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The present work is dedicated to the preparation and characterization of carbon-based electrodes for the 
removal of phosphates and nitrate ions from wastewater by CDI method. Carbons obtained from the pyrolysis 
were used to prepare electrodes and these electrodes were characterized using a number of experimental 
techniques. Based on the experimental results, the electrodes showed a strong affinity towards the nitrates than 
phosphates. This was evident from the kinetic constants and significantly higher capacity of electrosorption. At 
1mM solutions, representative of a typical wastewater, nitrate exhibited about 3.5 times higher concentration 
than phosphates on a molar basis. The electrodes were reasonably stable under low concentrations of nitrates. 
At higher concentrations, the electrodes were not completely regenerable when the desorption step was carried 
out at 0V. These results are covered in this manuscript. 
Keywords:  CDI, Electrosorption, wastewater, cyclic voltammetry. 

1. Introduction

Capacitative deionization (CDI) is a technique that is gaining widespread attention for removal of ionic 
contaminants from wastewater [Porada et al., 2013, Tang et al., 2015]. In this process, electrodes are charged 
and discharged in a cyclic manner. When the electrodes are charged, ions from solution migrate towards the 
electrode and form an electric double layer (EDL) at the liquid-solid interface. By applying a reverse 
polarity/shorting/applying no potential, the ions are discharged from the electrode, thereby, leaving no secondary 
waste. Activated carbon is a well-known material in the wastewater treatment industry and it is a commercially 
available sorbent made from a variety of sources like plant wastes, coal, and plastics.  Activated carbon also 
has excellent electrical properties, and therefore is an excellent choice of material for electrodes for capacitative 
deionization [Zhao et al., 2012]. 
The aim of this work is to characterize electrodes for electrosorption of phosphates and nitrates. The electrodes 
were prepared using biochar obtained from European red pine, Pinus Sylvestris. Batch experiments were 
carried out at different phosphate and nitrate concentrations to study adsorption equilibrium and kinetics. The 
experiments were carried out for different voltages up to 1V to identify the effect of the voltage on the adsorption 
equilibrium. Further stability tests were carried out to identify the cyclic performance of the electrodes. 

2. Materials and methods

2.1. Preparation of electrolyte solutions 

Ammonium nitrate (NH4NO3) (>99% pure) and potassium phosphate monobasic (KH2PO4) solutions (>99% 
pure) were obtained from Merck and Sigma Aldrich, respectively. 250 ml solutions of the electrolytes at varying 
concentrations were prepared by dissolving the appropriate amount of the salt (for example 20 mg in 250 ml for 
NH4NO3) in distilled water. The solutions were stirred overnight using a magnetic stirrer (Heidoph MR 3002 C) 
prior to the experiments. The commercial activated carbon used in these experiments were purchased from 
Merck (Lot number 1.02184.1000).  
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Carbon from pine wood was obtained through pyrolysis of the wood chips at 700℃, for 1.5 hours in CO2 
atmosphere. More details about the pyrolysis are described in an earlier publication [Kalayani et al., 2017]. 

2.2 Electrode preparation 

The stainless-steel substrates were pre-polished and cleaned using a solvent mixture containing DI water and 
isopropyl alcohol in an ultrasonic bath prior to coating with the carbon ink using a hand spray gun. Usual an ink 
based for two electrodes at a time were made of 100 mg carbon, 180 mg fumion solution and thinned out with 
a 50/50 ratio of DI water and iso propyl alcohol, receiving 2.6% solids in liquid. The ink was then ultrasonicated 
for 15 minutes in sequences of 5 minutes, and stirred for an hour before pipetted out from a suspension and 
spray coated to a preheated substrate of 55-65°C.  After spray coating the sample was left drying while substrate 
cooled for approximately 15 minutes. To calculate carbon loading on the stainless-steel substrate it was weighed 
prior and after spray coating. The final electrode contained about 2 mg of carbon/cm². 

2.3 Cyclic voltammetry 

A three-electrode electrochemical cell from Gaskatel was used to record the cyclic voltammograms (CV) of the 
carbon-based electrodes. Different concentrations (10 mM, 100mM, 1000 mM) of NH4NO3 and (1 mM, 100 mM, 
and 1000 mM) KH2PO4 solutions were prepared. CV tests were performed by cyclic the voltage and measuring 
the resultant current. For the CV tests, different scan rates of 10, 20, 30, 40 and 50mV/s were used. About 2 
cm2 of the electrode was exposed to the electrolyte. 

2.4 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out to study the electrode material after adsorption. They were carried out 
using an AxisUltraDLD XP spectrometer from Kratos Analytical using monochromatic Al Kα radiation (hν=1486.6 
eV). The analysis area is approximately 700 x 300 µm2. The resolution is 1.2 eV for the settings used for the 
survey spectra and 0.7 eV for the detail spectra, as determined by the full width at half maximum of the Ag 3d5/2 
peak obtained on sputter cleaned silver. The energy scale was referenced based on the position of the C 1s 
peak from C-C/C-H bonds, set to 284.8 eV binding energy (BE), and quantification is based on the 
manufacturer's relative sensitivity factors. The analysis was carried out on the used and the unused parts of the 
electrode. 

