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Abstract 16 

BACKGROUND: In recent years, the application of electrochemical wastewater 17 

treatment processes has proven to be very efficient in the removal of recalcitrant organic 18 

compounds. However, the scale-up of the boron-doped diamond (BDD) anode system for 19 

industrial applications has not been sufficiently evaluated. This study assesses the effect 20 

of increasing the number of compartments in the same electrochemical module (DiaCell® 21 

1001) on the treatment of synthetic wastewater with pesticide 2,4-D and chlorides. This 22 

commercial module can be considered to be a stack of cells, in which the number of single 23 

cells varies from 2 to 10 and the anode areas range from 140 – 700 cm-2.  24 

RESULTS: The results of the study demonstrate that an increase in the number of cells 25 

and a decrease in the resulting current density at the same current intensity caused an 26 

increase in the removal and mineralisation rates. Complete mineralisation was attained in 27 

all tested configurations. The production of hazardous species, such as chlorates and 28 

perchlorates, are also affected by the number of stacked cells, which causes them to be 29 

positioned lower in the stack due to the large number of cells.  30 

CONCLUSIONS: No distinct differences in electrochemical efficiency are observed 31 

among the different tested configurations. However, a distinct improvement in the energy 32 

efficiency (g kWh-1) with an increase in the number of stacked cells is observed due to 33 

the reduced stack potential caused by applying the same current intensity to the stack with 34 

the higher number of cells.  35 
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- Stacking of single cells has a significant influence on the electrolytic results 39 

obtained in the treatment of wastewater 40 

-  At the same intensity, the superior performance of stacks with several cells can 41 

be explained by the lower current density 42 

- The larger is the number of cells, the lower is the required applied electric charge 43 

to attain complete oxidation of pollutants. 44 

- The process conditions in electrolysis with diamond are very harsh; only small 45 

concentrations of intermediates were obtained.  46 

- Although the electric current efficiency is similar for different compartments, the 47 

maximum energy required to oxidised chlorides was obtained with 6 48 

compartment. 49 

 50 

  51 
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Introduction 52 

In recent years, numerous publications have demonstrated the efficiency of 53 

electrochemical treatments with diamond anodes for the destruction of bio-refractory 54 

organic pollutants. These materials possess excellent properties, such as higher chemical 55 

and electrochemical stability, robustness, weak electrode fouling and long service life 1, 56 

2. They are known for their ability to generate large quantities of hydroxyl radicals, are 57 

weakly adsorbed and are responsible for the strong oxidation of contaminants present in 58 

solution 3. In addition to hydroxyl radicals, the formation of ozone and hydrogen peroxide 59 

and the production of peroxoanions in the presence of sulfate, phosphate or carbonate has 60 

been documented 4-7. In the presence of chloride, chlorine gas (Cl2) can be formed on an 61 

anode by direct electro-oxidation. Hypochlorite (ClO-) can be produced by a 62 

disproportionation reaction of chlorine with OH- formed on the cathode. Both gases are 63 

powerful oxidising agents. In addition, the action of hydroxyl radical can also promote 64 

the oxidation of hypochlorite to chlorate and perchlorate, which are harmful to human 65 

health and the environment. In this case, the results of the treatment must be carefully 66 

assessed as the occurrence of these species may prevent the use of this technology5, 8, 9.  67 

These characteristics enhance the prevalence of this technology due to its significant 68 

potential for wastewater treatment processes, which requires additional studies. The 69 

majority of published studies have focused on the influence of operating conditions, the 70 

effect of supporting electrolytes on the intermediates and final products formed during 71 

the electrolytic process and  the efficiency of the process. The next research challenge is 72 

the scale-up of the electrochemical cell to verify the process performance at pilot and 73 

industrial scales. Scale-up suggests not only the operation of large plants but also the 74 

development of new, efficient, competitive and environmentally friendly technologies 10. 75 
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For this reason, it is important to understand the effects of the design cell, the phase 76 

transport phenomena and the kinetics reaction. 77 

Currently, mixed tanks and simple flow pass cells have been the most applied reactors to 78 

study wastewater treatment11, 12. Typical mass transfer coefficients in these cells range 79 

from 10-6 to 10-4 m s-1. The lowest values are typically associated with mixed-tank 80 

laboratory-fabricated cells. The highest values are typically associated with commercial 81 

cells with a proper cell design, in which aspects such as the design of turbulence 82 

