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Abstract 10 

This paper is focused on the evaluation of the electrochemically assisted absorption process 11 

(electro-absorption) as a treatment for volatile organic compounds contained in polluted air 12 

flows. Benzene degradation was used to test the technology, using a system consisting of a 13 

packed absorption column and a single compartment electrochemical cell equipped with 14 

boron-doped diamond (BDD) as anode and steel-steal as cathode. The influence of inlet gas 15 

flow rate and operation current intensity was evaluated by monitoring the concentration of 16 

benzene and intermediates both, in the liquid absorbent / electrolyte and in the outlet gaseous 17 

stream. Results show that steady-state values reached, during benzene absorption and electro-18 

absorption, increase when the inlet gas flow rises from 1.5 to 6.0 L h-1 and that the bare 19 

absorption process retains benzene only up to this steady-state value of the liquid and then, 20 

it has no effect on the removal of benzene. Concentrations of benzene in the 21 

absorbent/electrolyte decreases with the increase in the current density during 22 

electrochemically assisted processes. As well, mineralization was found to be very important, 23 

as expected because of the very low concentrations of benzene into the liquid and the very 24 



high efficiencies of the electrolytic degradation with BDD electrodes, and benzoquinone and 25 

carboxylic acids were identified as the primary intermediates. These species were not 26 

detected in the outlet gas flow. The decrease in the concentration and mass flow of benzene 27 

in the outlet streams confirms that electro-absorption is a functional electrochemical 28 

application to remove benzene from gaseous streams. When current density rises (10, 50 and 29 

100 mA cm-2), the degradation percentage increases. The values obtained were  43, 61 and 30 

75 % with 1,5 L h-1 of inlet gas flow and 10, 25 and 37 % with 6 L h-1. However, the 31 

degradation percentage relative to the energy consumption decreases when the current 32 

density rises. Results were, correspondingly,  24.7, 4.2 and 2.2 % kWh-1 with 1,5 L h-1 of 33 

inlet gas flow and 7.1, 2.1 and 1.4 % with 6 L h-1. This energy efficiency trend was explained 34 

because mass transport becomes the bottleneck in the oxidation of diluted organic solutions. 35 

These results contribute to expand the understanding of the mechanisms involved in the 36 

electro-absorption of benzene and recommend for further research in the topic, due to the 37 

relevance of the treatment results. 38 
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Highlights 43 

 Efficient mineralization of the VOCs contained in the air using electro-scrubbing 44 

technology.  45 

 Benzoquinone and carboxylic acids are formed in the absorbent but not found in the outlet 46 

stream. 47 



 Percentage of benzene gaseous removal increases by increasing operation current density.  48 

 Mass transport control of the electrochemical degradation of benzene into the 49 

absorbent/electrolyte. 50 

 51 
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1. Introduction 57 

In the last decades, volatile organic compounds (VOCs) had constituted a relevant group of 58 

chemicals used in different processes in several industries, such as paints and solvents [1], 59 

rubbers [2], wooden furniture [3], anode manufacturing [4], polyester fabric [5] and asphalt 60 

pavement [6], among many others. These activities are associated with an environmental 61 

problem that is becoming of major relevance: the generation of gaseous polluted streams [7] 62 

which influence not only human health but also air quality and tropospheric chemistry [8]. 63 

Nowadays, VOCs contained in polluted air are mainly destroyed by different oxidation 64 

processes including thermal, catalytic, and biological [9–11].  65 

In recent years, very efficient electrochemical applications have been developed to treat 66 

liquid wastes and it has been pointed out the high impact of the choice of the anodic material 67 

[12–15] and operation conditions on the performance attained [16–20]. These interesting 68 

results have pushed researchers to expand the scope to the treatment of gaseous pollutants. 69 

An innovative technology is electro-absorption (also called electro-scrubbing). It combines 70 

physical or chemical absorption and electro-oxidation. The first step allows the molecules of 71 

the pollutant to transport from the gaseous to the bulk of the liquid phase. Principal 72 

parameters to consider are the type of packing, column dimensions, transfer coefficients and 73 

feed flowrates [21]. The second step is carried out in an electrochemical cell and enables the 74 

elimination of the pollutants by the oxidation reactions which can take place on the surface 75 

of the electrodes and/or in the liquid bulk by the oxidants produced. Important parameters in 76 

electro-oxidation are electrodes material, electrolyte, current density and cell voltage [22–77 