2.5 Batch tests 

The batch test apparatus is a simple set up shown in Figure 1. It is made up of a beaker which contains the 
electrolyte of known concentration, the working electrode, counter electrode, and the reference electrode all of 
which are connected to the potentiostat. The working electrode and the counter electrode are made up of carbon 
coated onto a stainless-steel substrate. The thickness of the electrodes is approximately 0.5 mm.  The reference 
electrode is made up of Ag/AgCl (Metrohm).  
 

 

Figure 1: Schematic of the batch setup used in this study. 

The experiment consists of two steps, adsorption in which a known potential is applied and desorption where 
the potential across the two electrodes is set to 0. The experiment is begun by applying a known potential across 
the electrode at time t=0.The desorption step is performed by switching the voltage to 0V and in this step the 
ions migrate from the electrode surface to the solution.  
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The experiments were carried out for 5 different voltages namely 0.2 V, 0.4V, 0.6V, 0.8V and 1V for four different 
concentrations of 1 mM, 10 mM, 100 mM and 1M electrolyte solutions for NH4NO3 and 0.1 mM, 1 mM, and 10 
mM solutions for KH2PO4 for the electrodes made from both carbon sources.  The experiments were carried 
out by starting at the lowest voltage and increasing the voltage in steps of 0.2 V to 1V. The maximum voltage 
was fixed to 1V in order to avoid any current overload in the system and potentially to avoid being closer to 1.2V 
where faradaic reactions can occur. 
The amount adsorbed is obtained by integrating the transient current response with respect to time given by the 
equation below: 
 
Amount adsorbed =

MWSALT

FMcarbon
∫ I(t)dt

t

0
                (1) 

 
Here, F is the faraday Constant (96485.33 C/mol), MWSALT is the molecular weight of the salt and Mcarbon is the 
amount of carbon deposited in the working electrode. The amount adsorbed is expressed in mg/g. 
The transient responses were also used to study the adsorption kinetics by fitting the responses to a pseudo 
first order kinetics and a pseudo second order kinetics equation. The expression for the 1st order and 2nd order 
rate equation are as follows: 

𝑞(t) = (1 − e−k1t)qe                (2) 
 
𝑞(𝑡) =

𝑞𝑒𝑘2𝑡

1+𝑘2𝑡
                                                                                         (3) 

     
Where, qe is the concentration at equilibrium (mg/g), k1 and k2 are the pseudo 1st and 2nd order rate constants 
in (s-1), respectively and t is the time in seconds. 

3. Results and discussion 

3.1 Cyclic voltammetry 

Figure 4 shows the current vs voltage curves for 1 mM NH4NO3 solution at different scan rates. The current is 
reported in milliamperes, and the voltage is in volts. The capacitance is defined as 
 
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝐶 =

𝐶ℎ𝑎𝑟𝑔𝑒

𝑉𝑜𝑙𝑡𝑎𝑔𝑒×𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛
=

𝐶𝑢𝑟𝑟𝑒𝑛𝑡

𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒 × 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 
                                    (4) 

 
The above equation was used to calculate the capacitance in Farad/gram (F/g) by dividing the current in the y 
axis of figure by the scan rate. The mass of carbon used in the experiments was about 4 mg. One can see from 
Figure 2 that the capacitance is lower as the scan rate is increased. The capacitance values for the different 
electrolyte concentrations are shown in Figure 2. The capacitance values are 7, 13 and 18 F/g for 1, 100 and 
1000 mM NH4NO3 solutions. These are close to the values reported by Pastushok et al [Pastushok et al., 2019].  
The values are lower for phosphates and compared to that of nitrates. For phosphates, the values are lower 
than the ones reported in literature and could be due to the differences in the type of the electrolyte as well as 
the method of the preparation of the electrode [Huang et al., 2014, Chen et al., 2020]. The capacitance values 
of phosphates at concentrations < 10 mM are not shown here. This is due to the significant resistance observed 
during the measurements at these concentrations, which could have led to erroneous values in the capacitance. 

 

Figure 2: Potential vs current (Left), capacitance vs voltage (Middle) and capacitance vs concentration (Right) 
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3.2 Batch tests 

3.2.1 Adsorption equilibrium 

Integrating the area under the transient current curve provided the capacity of the nitrate and the phosphate 
ions adsorbed in the electrode. The adsorption capacity of the nitrates (NO3-) was higher than that of the 
phosphate ions (H2PO4-) and this is consistent with the findings of Macias et al [Macias et al., 2014]. Nitrate ion 
has a radius of 0.3 nm and the H2PO4- ion has a radius of 0.45 nm. The smaller nitrate ion would be more 
energetically favourable for adsorption and hence the adsorption capacity is higher. 
Table 1 summarizes the adsorption capacity for the different ions at different concentrations. One can clearly 
see that with an increase in concentration of the electrolyte, the adsorption capacity increases. This is consistent 
as an increased concentration in the solution would improve the driving force for the adsorption. In our work, we 
did not saturate the electrodes prior to the experiments and therefore the total capacity is probably that of the 
physisorption and electrosorption. Further, most of the experiments are based on flow cells in which a known 
concentration of electrolyte is introduced to the electrodes at known flowrates. The capacity is then calculated 
by integrating the transient concentration curve which may not be up to completion. This could primarily be the 
reason for the higher capacity reported in this work than what is observed in literature for nitrates and phosphate 
adsorption. 