promoters, spacers, and construction details of the inlet and outlet of the cell are 83 

considered9, 13-15. In addition to factors that influence mass transport, connections of 84 

electrodes to wires and other construction details, a suitable and uniform current density 85 

distribution may increase the efficiency of the electric current and minimise the ohmic 86 

drop, which are directly related to the economy of the process via the minimisation of the 87 

resulting cell voltage. Thus, numerous parameters may improve the performance of the 88 

total process16-18 and laboratory-fabricated cells. The majority of the cases presented in 89 

the literature do not consider (or scarcely consider) these points. Other details such as 90 

heat dissipation or gas stripping are never considered in studies about wastewater 91 

treatment but are worthy of attention. The commercial cells in studies about wastewater 92 

treatment have been designed for other applications (typically electrosynthesis); 93 

therefore, special considerations of wastewater treatment are sometimes disregarded. 94 

Three relevant cells are typically discussed in studies about the electrolysis of wastewater: 95 

the ELECTROCELL (ElectroCell A/S, Denmark)19, the FC01-LC (formerly ICI 96 

Chemicals and Polymers Ltd.; currently INEOS Chlor-chemicals, UK)20-22 and the 97 

DIACELL (formerly ADAMANT TECH; currently WaterDiam, Switzerland)23. The first 98 

two cells were designed for the chlor-alkali process and have to be adapted (or at least 99 

applied in different conditions) for application in studies about wastewater treatment. 100 
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Only the DIACELL was specifically designed for environmental applications; minimal 101 

attention has been given to its engineering details in the scientific literature. Note that this 102 

cell was initially designed for implementing the diamond electrode. It has been typically 103 

commercialised; thus, the majority of the relevant studies it assess the outstanding 104 

performance of diamond instead of the performance of the cell. Few studies have reported 105 

applications in the wastewater treatment of commercial cells with an active area of 106 

diamond electrodes larger than 100 cm2. Zhu’s group 17, 24 assessed the scale-up from 24 107 

cm2 to 2904 cm2 in an anodic area (121 times) for the electrochemical oxidation of 108 

wastewater that contains phenol, in continuous mode and batch mode. The results 109 

demonstrated that an equivalent performance could be attained for both systems if 110 

parameters such as retention time, current density, initial Chemical Oxygen Demand 111 

(COD), and conductivity conditions were properly controlled. Similarly, Urtiaga’s group 112 

25, 26 examined the removal of tetrahydrofuran (THF) from industrial wastewater using a 113 

commercial cell with BDD electrodes with anodic area of 140 cm2 and tested the scale-114 

up to 2800 cm2. Complete removal of COD was attained in both the laboratory test and 115 

the pilot test and the depletion rates were validated in the scale-up experiments. Both 116 

studies are very important as they demonstrate the viability of scaling-up of this 117 

environmental remediation technology. They also noted that additional studies should be 118 

performed to understand the parameters required for proper scale-up. In this context, 119 

information about the effect of stacking single electrochemical cells on the results 120 

obtained during the electrolysis of wastewater is lacking. Stacking is a very important 121 

part of the scale-up as it helps to determine the real configuration of cells in actual 122 

applications. This manuscript aims to assess the effect of an increase in the number of 123 

compartments in the same electrochemical module (DiaCell® 1001) on the results of the 124 

treatment of synthetic wastewater that contains pesticide 2,4-D and chlorides. This 125 
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module can be considered to be a stack of single DiaCells, in which the number of single 126 

cells vary from 1 to 10. Two major reactions are expected to be developed: the depletion 127 

of the pesticide and the generation of the perchlorates by the oxidation of chlorides. The 128 

objective is not the optimisation of the environmental remediation process (in such an 129 

application, the production of perchlorate should be prevented and diamond is not the 130 

best choice for an anode) but increased knowledge about the scale-up of this type of 131 

process, which offers the following advantages:  132 

(i) the simultaneous occurrence of both reactions during the electrolysis of 133 

synthetic wastewater and  134 

(ii) chlorates and perchlorates behave as inert species with respect to the organics 135 

contained in the wastewater; thus, they should be considered.  136 

The herbicide 2,4- dichlorophenoxyacetic acid (2,4-D) was selected as the compound 137 

model as 2, 4 D is extensively employed in agriculture and in many commercial products 138 

and its electrochemical oxidation has been previously investigated 6, 27. This organic 139 

pollutant is considered to be toxic and is commonly detected into wastewater. 140 

