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Graphical Abstract 

 

 

Highlights 

 We report the electrolytic regeneration of GAC saturated with MBT on 

BDD as an anode. 

 We compare three types of cell configuration, fluidized, packed bed 

(cathodic, anodic, and undivided). GAC packed in the cathodic 

compartment during the regeneration results in the highest RE.  
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2 

 Different regeneration cycles were carried out to evaluate its effect on the 

material, after three cycles of regeneration, the GAC lost 77% of its 

original surface area and 76% of its original adsorption capacity. 
 

Abstract 

 

The performance of an electrochemical process for the regeneration of granular activated carbon (GAC) was 

evaluated using boron-doped diamond (BDD) anodes. Three different configurations were tested in the reactor: 

fluidized bed, packed bed with a divided cell and packed bed with an undivided cell. The GAC used was 

previously saturated with a synthetic solution of methylene blue (MB). The effects of three operational 

parameters were evaluated: current density, initial pH and reaction time, and NaCl as the electrolyte. 

Regeneration efficiencies (REs) of up to 76% ± 2 were achieved with a current density of 6 mA·cm-2 during 24 

h of reaction, and a specific electric energy consumption of 1530 kWh ton-1 of GAC was obtained. The best 

results were obtained using the packed bed reactor with a divided cell and the GAC in the cathodic compartment. 

The present results were attributed to an improvement in the desorption caused by the local alkaline pH in the 

cathodic compartment, to the contribution of the electrochemical oxidation by the hydroxyl radical, and, in 

parallel, to the chemical oxidation of the organic compounds by the oxidizing species formed from the chloride 

ion.  It was also found that the electrochemical regeneration process has a negative effect on the GAC integrity 

after three cycles of continuous regeneration. 

Keywords 

BDD, Adsorption, electrolytic regeneration, wastewater. 

 

1. INTRODUCTION 

 

Granular activated carbon (GAC) can be considered a universal adsorbent due to its high 

adsorption capacity and low retention selectivity, which make it indispensable to a multitude 

of processes and applications. For this reason, the production and consumption of this 

adsorbent material have recently experienced a large increase [1]. However, the main 

problem with this technology is the implied cost for the final disposal of the material since 
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the GAC retains the removed pollutants on its surface [2–5]; due to this characteristic, the 

feasibility and sustainability of GAC adsorption technology depends to a large extent on 

GAC reactivation and reutilization. 

Several methods are currently used to regenerate GAC saturated with organic pollutants. The 

most used approach is thermal regeneration under an inert atmosphere or oxidizing 

conditions; this approach is characterized by a high energy consumption, high costs 

associated with the transportation of material to the regeneration center, material losses by 

oxidation and volatilization and the release of polluting gases during the reactivation process, 

in addition to the generation of chemical, physical and textural changes to the properties of 

the regenerated activated carbon [6,7]. Consequently, new techniques for regenerating GAC 

are being studied including wet air oxidation [8], ultrasonic treatment [9], microwave [10,11], 

ultraviolet irradiation [12], bio-regeneration [13], supercritical water or carbon dioxide 

regeneration [14,15], chemical  regeneration [16] and electrochemical treatments [17]. The 

latter is a novel technique that allows the regeneration of saturated GAC with a simultaneous 

in situ degradation at room temperature and pressure.  

The GAC electrochemical regeneration (ER) consists of the desorption of the pollutants from 

the GAC surface with the application of a potential difference and the subsequent 

electrochemical oxidation degradation [18]. Studies show that the GAC ERs attain 

regeneration efficiencies (REs) of 70-100%, with process times between 1.5 and 12 h [19–

22]. Weng and Hsu [22] evaluated the regeneration of a GAC used for landfill leachate 

treatment with graphite electrodes and obtained an RE of 91% in 24 h of process, with a 0.1 

M NaCl solution and a potential of 5 V. 

On the other hand, the oxidation of the pollutants is directly related to the nature of the 

electrode’s material [23]. Boron-doped diamond (BDD) is the most recommended material 
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for the electrochemical oxidation of organic compounds because it is a “nonactive” electrode 

and has a high oxygen evolution potential (2.2-2.6 V vs SHE); these properties favor the 

production of hydroxyl radicals and the subsequent oxidation of the organic matter close to 

the anode’s surface [23,24]. 