25]. This process is now developed at technology readiness levels (TRL) of  3-4, and the 78 

interest has been mainly focused on the removal of VOCs and odour substances [26–30] but 79 

applicability may be extended also to atmospheric pollutants. Hence, there is a great need for 80 



further research up to meet an industrial TRL of 7-9, and in the incoming years many 81 

scientific and technically sound works are expected on this topic. Some advantages of 82 

electro-absorption as compared to in-use technologies are the high efficiency of anodic 83 

oxidation, the regeneration of the absorbent solution, the possibility of optimizing the 84 

formulation of the absorbent and the fact that the primary reagents used are the electrons.  85 

Considering this background, this study aims to evaluate the electro-scrubbing of streams of 86 

air polluted with benzene, where this species has been used as a model of VOC. Packed 87 

absorption column and single compartment electrochemical cell are combined using anode 88 

consisting of boron-doped diamond and the effect of the current densities for two different 89 

feeding flowrates has been clarified, paying attention to the intermediates formed and the 90 

decrease of benzene concentration in the polluted gas stream after the application of the 91 

electro-absorption process.  92 

 93 

2. Experimental 94 

2.1 Chemicals 95 

All the chemical reagents were used as received and were analytical grade. The main ones 96 

were benzene 99.9% (Sigma-Aldrich), sulfuric acid 97% and hexane HPLC grade (Scharlau). 97 

Also, the following potential intermediates and by-products typically reported in the 98 

oxidation of benzene [31–34] were used: benzoquinone 98% (Panreac), phenol 99% (Sigma-99 

Aldrich), maleic acid 99% (Panreac), malonic acid 99% (Sigma-Aldrich), acetic acid 96% 100 

(Panreac), formic acid 98% (Sigma-Aldrich) and oxalic acid 99% (Sigma-Aldrich). All 101 

solutions were prepared with deionized water (Millipore Mili-Q system, resistivity 18.2 MΩ 102 

cm at 25°C). Helium (Al Air Liquide España), filtered by a hydrocarbon cartridge filter 103 



(Thermo Fisher Scientific), was used for the gas chromatography. Active carbon was BD 104 

CARBON GR 10.3 (Barcelonesa). 105 

 106 

2.2 Experimental setup and procedure 107 

A commercial electrochemical cell (DiaCell, purchased to Adamant Technologies, France) 108 

and a packed absorption column were integrated to constitute the electrochemically assisted 109 

absorption system shown in Figure 1 (electro-absorber). The column was made of glass with 110 

an inner diameter of 0.05 m, length of 0.5 m, and a packing height of 0.4 m, and it was filled 111 

with glass spheres (8 mm diameter) randomly distributed. A synthetic polluted gaseous 112 

stream was obtained by bubbling air (1) [35] into a tank filled with liquid benzene (99,9%) 113 

(3). The gas flowrate was monitored with a rotameter (2) and the inlet of the gas was placed 114 

in the bottom of the absorption column (4).  The absorbent liquid was contained in a tank 115 

(1L, 0.05 M H2SO4), from which it was pumped to the top of the column by a peristaltic 116 

pump (8) with a flow (10 L h-1) monitored with a rotameter (9). Both streams had 117 

countercurrent contact (7). The liquid stream that comes out from the bottom of the column 118 

went to a single-compartment electrochemical flow cell (5). The anode is boron-doped 119 

diamond (BDD) with Si as support and the cathode is commercial stainless steel (SS), both 120 

having a circular shape with an area of 78 cm2. The distance between the electrodes is 5 mm. 121 

A power supply (6) provides a constant intensity to the cell during each of the tests carried 122 

out. The liquid stream that comes from the cell was recirculated to the reactor tank, while its 123 

gaseous stream and the outlet gas from the column were mixed and conducted to an active 124 

carbon column to retain unreacted benzene and intermediates from the system. In this way, 125 

it can be considered that the gaseous phase performs in continuous mode (red line) while the 126 

liquid phase works in batch mode (blue line). 127 



The flowrates of gas treated evaluated were 1.5 and 6.0 L h-1 and current densities applied 128 

were 10, 50 and 100 mA cm-2. Absorption corresponds to experimentation with 0 mA cm-2. 129 

Each experimental test was carried out with a new electrolyte solution.  130 

 131 

 132 

Figure 1. Electro-absorber installation scheme. (1) air compressor, (2) rotameter, (3) liquid 133 

benzene tank, (4) packed absorption column, (5) flow electrochemical cell with BDD as 134 

anode and stainless steel as cathode, (6) power supply, (7) reactor tank, (8) peristaltic pump, 135 

(9) flow meter, (10) active carbon column, (11) sampling points. 136 

 137 

2.3 Analytical techniques 138 

From the reactor tank, liquid samples were collected (2.0 mL). They underwent L-L 139 

extraction with hexane (6 mL) in a vortex stirrer for 2 minutes. After the two phases were 140 

split, hexane was transferred to a gas chromatography (GC) vial. From the absorption column 141 

and the activated carbon column inlets, gaseous samples (5.0 mL) were taken and bubbled 142 

directly in hexane (10.0 mL). Then, they were collected in a GC vial. Compound 143 



concentrations in the samples were measured by Shimadzu Gas Chromatography (Nexis GC-144 