 141 

Materials and Methods 142 

Experimental setup 143 

Electrolysis was conducted in a DiaCell® 1001 supplied by Adamant Technologies 144 

(Switzerland). The DiaCell® is a module with 1-10 compartments equipped with BDD 145 

electrodes as anodes and five stainless steel plates; each plate serves as a common cathode 146 

for two parallel BDD anodes (Fig. 1). In each compartment, a pair of Si/BDD and 147 

stainless steel electrodes with an active surface of 70 cm2 behaves as a unit cell. The 148 

interelectrode gap is 3 mm. The coatings of the BDD electrodes had a boron concentration 149 
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of 500 ppm and the ratio sp3/sp2 of approximately 150. The resistivity of the Si wafers 150 

was 100 mΩ cm, and the thicknesses of the BDD coatings ranged from 2-3 µm. Mass 151 

transfer coefficients have been determined using the ferro-ferricyanide test for the 152 

different stacks studied for the  DIACELL ® 1001 at the flowrate used in the experiments, 153 

obtaining values of within the range  2.16 to 7.16 10-6 m s-1.  154 

 155 

Analysis procedures and methods 156 

In this study, a jacketed tank with a volume of 1.2 dm3 was employed as an auxiliary 157 

reservoir of the electrochemical stack. The experiments were performed in recirculated 158 

batch mode by a peristaltic pump at a constant flow rate of 26.4 dm3 h-1. A controlled 159 

thermostatic bath was used to maintain the temperature in the jacket at 25 °C. The 160 

electrolyses were galvanostatically performed (external current of 10 A was applied by a 161 

DC power supply). Prior to the electrolysis assays, the BDD electrodes were cleaned for 162 

10 min in a 1 M Na2SO4 solution at 15 mA cm–2. The wastewater consists of a solution 163 

of 100 mg dm−3 2,4-dichlorophenoxyacetic acid (2,4-D) at a natural pH. NaCl served as 164 

the supporting electrolyte (3.0 g dm-3).  165 

All samples extracted from the electrolysed solutions were filtered with 0.45 µm nylon 166 

filters from Whatman prior to analysis. The quantitative analysis of 2,4-D and its organic 167 

intermediates were followed by reversed-phase chromatography, Total Organic Carbon 168 

(TOC) and Chemical Oxygen Demand (COD). The high performance liquid 169 

chromatography system Agilent 1100 was equipped with an UV detector (280 nm) and 170 

column Phenomenex Gemini 5 μm C18. The analytical conditions were as follows: a 171 

mobile phase that consisted of 60 % acetonitrile and 40 % water to 2 % acetic acid with 172 

a flow rate of 0.4 cm3 min−1, an oven temperature of 25 ºC, and volume injection of 20 173 

μL. The TOC concentration was monitored using a Multi N/C 3100 Analytik Jena 174 
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analyser. The measurements of pH were performed with an InoLab WTW pH-metre. The 175 

Chemical Oxygen Demand (COD) was monitored using a HACH DR200 analyser. 176 

The chlorine species (Cl−, ClO3
− and ClO4

−) were determined by ion chromatography 177 

using a Metrohm 7330 IC Separation Centre coupled with a 752 pump unit and a 732 IC 178 

detector. A Metrosep A Supp 4 column was employed. The mobile phase consisted of 1.8 179 

mM Na2CO3 and 1.7 mM NaHCO3 with a flow rate of 1.0 ml min−1.  180 

The current efficiency (CE) was calculated with Equation 1, where CODt and CODt+Δt 181 

correspond to the organic load (g dm-3) at a certain time t (s) and t+Δt, respectively, F is 182 

the Faraday constant (96485 C mol-1), V (dm3) is the volume of the electrolysed solution, 183 

and I (A) is the applied electric current. 184 

( ) ( )[ ]
tI

FVCODCODCE ttt

∆
−

= ∆+

8
      (1) 185 

The specific energy consumption (w, kW h m-3) was calculated by Equation 2, where U 186 

is the cell potential (V): 187 

V
UItw =                    (2) 188 

Results and discussion 189 

Figure 2 shows the value of the cell voltage in each experiment and the applied current 190 

density during the electrolyses of the synthetic wastewater with the different cell 191 

configurations and a current of 10 A. As the experiments were conducted with a constant 192 

intensity regardless of the number of cell compartments, the current density decreases as 193 