Two types of oxidations occur during the process, direct oxidation, caused by electron 

transfer between the organic matter and the anode’s surface, and indirect oxidation, caused 

by the hydroxyl radicals generated in the electrolytic decomposition of H2O molecules (Eq. 

1), as intermediates of the oxygen evolution (Eq. 3). These radicals are capable of 

nonselectively oxidizing organic matter up to its mineralization (Eq. 2). The indirect 

oxidation also occurs by the electrogeneration of oxidants on the electrode’s surface, and this 

electrogeneration depends on the nature of the electrolyte that is used; for example, when 

using NaCl, various strong oxidant species can be produced [25], such as hypochlorous acid 

(in acidic and neutral media), hypochlorite ions (in basic media) and chlorine gas (in acidic 

media), which attack the organic matter (Eqs. 4-7) [18,26].  

𝐵𝐷𝐷 +  𝐻2𝑂 → 𝐵𝐷𝐷(⦁𝑂𝐻) +  𝐻+ + 𝑒−  (E = 2.2 - 2.6 V vs SHE)                      Eq.1 

𝑅 + 𝐵𝐷𝐷(⦁𝑂𝐻) → 𝐵𝐷𝐷 + 𝐶𝑂2 + 𝐻2𝑂      Eq. 2 

𝐵𝐷𝐷(⦁𝑂𝐻) → 𝐵𝐷𝐷 +
1

2
 𝑂2 + 𝐻+ + 𝑒− (E = 2.2 - 2.6 V vs SHE)                         Eq. 3 

2𝐶𝑙− ↔ 𝐶𝑙2 + 2𝑒−            (E0   = 1.36 V vs SHE)                                           Eq. 4 

𝐶𝑙2 + 𝐻2𝑂 ↔  𝐻𝑂𝐶𝑙 + 𝐻+ +𝐶𝑙−                                                                                Eq. 5                                             

𝐻𝑂𝐶𝑙 ↔ 𝐻+ + 𝑂𝐶𝑙−       Eq. 6 

𝐶𝑙− + ⦁𝑂𝐻 → 𝐶𝑙⦁ + 𝑂𝐻−       Eq. 7 

Although studies related to electrochemical regeneration have shown high efficiencies[18–

22], different types of reactors and configurations have been used in each of these, which 
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have not been evaluated on the same basis, making it difficult to compare the regeneration 

efficiencies obtained [27]. For a better understanding of the process it is necessary to evaluate 

different operational variables. One of these variables is the configuration of the reactor, since 

the disposition of the GAC can affect the regeneration efficiency due to the localized 

electrochemical processes that can occur in the cell. 

In this context, the main goal of the present study was to evaluate the effects of the current 

density, initial pH and operation time on the performance of the ER of GAC saturated with 

methylene blue (MB). MB was used as a model substance for the purpose of comparison 

with the electrochemical degradation results of previous studies [28–33], in fluidized bed and 

packed bed configurations, using BDD electrodes.  

2. MATERIALS AND METHODS 

 

2.1 GAC preparation and MB adsorption  

 

Analytical grade MB trihydrate of the Allied Chemical Corporation brand was used for the 

adsorption. Commercial GAC, brand Calgon reference Filtrasorb® 400, was used with the 

physical properties described in Table 1. The high surface area (SA) of 862 m2·g-1 is 

highlighted and is the reason why the material is often used for the removal of organic 

compounds dissolved in effluents and wastewaters.  

 

Table 1. Characterization of the GAC used. 

GAC type Filtrasorb® 400 

Abrasion number, min* 75 

Apparent density, min (g·cm-3)* 0.54 
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6 

Ash content (%), max* 5 

Particle diameter, mm* 0.55 – 0.75 

SA, m2·g-1 862 

* From Calgon. Carbon data sheet. 

 

The MB concentration was measured in solution by the absorbance at 664 nm with a 

Spectroquant Merk Pharo 300 UV-VIS spectrophotometer. Additional absorbance spectra 

were performed between 300 and 750 nm with the same spectrophotometer to evaluate the 

pollutant’s degradation. The pH measurements were performed with an Accumet Fischer pH 

meter.  