2030) coupled to a Mass Spectrometer Detector (GCMS-QP2020 NX).  The capillary 145 

analytical column was a SH-Rxi-5Ms 30m x 0.25 mm x 0.25um with a split/splitless injector 146 

in split mode (ratio of 20) and a total flow of 42.8 mL min-1 (pressure 100.0 kPa) with a linear 147 

velocity of 48.3 cm s-1. Temperature column program was: 38.0 ºC  for 3 min, 40.0 ºC min-1 148 

to 75.0 ºC and 30.0 ºC min-1 to 200.0 ºC for 2 min. The injection and detector temperatures 149 

were 200.0 ºC. The carboxylic acids were measured by HPLC with a Hi-Plex H column 150 

(Agilent Technologies) and a 5.0 mM sulfuric acid aqueous solution as the mobile phase (0.8 151 

mL min-1). The wavelength was 210 nm. Total organic carbon (TOC) was measured by Multi 152 

N/C 3100 analyser (Analytik Jena). 153 

 154 

3. Results and Discussion 155 

 156 

Figure 2 shows the concentration and mass flow of benzene fed into the absorption (0 mA 157 

cm-2) and electro-absorption processes, in which the effect of the carrier flowrate (1.5 and 158 

6.0 L h-1) and operating current densities (10, 50 and 100 mA cm-2) were evaluated.  159 

Obviously, the inlet is not influenced by the treatment applied, although it gives relevant 160 

information about the variability of the inputs in this experimental device. Thus, as it can be 161 

observed, there is a fluctuation of nearly 15% in the inlet measurements (188 ± 28 mg C L-162 

1), that can be explained in terms of the high turbulence produced by the bubbling of air in 163 

the benzene tank. This dispersion is also observed in the mass flow fed and the average values 164 

were 4.23 ± 0.63 and 19.21 ± 2.02 mg C  min-1 at 1.5 and 6 L h-1 respectively.  165 

 166 



Figure 2. Time evolution of benzene a) concentration and b) mass flow in inlet gaseous flow 167 

of 1.5 (white) and 6 (black) L h-1. Averages of every time (red points) and their trend line 168 

(red line). Absorption (circle) and electro-absorption processes at 10 (triangle), 50 (rhombus) 169 

and 100 (square) mA cm-2. 170 

 171 

Figure 3 shows the time course of the benzene concentration in the absorbent liquid phase 172 

during the absorption and electro-absorption tests. Regarding the non-electrochemical 173 

process, as expected, only benzene is measured in the liquid and no reactivity is associated.  174 

This is because of the low reactivity of VOCs under absorption conditions. A similar behavior 175 
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was observed in the degradation of toluene [26]. Physical adsorption of benzene in water is 176 

not affected by the concentration of the electrolyte used (0.05 M H2SO4) [36]. It mainly 177 

depends on equilibrium (and hence on the temperature and pressure) and mass transport 178 

(where flowrates are expected to influence). Thus, since temperature and pressure were kept 179 

constant during the tests (25ºC and 93 kPa), the latest justifies that the amount of benzene 180 

absorbed by the system grows by increasing the gas inlet flow (mass flow). Steady-state value 181 

was around three times lower in the absorbent of the system fed with 1.5 than with 6.0 L h-1 182 

of benzene polluted air, being the values in which the concentration stabilizes of 392.12 ±  183 

16.01 and 1080.04 ± 51.48 mg C L-1, respectively. Additionally, it can be observed that the 184 

concentration in the liquid reached a plateau after about three hours of feeding with 1.5 L h-185 

1 of benzene polluted air and only one hour and a half of feeding the system with 6.0 L h-1.  186 

More interesting are the stabilization concentrations reached in the electro-absorption, that 187 

is, when current is applied in the electrochemical cell connected to the absorption column:  188 

the benzene concentration achieved at steady-state in the liquid phase decreases with the 189 

increase in the current density. With a flow of 1.5 L h-1, the values are 221.90 ± 7.79, 140.75  190 

± 8.85 and 46.40 ± 1.30 mg C L-1 in the electro-absorptions at current densities of 10, 50 and  191 

100 mA cm-2, respectively. In the tests in which the treatment technology is fed with 6.0 L  192 

h-1, the concentrations reached with the same current density values were 829.06 ± 47.42, 193 

690.02 ± 14.64 and 430.23 ± 22.38 mg C L-1. When these values are compared with the 194 

obtained in the bare absorption, it is observed higher percentages of reduction in the lowest 195 

inlet gas flow tested. Thus, reduction values were 43.41, 64.11 and 88.17 % with 10, 50 and 196 