the number of compartments increases; this reduction causes a decrease in the resulting 194 

total cell potential, which is explained in terms of a smaller ohmic loss. Almost a constant 195 
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cell voltage was maintained during the tests, which indicates no deterioration of the 196 

electrode materials or formation of fouling.  197 

  198 

Figure 3 shows the effect of the number of cells of the stack on the depletion of 2,4-D and 199 

the percentage of TOC removal. Mineralisation is attained in all tests regardless of the 200 

number of compartments in the electrochemical cell and the current density. However, 201 

the higher is the number of compartments (and the lower is the resulting applied current 202 

density), the more efficient and faster is the depletion of 2,4-D and its conversion to 203 

carbon dioxide. The total concentration of the intermediates (calculated by the addition 204 

of the chromatographic area of peaks) is very low, as shown in Figure 3b; it is not 205 

dependent on the number of single cells contained in the stack and the applied current 206 

density. Note that chromatographic areas less than 200 units are considered to be noise 207 

by the analytical device; thus, the concentration of detected intermediates limit the 208 

detection of the equipment. This result indicates that electrolytic oxidation of 2,4-D 209 

produces harsh conditions in the reaction media, which minimise the production of 210 

intermediates for very low concentrations of pollutant. Thus, the electrolytic stack may 211 

behave as a cold incinerator.  212 

Plots in semi-logarithmic scale of the TOC vs time during the experiments result in 213 

distinct straight lines for each test, with regression coefficients greater than 0.98. 214 

Mineralisation during the electrolysis of 2,4-D corresponds to a first-order kinetic. This 215 

type of kinetic behaviour has been explained in the literature in terms of a mass transfer 216 

control of the rate of mineralisation (if the constant is equal to the mass transfer coefficient 217 

for the relevant Re number) or by the effect of mediated oxidation (if oxidants are 218 

efficiently produced during the electrolysis)28-30. Both explanations are important in this 219 
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study as the concentration of 2,4-D is very low and chlorine that is electrolytically 220 

produced (and also hypochlorite formed by its disproportionation after dissolution) is 221 

known to be a suitable oxidant for organics such as 2,4-D31. Figure 4 shows the obtained 222 

values for the pseudo-first kinetic constant. An increase in the number of compartments 223 

and a decrease in the applied current density are observed.  224 

This is clearly observed in Figure 5 in which it can be observed that the energy efficiency 225 

in the mineralization  (expressed in g kWh-1 and calculated by dividing the change in the 226 

TOC according to a mass balance by the specific energy consumption calculated by Eq. 227 

2) decreases at higher current densities as the amount of carbon mineralised by each 228 

energy unit decreases as the j increases (lower number of cells in the stack). The 229 

efficiency of the oxidation in terms of COD (expressed as a percentage of the electric 230 

current used in the oxidation of COD according to eq. 1) is constant in the complete range 231 

of j. Note that the COD measurement was not very accurate due to the low concentration 232 

of organics and high concentration of chlorides.  233 

The synthetic wastewater in this study contained a large amount of chlorides. The 234 

application of diamond electrodes is not recommended for a system with a large 235 

concentration of chlorides as the final oxidation product obtained during electrolysis 236 

consists of perchlorates instead of chlorine (and hypochlorite). As these species are 237 

known to be hazardous to the environment and to human health, their production should 238 

be prevented5. However, the use of this supporting electrolyte was considered due to the 239 

inert behaviour of chlorates and perchlorates in the oxidation of 2,4-D. This inerticity 240 

facilitates the use of the same experiment to simultaneously evaluate the effect of the 241 

almost direct electrochemical oxidation of an organic pollutant and the potential effect of 242 

a mediator in the reaction system.  243 
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Figure 6 shows the changes in the concentrations of chloride and perchlorate during the 244 

electrolysis. Figure 7 shows the changes in the two main intermediates: chlorine 245 

/hypochlorite (calculated by mass balance to account for the stripped amounts of chlorine) 246 

and chlorate.  247 

Chloride is completely depleted during the experiments. Its concentration does not change 248 

in an exponential manner as expected according to previous studies but it exhibits a 249 

strange shape, which can be associated with the resulting current density in the cell 5. 250 

Removal increases for the cells with two and three compartments and decreases for the 251 

cells with four and five compartments. Similarly, the concentration of perchlorate at the 252 

end of the experiment was higher in the cells with the lower number of compartments 253 