The adsorption was studied through an isotherm to determine the maximum MB load that 

could be adsorbed by the GAC. Six different initial MB concentrations were used for the 

points of the isotherm: 75, 225, 375, 450, 475 and 600 mg·L-1, during 480 h at a stirring speed 

of 250 rpm in a 100 mL Erlenmeyer loaded with 0.1 g of GAC. The equilibrium time was 

experimentally determined by taking a sample of the adsorption process every 4 h during the 

first 12 h, and then, a sample was collected daily until there was no appreciable change in the 

MB in solution. Once the adsorption process was finalized, the solution was passed through 

a 0.45 µm cellulose nitrate filter. The concentration of MB in the solution was measured as 

described above, and the concentration of MB in the GAC was determined by mass balance. 

This procedure was carried out in duplicate. 

The Langmuir isotherm model was used for the analysis of the obtained data; this model is 

frequently used for the adsorption of a solute from a liquid solution [34]. Based on the 

standard equation (Eq. 8), different linearizations can be performed; the Weber linearization 

(Eq. 9) [35] was used for this study.  
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𝑞𝑒 =  
𝐶𝑒𝑏𝑄0     

1+𝑏𝐶𝑒
                                                Eq. 8 

𝐶𝑒

𝑞𝑒
=

1

𝑏𝑄0
+ (

1

𝑄0
) 𝐶𝑒                                                                                      Eq. 9 

Where qe is the concentration of the solute retained on the adsorbent at a point (mg g-1), Ce 

is the concentration of solute in solution at a point (mg·L-1), and Qo and b are the Langmuir 

parameters related to the maximum adsorption capacity and the adsorption binding energy, 

respectively.   

For the initial GAC adsorption and the adsorption tests after the treatment, solutions of 1400 

mg·L-1 of MB were used. The RE in each of the tests was calculated according to Eq. 10. 

 

RE =  
𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑀𝐵𝑇 𝑜𝑛 𝐺𝐴𝐶 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 

𝐴𝑑𝑠𝑜𝑟𝑡𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑖𝑟𝑔𝑖𝑛 𝐺𝐴𝐶
∗ 100     Eq. 10 

 

Where the adsorption capacity of MB on GAC after treatment refers to the amount of MB 

that the GAC is capable of adsorbing after one ER cycle, and the adsorption capacity of the 

virgin GAC refers to the parameter Q0 from Langmuir isotherm (Eq. 9). This procedure was 

carried out in duplicate and the uncertainty was calculated with a significant level of 0.05. 

 

2.2 Electrochemical characterization 

 

Cyclic voltammetry studies were performed, since upon application of an electric current, 

both desorption and electrochemical oxidation processes of the adsorbed contaminant is 

observed [36]. In the cyclic voltammetry tests a planar BDD electrode supported on a Si 

substrate manufactured by Fraunhofer-CCD, with a circular geometry 0.78 cm2 in area, was 

used in a conventional three-electrode arrangement [37]. A platinum wire with an area of 
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3.14 cm2 was used as the counter electrode, and Ag/(AgCl/KCl saturated) as the reference 

electrode; a Gamry G750 series potentiostat/galvanostat was used for the measurements. The 

scanning rate was of 50 mV·s-1 in a potential range from -1000 to 1500 mV. The electrolytic 

solution had 0.001 M NaCl and 50 mg·L-1 of MB.  

 

2.3 Electrochemical regeneration cell  

 

An acrylic cell (Figure 1) with an effective volume of 10 cm3 was used with two BDD 

electrodes supported on a Si substrate manufactured by Fraunhofer-CCD, both with 

geometric areas of 2.78 cm2. The cell was operated in four configurations: fluidized, anodic, 

cathodic and mixed, which depended on the position of the GAC inside the reactor 

compartments and on the amount of GAC; 0.4 g of GAC were used in the mixed, cathodic 

and anodic configurations. In the mixed configuration, the GAC was between the anode and 

the cathode without a separator. In the cathodic and anodic configurations (Figure 1a), the 

GAC was in direct contact with the cathode or anode, respectively, and separated from the 

rest of the cell with a polytetrafluoroethylene (PTFE) separator (pores < 500 μm), which 

allowed permeability of the solution to both compartments. In the fluidized configuration 

(Figure 1b), the bed was composed of 0.4 g of GAC, but was not in constant contact with 
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either of the two electrodes. 

 

Figure 1. Schematic diagram of the (a) divided-cell reactor, packed bed configuration and 

(b) undivided-cell reactor. 

