporate the solvent. After the solvent is completely 
dried, the electrode is cut to size of the active area (Figure 4b). 
By this method of additive manufacturing, a layered electrode 
structure can be made for membrane-based CDI electrodes. 

 
The activated carbon used in this study is YP-50F, and the 

polyvinyl butyral (PVB) is Mowital-60HH, both obtained from 
Kuraray Chemicals. Ethanol was obtained from Sigma Aldrich 
and Toluene from Honeywell company. The other reagents 
such as PVDF and NMP used to make CDI electrodes with 
conventional composition, and sodium chloride (NaCl) used 
for the desalination experiments were obtained from Sigma 
Aldrich. We used commercially available ion exchange resins 
- AER (Amberlite® IR-402, Cl-form, strong base, gel-type) 
was obtained from Fluka, and the CER (Amberlite® IR 
120(Na), strong acid, gel-type) was obtained from Alfa Aesar.  

 
We first found out the effect of the solvent mixture with 

binder in manufacturing electrodes with higher mechanical 
reliability. Hence, we used the PVB binder with 3 solvent 
combinations: (1) ethanol, (2) ethanol and toluene (50% each) 
(3) toluene. The results of the electrode manufacturing are 
discussed in the next section. Based on these experiments, we 
found that the electrodes with toluene provided more 
mechanical reliability after the drying and evaporation of the 
solvent, compared to ethanol for the same PVB binder. Hence, 
we used toluene with PVB and activated carbon for the next 
experiments. We wanted to measure the performance of CDI 
electrodes made with the new formulation versus electrodes 
made using conventional formulation (NMP solvent with 
PVDF binder). Thus, we made a design of experiments to 
compare 4 electrode materials: (1) Activated carbon with PVB-
Toluene, (2) Activated carbon with PVDF- NMP, (3) 25% resin 
mixed with activated carbon with PVB-Toluene, (4) 25% resin 
mixed with activated carbon with PVDF-NMP. 

 
We performed desalination experiments with capacitive 

deionization for each electrode with desalination cycle of 20 
minutes at 1.2 V voltage, and regeneration cycle of 20 minutes 
at 0 V voltage, with 3 repeated cycles. The flow rate was set as 
9 mL/min for all experiments. We used a Gamry potentiostat 
(Interface 1000) for running the experiments. We used inlet 
water with a salt concentration of 250 ppm of the sodium 
chloride (NaCl). The NaCl solution was made by mixing 1 gm 
of NaCl in 4 liters of distilled water (DI). The DI water was 
obtained in the lab with Milli-Q system.  

 

 

 

 

Figure 4. (a) Doctor blade used to make the electrodes with micrometer screw 
gauge on the top to control precisely the gap between the substrate metal and 

top of the blade, for the 150 micrometers thickness of the electrode; (b) 
Finished electrodes after doctor blading. (c) The capacitive deionization 

(CDI) cell (d) The schematic of the CDI setup  

(a) 

(c) 

(b) 

(d) 
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We used the salt adsorption capacity (SAC) to compare the 
performance of the electrodes in capacitive deionization 
process. SAC (mg/g) is defined as:  

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑀𝑀
𝑚𝑚 ∫  

𝑡𝑡

0
𝑄𝑄(𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡)𝑑𝑑𝑑𝑑 

where M is the molecular weight of the salt (g/mol), m is the 
total mass of electrodes, t is the charging time, Q is the 
volumetric flow rate through the CDI cell, 𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡 are 
the feed salt concentration and effluent salt concentration, 
respectively.  

3. Results and Discussion 

3. 1 Toluene as effective solvent for PVB binder and pure 
activated carbon  

We found that the electrodes made with toluene as the 
solvent and PVB as the binder showed higher mechanical 
reliability compared to ethanol as the solvent and PVB as the 
binder. The electrodes using only ethanol as solvent cracked 
within few minutes of the manufacturing process during drying 
(solvent evaporation). The electrodes using 50:50 mix of 
ethanol and toluene also cracked on the edges, though the 
fracturing was less intense. However, the electrode with only 
toluene as solvent did not fracture at all. Hence, we found 
toluene as the compatible solvent with PVB binder and 
activated carbon, for manufacturing of CDI electrodes with 
mechanical reliability and avoiding NMP solvent and PVDF 
binder composition. Table 1 summarizes our findings about the 
solvent-binder compatibility.  