Table 1: Capacity values for different NH4NO3 and KH2PO4 solutions. 

Electrolyte Concentration Capacity 
(mol/kg) 

Capacity  
(mg/g) 

NH4NO3 0.4 mM 0.28 22.25 
 1 mM 1.43 114.14 
 10 mM 2.02 161.6 
 100 mM 3.76 301.14 
 1 M 5.43 434.35 
KH2PO4 0.2 mM 0.08 11.09 
 1 mM 0.11 14.7 
 10 mM 0.14 18.4 

 
3.2.2.Electrosorption kinetics 

The transient response of the current in the working electrode was first normalised based on the initial and final 
values of current. The normalised current value is a representation of the approach to the equilibrium adsorption 
capacity in the following manner: 
𝑞(𝑡) = 1 −

𝐼(𝑡)−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛
    (4) 

The resultant curves were fitted to the pseudo first order and second order kinetics equations for nitrate and 
phosphate. It can be seen that the pseudo second order model describes the adsorption well. The kinetic 
constant k2 increases with an increase in the concentration of nitrates and phosphates. This agrees with the 
transient response, where the adsorption is faster (i.e., the baseline is reached faster) at higher concentrations. 
A comparison between experiments and the model are provided in Figure 3. 

3.2.3 Stability 

Once the 1V experiments were complete, experiments were repeated first at 0.6V for 4 different cycles to study 
the capacity change with respect to repeated operation. These experiments were carried out after the 1V 
experiment, and the capacity values are provided in Figure for 1mM solutions of NH4NO3 and KH2PO4. When 
experiments were carried out after the 1V experiment the drop in capacities were significant (16 vs 11.9 mg/g) 
for the 1st run and with respect to subsequent run the drop in capacity was around 10% The drop in capacity 
with respect to run 1 and run 2 was nearly 70% and the capacity did not change much with subsequent runs. In 
this scenario, the durations of the adsorption and desorption steps were kept constant. 
In this work we have also studied the reuse of the electrodes that were exposed to higher electrolyte 
concentrations of 100 mM and 1 M Solutions. These electrodes were tested again with 1 mM NH4NO3 solution. 
In this case, the capacity dropped to 97 mg/g as opposed to 114 mg/g with respect to the pristine electrode and 
it could be that complete removal of the nitrate ions was not possible during the desorption step. The loss in 
capacity can be attributed to the desorption step being operated at 0 V. one may recommend switching to lower 
voltages for complete removal of ions. 
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To understand this XPS acquisitions (Figure 4) were taken on the used and unused parts of the electrode to 
analyse the nitrogen content and chemistry. Three peaks from different nitrogen species can be discerned in 
the XP spectra, at binding energies typical, but not exclusive, for -NH2 bonds (400.0 ±0.3 eV BE), -NH3+ bonds 
(402.4 ±0.3 eV BE) and -NO2 or -ONO2 groups (406.4 ±0.3 eV BE), both in the used and unused areas (figure. 
4) [Beisinger M, NIST XPS data base, Hantsche 1993]. The proportion of the three nitrogen species differs, 
however, notably between the areas of the electrode: the concentration of the component at ~402.4 eV BE 
remains roughly constant while the content of both the low and high binding energy components increases 
notably in the used area. This would mean that there is still residual nitrate left in the electrode which caused a 
loss in the capacity. The NH2 and other nitrogen containing groups may come from the fumion binder. Table 2 
summarizes the area under the peaks for used and unused electrodes. 
 

 
Figure 3: Capacity vs time for the different concentrations (a) NH4NO3 and (b) KH2PO4. Symbols denote 

experiments while line is the 2nd order model fit. 

 

 

Figure 4: XPS spectra for used and unused electrodes. 
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Table 2:  Area under the curve for different XPS spectra. 

-Type -NH2, ... -NH3+, ... -NO2, -ONO2, ... 

 
400.0 ±0.3 eV BE 402.4 ±0.3 eV BE 406.4 ±0.3 eV BE 

Used 0.4 1.1 0.5 
Unused 2.2 1.4 1.5 

4. Conclusions 

This work is just a basic step to characterize electrodes in the context of CDI process for nitrate and phosphate 
removal. The electrodes prepared by spray coating a carbon paint on a stainless-steel substrate showed good 
affinity for phosphate and nitrate removal. However, stability with at higher concentrations is a serious challenge 
and based on our preliminary studies, the CDI process is more suited for the low concentration system of less 
than 1mM solutions for phosphate and nitrate removal. Further, more the understanding of the electrode 
performance under a real scenario in the presence of other ions like Cl-, Ag+ Cu2+ etc is needed. Also, the 
electrodes needed to be studied under flow conditions to evaluate the separation potential of these electrodes. 
Nevertheless, the characterization will serve as an important input for the technical and economic evaluation of 
the CDI process which would be reported in a further study. 
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