 

2.4 Electrochemical regeneration tests  

 

(a) (b) 
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10 

The following variables were studied in the GAC regeneration tests: reactor configuration, 

current density, time and initial pH, with the values presented in Table 2.  

 

Table 2. Variables for the performed experiments. 

 

 

All tests were performed at 25 ± 2 °C and atmospheric pressure in Santiago de Cali, Colombia 

(~ 0.996 atm), and 10 cm3 of a 0.1 M NaCl solution, with an initial pH of 7, was used for 

each test. The pH of the solutions was regulated with H2SO4 and NaOH. This procedure was 

carried out in duplicate and the uncertainty was calculated with a significant level of 0.05. 

 

2.4.1 Regeneration cycles 

 

An additional test was performed with three adsorption-regeneration-adsorption cycles using 

a unique GAC sample at 6 mA·cm-2 for 24 h. A new 0.1 M NaCl solution with an initial pH 

of 7 was used for each test. For each regeneration cycle, the nonpurgeable organic carbon 

(NPOC) concentration in the residual solution was measured with the SHIMADZU total 

organic carbon analyzer TOC-V. Scanning electron microscopy (SEM) and Brunauer-

Emmett-Teller (BET) examinations were performed on the GAC, which was subjected to the 

same saturation conditions described in section 2.1, to obtain its new adsorption capacity.   

 

Bed type 
Regeneration Current density 

Time (h) Initial pH 
 type  (mA·cm-2) 

Fluidized mixed 2, 4 and 6 1 and 3 4, 7 and 9 

Packed  
anodic, cathodic, 

mixed 
2, 4 and 6 1, 3 and 24 7 
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2.5 Energy consumption 

 

The specific energy consumption (Q) was calculated according to the following equation: 

 

𝑄 =
𝑉∗𝐼∗𝑡

1000∗𝑤
                                                                           Eq. 11 

 

where V is the average voltage of the cell (V), I is the current (A), t is the electrolysis time 

(s), and w is the GAC weight in tons (t). 

 

3. RESULTS AND DISCUSSION 

 

3.1 Adsorption isotherms  

Summarized in Table 3 are the constants and correlation coefficients of the Langmuir model 

calculated from the linearized equation of the isotherm in Figure 2.  

 

Table 3. Parameters obtained from the Langmuir isotherm by linear regression. 

Q0 [mg g-1] b [L mg-1] R2 RL 

371.75 0.747 0.9996 0.0020-0.019 
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Figure 2. Langmuir isotherm of the Calgon Filtrasorb® 400 activated carbon (T= 25 °C). 

 

The experimental data for the isotherm were fitted to the Langmuir model with R2 = 0.9996. 

In addition, a maximum adsorption capacity (Q0) of 371.75 mg MB gGAC-1 was established 

in an equilibrium time of 480 h; this value was used as the adsorption capacity of the virgin 

GAC for the calculation of the RE. Furthermore, in this study, the dimensionless equilibrium 

parameter RL (1/1+bC0) had values between 0.002 and 0.019, which reaffirmed that the 

adsorption of MB on the GAC was favored. 

Although these results are not directly comparable with those of previous studies because the 

conditions of the isotherms vary, a maximum adsorption of 219 mg MB gGAC-1 was 
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previously obtained with a Filtrasorb 100 carbon from Calgon Carbon  [38]. Other 

commercial GACs, made from coconut shell and mineral carbon, show adsorption capacities 

between 289 and 309 mg MB gGAC-1, under the conditions: a pH of 5, a temperature of 25 

°C and a time of 400 h [38].  

 

3.2 Electro-analytical study 

 

Figure 3. Cyclic voltammograms of solutions containing: A) 50 mg·L-1 of MB and 0.001 M 

of NaCl and B) 0.001 M of NaCl without MB. Scan rate of 50 mV·s-1.  

Shown in Figure 3 is a cyclic voltammogram of a solution that contained 50 ppm of MB in 

0.001 M NaCl obtained using a BDD electrode. In the anodic scan, an oxidation peak 

appeared at -140 mV, and under cathodic currents, a reduction peak appeared at 
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approximately -200 mV; both features were attributed to the pseudoreversible redox reaction 

of MB [37]. At higher potentials, an increase in the anodic current density was observed from 

1000 to 1500 mV. A study attributes this phenomenon to the nonreversible 

electropolymerization of MB on the electrode’s surface [37]. Finally, an exponential increase 

in the current density was observed at positive potentials above 1200 mV; this behavior is 

characteristic of the oxygen evolution reaction.  