We explain our observations from prior literature which 
found that solvent-binder compatibility is critical for stability 
of mixtures [30]. The solvent binder compatibility is important 
for developing the polymerization framework of the binder. 
From our experimental observations, we hypothesize that 
toluene and polyvinyl butyral (PVB) form more strong bonds 
and polymerization, compared to ethanol and PVB. The 
polymerization of PVB also depends on the polarity of the 
solvent, for which toluene is favorable compared to ethanol 
[28-30]. The rate of evaporation of toluene versus ethanol 
influences the stress produced on the electrodes during drying 
which cause fracture and peeling off. The hydrophilic and 
hydrophobic nature of the solvent is expected to also affect the 
interaction between the solvent and other components in the 
mixture [30]. Ethanol is hydrophilic and toluene is 
hydrophobic, which affects how the solvent interacts with the 
binder and forms the network. Based on the results of these 
experiments, we conducted our next experiments using the 
combination of toluene as the solvent and PVB as the binder.  

 
Table 1. Comparison of mechanical reliability of electrodes 
using pure activated carbon with PVB binder and different 
solvent compositions  

Solvent  100 % 
Ethanol 

50:50 mix of 
Ethanol and 
Toluene 

100% 
Toluene 

Result cracks 
immediately 
after drying 

cracks within 
3-5 minutes 
after drying 

stable 
electrode 

3. 2 Surface and subsurface characterization of the 
electrodes 

The CDI process of electrosorption and regeneration 
depends on the surface and bulk characteristics of the carbon-
based electrodes. We used high resolution scanning electron 
microscopy (SEM) and Energy-dispersive X-ray spectroscopy 
(EDX) to characterize the top surface and subsurface (cross-
section) of electrodes. First, we investigate the microstructure 
of the electrodes manufactured using the new composition with 
activated carbon mixed with toluene and PVB, and compare to 
the traditional CDI electrode composition of activated carbon 
with NMP and PVDF.  

 
 The micro-structure of the electrodes made with the new 

composition of activated carbon with toluene and PVB was 
similar to the traditional composition of activated carbon with 
NMP and PVDF. Figure 5 below compares the surface 
morphology of the electrodes with representative SEM images 
at a range of magnifications (10,000X, 5000X, 2000X). We 
found no significant differences in surface morphology 
between the two electrode compositions. Multiple locations 
were examined to confirm our results. To note, we could not 
analyze the results of ethanol-PVB electrodes since that 
composition did not produce a stable electrode without 
fracture.  

 
Figure 5. SEM of the pure carbon-PVB-Toluene electrode (top row) and pure 
carbon-PVDF-NMP electrode (bottom row) showing similar surface 
morphology at a range of magnifications from high (10,000X), middle 
(5000X) and low (2000X).  

 
 
For the carbon-resin composite electrodes, we took the EDX 

of the surface to find the spatial distribution of the milled resin 
particles. Figure 6 shows the SEM and corresponding EDX of 
the cation exchange resin (CER) composite electrode with PVB 
and Toluene. The CER has the sulfonic group which attracts 
the sodium (Na+) ions. Hence, the EDX elemental map scan 
shows sulfur (S) from sulfonic functional group marked by 
yellow, co-located with sodium (Na+) marked by red (see 
Figure 6). Figure 7 shows the anion-exchange resin electrode 
(AER) with PVB-Toluene composition. AER has the 
ammonium group which attracts the chloride (Cl-) ion. Hence, 
the EDX elemental map scan shows that nitrogen marked by 
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purple from the ammonium functional group co-located with 
chloride (Cl-) ion marked by blue (See Figure 7).  

 
For the cross-section characterization, we show 

representative images for the distribution of the ion-exchange 
resins in the carbon-resin composite electrodes, which are 
expected to influence the ion-absorption characteristics. Figure 
8 shows the cross-section SEM and EDX results of the CER 
with PVB-toluene and with PVDF-NMP combinations for the 
electrode material. We found that the ion exchange resins were 
more uniformly distributed in case of the PVB-toluene 
electrode compared to PVDF-NMP (comparing composite 
electrode with CER as representative results). More research is 
needed to understand if such differences in distribution of the 
resins in composite electrodes can have significant effect on the 
ion absorption differences.  

 
 
 

 
 

 
Figure 6. SEM EDX of the carbon-resin composite with PVB-toluene 
containing the cation exchange resin (CER) shows sulfur (S) ions co-located 
with the sodium (Na) ions, since the sulfonic groups are the responsible for 
cation exchange. The magnification was chosen to have a representative area 
which shows the resin particles distinctly with the carbon composite. 
 