(and the higher current density). This finding can be explained in terms of the formed 254 

intermediates. Chloride/hypochlorite is formed in higher amounts at high current 255 

densities and subsequently stripped from the system. This results explains the lower 256 

production of chlorates in these conditions, which is the main species formed in the cells 257 

that contain a large number of compartments.  258 

As shown in Figure 8, a constant electric current efficiency is maintained during the 259 

experiments if the electrons required to form the different products are considered (two 260 

electrons for every molecule chlorine that is produced, six electrons for every chlorate 261 

that is produced and eight electrons for every perchlorate that is produced). However, the 262 

minimum energy required to oxidised chlorides is distinct for six compartments 263 

(maximum energy efficiency); only the conditions in which the production of large 264 

quantities of chlorine are promoted. 265 

Conclusions 266 

The following conclusions are formed: 267 



 
 

13 
 

- The different arrangements investigated in this study (that contain different 268 

number of single cells stacked into a module) showed that an increased number 269 

of cells can improve the performance of the wastewater treatment process in terms 270 

of galvanostatic operation at the same current intensity. The higher is the number 271 

of compartments, the more efficient is the depletion of 2,4-D and its conversion 272 

into carbon dioxide with an almost negligible formation of intermediates.  273 

- Kinetic improvement by increasing the number of cells in the stack can be 274 

explained by the lower resulting current densities. This improvement can be 275 

explained by the diffusion control of the rate of the electrochemical process due 276 

to the low concentration of pollutants.   277 

- The presence of chloride ions causes the production of undesired secondary 278 

species, such as chlorates and perchlorates. The concentration of these hazardous 279 

species is minimised in stacks that contain a large number of single cells due to 280 

the reduction in the current density.  281 

- Regarding the oxidation of chloride, the electric current efficiency seems to be 282 

dependent on the production of gas chlorine instead of the number of stacked 283 

single cells. The setup with six compartments produces a maximum energy 284 

efficiency.  285 
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Figure captions 391 

Figure 1. a) Schematic of the Diacell equipped with ten single cells and b) photographic 392 

image of DiaCell® 1001 393 

Figure 2. a) Changes  in the cell voltage during the electrochemical oxidation of a 394 

synthetic wastewater with a Diacell® equipped with (▼)  1  compartment; (▲) 2 395 

compartments;  (●) 3 compartments;  (■)  4 compartments;  (x)  5 compartments. b) 396 

Influence of the number of compartments on the applied current density () and cell 397 

voltage (▲). Current intensity: 10 A. 398 

Figure 3. Changes in the concentration of 2,4-D (full points), intermediates (Grey points) 399 

and TOC removal (empty points) during the electrolysis of synthetic wastewater using a 400 

Diacell® equipped with (▲, ) 2 cells; ( ■, □)  4 cells; ( ●, ○) 6 cells; ( ♦, ) 8 cells; ( 401 

x, ∗) 10 cells. 402 

Figure 4. Influence of the number of compartments in the cell in the kinetic constants of 403 

the mineralisation of 2,4-D when a constant current intensity of 10 A is applied. 404 

Figure 5. Influence of the resulting current density on the mineralisation energy 405 

consumption and on the current efficiency for the mineralisation of 2,4-D (Q= 8.31 Ah 406 

dm-3 for TOC and 2.1 Ah dm-3 for COD). 407 

Figure 6. Changes in the concentration of chlorides (full points) and perchlorates (empty 408 

points) during the electrolysis of the synthetic wastewater with a Diacell® equipped with 409 

(▲, ) 2 cells; (■, □) 4 cells; (●, ○) 6 cells; (♦, ) 8 cells; and (x, ∗) 10 cells. 410 

Figure 7. Changes in the concentration of chlorates (full points) and 411 

chlorine/hypochlorite (empty points) during the electrolysis of the synthetic wastewater 412 
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with a Diacell® equipped with (▲, ) 2 cells; (■, □)  4 cells ; (●, ○) 6 cells; (♦, ) 8 413 

cells;  ( x, ∗)  10 cells. 414 

Figure 8. Influence of the resulting current density on the mineralisation energy 415 

consumption and on the current efficiency for the oxidation of chloride (Q= 17.31 Ah dm-416 

3). 417 
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Figure 4 435 
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Figure 5 439 
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Figure 6 443 
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Figure 7 446 
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Figure 8 450 
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