According to the above results and to mineralize the MB dissolved in solution, the decision 

was made to apply working current densities where the oxygen evolution reaction takes place 

(Anodic E > 1.5 V vs Ag/AgCl, i> 0.1 mA·cm-2) because the oxidation of the organic matter 

is favored by the production of hydroxyl radicals at the BDD [24], avoiding the electrode 

fouling.  

 

3.3 Electrochemical regeneration: pH effect 

 

The effect of the initial pH on the performance was evaluated using the fluidized bed reactor 

configuration at a current density of 2 mA·cm-2. The variation in the RE was found to be 

approximately 1.5% for pH values of 4, 7 and 9, as shown in Figure 4. This result indicates 

that the initial pH did not have a significant influence on the RE of the fluidized bed reactor.   
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Figure 4. Effect of the initial pH on the RE. ER conditions: a current density of 2 mA·cm-2, 

0.1 M NaCl, T = 25 °C, 0.4 g of GAC, and a contact time of 3 h. Fluidized bed reactor. 

 

Changes in the solution pH were observed during the process, as shown in Table 4. For the 

packed bed reactor with cathodic regeneration, the pH of the medium decreased, whereas it 

increased for the anodic regeneration. This behavior can be explained by the GAC acting as 

an electrode that undergoes nonfaradic reactions on its high SA, such as the charging of the 

electrical double layer, and this phenomenon consume electrons that could have been used 

for the production of OH- ions in the hydrogen evolution reaction (cathodic regeneration) or 

for the production of H+ ions (anodic regeneration). In addition, the OH- and H+ ions can be 

adsorbed on the GAC [36]. This mechanism causes a pH increase or decrease since the 
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reaction of the electrode that is not in contact with the GAC keeps generating H+ (anode) or 

OH- (cathode) ions. 

 

Table 4. Evolution of pH in the ER process. 

 

 

 

 

Additional tests were performed without applying electric energy to the process, to verify the 

desorption effect at different values of pH (4,7 and 9). It was found that RE values of 4, 6 

and 4%, were obtained respectively. The above data indicate the important effect of the 

electrochemical process for the GAC regeneration and that the desorption due to the pH 

solution (4, 7 and 9) is negligible. 

 

3.4 Electrochemical regeneration: Effect of reactor configuration 

 

In the fluidized bed reactor configuration, REs below 20% were obtained (Figure 5); this 

result is attributed to the particular configuration that does not allow the direct contact of all 

the porous material with the electrodes causing  not uniform polarization of the particles, 

which has a negative impact on the pollutant desorption. On the other hand, in the packed 

bed configuration, the best RE (55% ±2) was obtained at 3 h and 6 mA·cm-2, which is between 

3% to 9% higher than the regenerations attained when the GAC was in contact with the anode 

and with both electrodes (mixed). This result is consistent with the investigation performed 

by Narbaitz et al [39], where the cathodic regeneration is 5-10% more efficient than the 

  Fluidized Mixed Cathodic Anodic 

Initial pH  7.2±0.1 7.2±0.1 7.3±0.1 7.3±0.1 

Final pH  9.9±0.1 11.0±0.1 2.8±0.1 11.2±0.1 
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anodic regeneration. 

 

Figure 5. Effect of the type of ER on the RE. ER conditions: current densities of 2, 4 and 6 

mA·cm-2, 0.1 M NaCl, T = 25 °C, 0.4 g of GAC, and a contact time of 3 h. 

 

The good efficiency of the cathodic compartment, compared with that of the anodic 

compartment, can be due to the change in the local pH at the GAC, due to the hydroxyl ions 

(OH-) generated at the GAC when polarized as cathode; this change in local pH can be 

sufficient to shift the adsorbate-adsorbent adsorption equilibrium and promote the desorption 

processes [40]. It is also known that the competitive adsorption with hydroxyl ions and the 

increase in solubility of the organic compounds with the pH stimulate the desorption 

processes. In contrast, acidic environments decrease the solubility of the organic compounds 

and neutralize the functional groups on the GAC surface [41].  
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In addition to the desorption, the oxidation of the MB molecule occurs as a consequence of 

the hydroxyl radicals generated at the BDD anode’s surface (Eq. 1). The activity of the 

hydroxyl ions is strongly linked to their interaction with the electrode’s surface; however, for 

the case of the BDD, this radical-surface interaction is very weak so that the ⦁𝑂𝐻 can be 

considered as free, which allows the oxidation of the other compounds in the vicinity of the 

anode’s surface [23]. The presence of chlorine in the electrolytic reactor gives rise to the 

electrogeneration of oxidizing species (hypochlorite ions, hypochlorous acid, chloride ions 

or chlorine gas, depending on the pH), which contribute to the mineralization of the MB, as 

illustrated in Eqs. 4-7 [18,26,42]. 