 
 

 
 

 
Figure 7. SEM EDX of the carbon-resin composite with PVB Toluene 
containing the anion exchange resin (AER) shows the ammonium group with 
Nitrogen (N) co-located with Chloride (Cl), which are shown by the EDX 
map scan. The magnification was chosen to have a representative area which 
shows the resin particles distinctly with the carbon composite material. 

 
 

 
 
Figure 8. Figure 7. Cross section EDX of the carbon-resin composite 
containing the cation exchange resin (CER) compares the electrode 
composition of PVB-Toluene and PVDF-NMP. The functional group is 
sulfonic and marked by yellow on the micrographs and EDX maps, carbon is 
marked by green. The distribution of the sulfonic groups shows some 
differences between the two electrode formulations.  
 
 
3.3 Desalination characteristics of the electrodes 

In this section, we present the results of desalination using 
the electrodes we made with carbon-resin composite material, 
mixed with anion exchange resin (AER) or cation exchange 
resin (CER). Desalination characteristics were measured by 
concentration of salts in the effluent of the CDI process. Since 
concentration is difficult to measure and monitor during the 
desalination process dynamically, conductivity is used as a 
proxy of the concentration of salts in the water. Conductivity is 
measured using sensors in the output stream of the capacitive 
deionization (CDI) cell, which is shown in Figure 4c and Figure 
4d. Conductivity decreases when salt is adsorbed on the 
electrodes during charging step, and increases when salt is 
discharged from the electrodes during regeneration or 
discharging step. The results of change in effluent 
concentration during the desalination step by resin-mixed 
carbon composite electrodes is shown in Figure 9.  

 
The normalized effluent concentration is plotted in Figure 9 

to compare the desalination performance of the two cases using 
ion-exchange resins (25% by weight) mixed with PVB as the 
binder and toluene as the solvent, and ion-exchange resins 
(25% by weight) mixed with PVDF as binder and NMP as 
solvent.  
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Figure 9. Effluent concentration normalized by the weight of the electrode, to 
compare the desalination characteristics of the electrodes –25% resin mixed 
carbon with PVB and toluene, and 25% resin mixed carbon with PVDF and 
NMP. 
 

We showed that the electrodes manufactured using the new 
composition of PVB as binder and toluene as solvent had the 
required mechanical reliability. Moreover, the new electrode 
formulation resulted in salt absorption capacity (SAC) similar 
to the electrodes produced by conventional composition of 
PVDF binder and NMP solvent. The SAC was calculated by 
numerically computing the area under the conductivity versus 
time curve (similar to the graph of concentration versus time 
curve in Figure 9) in the charging or desalination step. The 
results of salt capture came comparable to the 1-3 mg/g range 
of values found in CDI by other researchers and reported in 
literature [25, 26]. The SAC values for the resin mixed with 
PVB-toluene and resin mixed with PVDF-NMP is summarized 
in Figure 10. We hypothesize that the variation in the salt 
absorption capacity between these two cases are caused by the 
differences in distribution of the resins in composite electrodes. 

 
Figure 10. Salt absorption capacity calculated for the two electrodes- 25% 
resin mixed carbon with PVB and toluene, and 25% resin mixed carbon with 
PVDF and NMP. 
 

The results from this study will be applicable for future 
development of stable and reliable electrodes for CDI, using 
chemicals which have reduced adverse effects on the 
environment.  

4. Conclusions 

To address the challenges in additive manufacturing of 
electrodes for capacitive deionization (CDI), we had two aims 
for manufactured electrodes: (1) using materials with reduced 
adverse effects on the environment (2) having the mechanical 
strength and reliability to prevent failure (fracture). We found 
that a new electrode composition with toluene as the solvent 
and polyvinyl butyral (PVB) as the binder mixed with activated 
carbon addressed these challenges. The electrodes 
manufactured using toluene and PVB with activated carbon 
was mechanically reliable, and uses chemicals with reduced 
adverse effects on the environment, based on the principles of 
green chemistry, compared to NMP and PVDF. We also used 
ion-exchange resins mixed with activated carbon, to produce 
composite electrode materials. The ion-exchange resins 
composite electrode with toluene as solvent and PVB as binder 
showed salt absorption capacity similar to the ion-exchange 
resins composite electrode with NMP as the solvent and PVDF 
as the binder. Hence, toluene-PVB resin composite electrodes 
could be a viable option for sustainable additive manufacturing 
of CDI electrodes with required mechanical reliability. 
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