 

3.5 Electrochemical regeneration: Effect of current density and regeneration time 

 

The results show that the RE is proportional to the time and the current density used (Table 

5). The highest efficiency values were obtained for a current density of 6 mA·cm-2; at higher 

current densities, the phenomena resulting from the polarization of the electrodes and the 

GAC are accelerated, such as the amounts of ⦁𝑂𝐻 radicals and intermediate species (Eqs. 1-

8). This action increases the oxidation as well as the production of OH- ions in the case of 

the cathodic configuration, which in turn increases the local pH and favors desorption 

[2,30,43,44]. These results are consistent with other studies on GAC electrochemical 

regeneration, which suggest that longer regeneration time results in a higher RE [45]. 

The results obtained for 1 and 3 h were in the range of 26-55% ±1 RE (Table 5). These results 

are unattractive for a GAC regeneration process. Due to these results, ER tests were 

performed at current densities of 2 and 6 mA·cm-2 for an operation time of 24 h (Table 5). 
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Consequently, an RE increase of 76% ±2 was observed in the cathodic configuration, which 

is a 21% increase with respect to the previous results. 

 

Table 5. RE at different conditions of current density and time. 

J (mA·cm-2) 

Mixed Anodic Cathodic 

1 h 3 h 24 h 1 h 3 h 24 h 1 h 3 h 24 h 

0 - 6±1 - - 6±1 - - 6±2 - 

2 26±1 28±1 58±1 27±1 30±1 62±1  29±2 32±2  65±2 

4 28±1 34±1 - 30±1 38±1 - 32±2 43±2 - 

6 32±1 46±1 68±1 33±1 49±1 71±1  35±2 55±2  76±2 

 

 

3.6 Electrochemical regeneration: Effect of regeneration cycles  

 

The amount of organic compounds, NPOC, dissolved in the electrolyte at the end of three 

regeneration cycles (table 6) at a current density of 6 mA·cm-2 for 24 h, was 98% lower in 

comparison with the initial amount of MB adsorbed on the GAC. This result is attributed to 

the oxidation processes that mineralize most of the desorbed organic matter [18,21,46,47]. 

This confirms that the process is governed by a mechanism that includes both the desorption 

and the oxidation;  however the accumulation of the recalcitrant intermediates of the MB and 

of the organic substances remaining inside the GAC from the previous cycles are evidenced 

by the increase in the NPOC of the electrolyte after the third cycle in comparison with the 

first cycle. 
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Table 6. Regeneration cycles. 

Stage  

Final NPOC  

(mg dm-3) 

% NPOC 

removal * 

 

SA (m2·g-1)  % Regeneration 

First cycle 11 99  431.25 76 

Third cycle  16 98  194.64 24 

* Final NPOC vs theoretical NPOC of the electrolyte, assuming that the MB desorption occurs in the same 

proportion as that of the GAC RE under the operation conditions (76%), that is, a solution with a NPOC 

concentration of 813 mg dm−3.  

 

The BET technique was used to evaluate the effect of the regeneration process on the SA 

after subsequent cycles. The SA value of the virgin GAC was 862 m2·g-1; this result is within 

the expected range of SA values, considering that commercial GACs have a SA on the order 

of 800 to 1100 m2·g-1 [31,48]. Table 6 shows a decrease in the SA of 77% with respect to the 

virgin GAC and a RE of only 24% after the third regeneration cycle. This loss can be due to 

different factors, for example, the adsorption time of the MB was approximately 20 d to 

ensure saturation, and due to this long period of time, it is possible that the MB molecules 

reached the micropores having a negative impact on the RE since the GAC is easier to 

regenerate when the molecules are only adsorbed in the meso-and macropores [49]. Another 

possibilities can be, the effect of attrition generated by the motion of the activated carbon in 

the packed bed due to the bubbles weakening the structure of the GAC which provokes 

material losses and produces a plugging effect in the pores, that is, part of the carbon detaches 

from its structure and occupies empty spaces within it[50]; the destruction of the micropores 

fraction due to the oxidation of AC when charged with higher current densities [26], is also 

possible. To overcome this, more efficient configurations are being developed and evaluated 

in our ongoing research, to ensure a better confinement of the GAC and an efficient contact 
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between the GAC and the current distributor (electrode). 

Shown in Figure 6 are the SEM micrographs of the GAC surface morphology at 100x. In 

Figure 6(a), the irregular and porous surface of the virgin GAC is observed and is in 

accordance with the bituminous coal nature, which presents amorphous structures without 

defined patterns, in comparison with vegetable activated carbons. Shown in Figure 6(b) is 

the surface of the GAC saturated with organic matter, yielding a structure that is a slightly 

less irregular and with little porosity. Figure 6(c) shows the GAC surface after the ER 

treatment, and a more irregular structure and larger cracks are observed than those seen in 

the virgin GAC. Based on the images, the ER process has a negative effect on the GAC 

integrity; this effect can be attributed to the constant friction of the particles inside the 

electrochemical cell and the high potentials used, giving rise to a possible oxidation and 

attrition by H2 and O2 gas evolution in the GAC surface.  

 

Figure 6. SEM images of (a) virgin GAC, (b) saturated GAC, and (c) regenerated GAC, 

first cycle. 

 

To avoid this type of damage in the morphology of the GAC, actions the following actions 

should be taken: 1) reduce the thickness of the bed, thus reducing the pressure drop within 

the system, evading entrainment of material that may cause attrition effect in the process[51, 

(a

) 

(b) (c) 
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52], 2) control the flow of the solution, to prevent friction inside the bed that cracks and 

damages the carbon [53] and 3) reduce the time of exposure of the carbon to the current to 

avoid oxidation of the material [36]. 

 

3.7 Energy consumption 

 

Finally, the specific energy consumption per ton of GAC was evaluated using Eq. 11. For 

that, the average voltage of the tests at 6 mA·cm-2 for 24 h was considered and amounted to 

5.4 V. A specific electric energy consumption of 1530 kWh ton-1 of GAC was obtained as a 

result. When compared with the conventional thermal regeneration, where the consumption 

is approximately 1000 kWh ton-1 of GAC [54], or with microwave regeneration, where values 

on the order of 2380 kWh ton-1 of GAC [55] are obtained, the ER presents an intermediate 

energy consumption value.  

However, it is important to highlight that the energy consumption higher than the thermal 

process, can be compensated for by the savings achieved from the transportation stage of the 

activated carbon because the electrochemical process allows the in situ GAC regeneration, 

which greatly simplifies the process. 

Additionally, though BDD is known for its high stability and no loss of electrode 

performance was perceived in this research , corrosion of BDD coated electrodes could still 

occur at an appreciable rate under high current density; to overcome this in future research 

the use of  Nb substrate BDD electrodes, commercially available [56] , is recommended 

because it possess a superior service life and major mechanical performance than Ti/BDD or 

Si/BDD. They also have been already on the market and applied in wastewater treatment 

applications [57]. 
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4. Conclusions 

 

The best GAC ER conditions are generated by a combined effect of the change in pH of the 

cathodic compartment, the electrochemical oxidation by the hydroxyl radicals of the organic 

compounds desorbed and the chemical oxidation product of the oxidizing species formed 

from the chloride ion. 

The parameters that affect the efficiency of the ER process are the current density (j), 

regeneration time and cell configuration, with a maximum efficiency of 76% in 24 h, at 6 

mA·cm-2 and using cathodic regeneration with electrolytic support of 0.1 M NaCl. 

The type of electrochemical cell used, with fluidized bed or packed bed, has an important 

effect on the regeneration effectiveness, since efficiencies 20% higher were achieved under 

the same conditions when the packed bed configuration was used. This result is because the 

fluidized bed reactor does not allow for uniform contact between the porous material and the 

electrodes, preventing the desorption of the pollutant.    

The ER process has a negative effect on the GAC integrity; this effect can be attributed to 

the constant friction of the particles inside the electrochemical cell and the high potentials 

used that my cause oxidation and attrition by H2 and O2 gas evolution in the GAC surface. 
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