100 mA cm-2. On the other hand, the tests with the highest inlet gas flowrate achieved a 197 

23.24, 36.11 and 60.17 % of reduction in the stabilization concentration for the three 198 

increasing current densities tested in this work. This could happen because while the current 199 



density increments, the production rate of oxidants increases as well. Consequently, as there 200 

is a greater amount of these reactants, the kinetics of benzene degradation in the liquid phase 201 

is higher and its steady-state value is lower. Additionally, it can be concluded that with an 202 

increase of four times in the inlet gas flow rate, the percentage of reduction in the steady-203 

state concentration in the liquid phase is reduced from 1.5 to 1.9 times for the same value of 204 

current density.  205 

 206 

 Figure 3. Time evolution of benzene concentration in liquid phase in absorption (circle) and 207 

electro-absorption processes at 10 (triangle), 50 (rhombus) and 100 (square) mA cm-2. At 208 

different inlet gas flows of a) 1.5 (white) and b) 6 (black) L h-1. 209 

 210 

Figure 4 shows the time course of the total concentration of the intermediate compounds 211 

identified analytically in the liquid phase in electro-absorption processes at inlet gas flows of 212 

1.5 and 6.0 L h-1. The time evolution of each compound is in Figure S1. In both flow rates, 213 

benzoquinone was the principal aromatic intermediate identified, which reached maximum 214 

concentrations of 8.0 and 44.0 mg C L-1 for each inlet gas flow fed, respectively. 215 
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Additionally, carboxylic acids identified were oxalic, maleic, malonic and acetic. The 216 

concentration of the first one is higher when the current density increases, and the same 217 

behaviour happens with malonic acid. On the other hand, the other acids show the highest 218 

concentration at 10 mA cm-2, while at 50 and 100 mA cm-2 their concentrations are much 219 

smaller. In the tests with 1.5 L h-1 of inlet gas flow, all maximum concentrations of carboxylic 220 

acids are lower than 10 mg C L-1, while with 6 L h-1 they do not exceed 40 mg C L-1. The 221 

carbon mass of the intermediates represents less than 10% of the total mass that enters in the 222 

system in both inlet gas flows. So, this fact could infer that there is not an accumulation of 223 

intermediates and mineralization is the principal way of the benzene electro-degradation 224 

process. Also, these results help to have information about the degradation route of benzene 225 

which could consist first in the oxidation of the aromatic ring before its breakup and 226 

subsequent formation of carboxylic acids to finally reach mineralization. This statement is in 227 

concordance with other authors [37–40]. 228 

  229 
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Figure 4. Time evolution of the total concentration of intermediate compounds identified in the liquid 230 

phase at a gaseous flow of a) 1.5 (white) and b) 6 (black) L h-1 in electro-absorption processes at 10 231 

(triangle), 50 (rhombus) and 100 (square) mA cm-2 232 

 233 

Total organic carbon (TOC) was calculated by the sum of benzene and intermediates 234 

compounds concentrations, and it is compared with TOC measured analytically, results are 235 

shown in Figure 5. It is observed that theoretical and measured TOC values have a good 236 

fitting coefficient (R2 0.97). This means that the mass of carbon missed from the input value 237 

is mineralized and that there are no other relevant intermediates unidentified that are 238 

interfering with TOC measurement. 239 

 240 

Figure 5. TOC theoretical vs measured in liquid phase in absorption and electro-absorption 241 

processes at 10, 50 and 100 mA cm-2 at different inlet gas flow of 1.5 and 6.0 L h-1.  242 

 243 

Values shown in figures 3 to 5 are important to understand the performance of the electro-244 

absorption technology. However, the most important information comes from the 245 

comparison of the concentrations and mass flow of benzene in the gaseous outlet streams. 246 
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Figure 6 shows the concentration of benzenes detected in this stream during the different 247 

tests and Figure 7 collects the mass flow of outlet gas in absorption and electro-absorption 248 

tests at gas flow rates of 1.5 and 6.0 L h-1. The first Figure confirms that concentrations of 249 

benzene in the treated gas reach a steady-state value in less than three hours, which 250 

corresponds to the same concentration of the inlet (Figure 2) in the case of the bare absorption 251 

technology (as expected, because of the steady-state value reached in the absorbent capacity) 252 

and too much lower values in the concentration of benzene in the outlet gas of the electro-253 

absorbers when the electric current is applied, as explained because of the electrochemical 254 

destruction of benzene and formation of intermediates.  255 

 256 

Figure 6. Time evolution of benzene concentration in outlet gas flow in absorption (circle) 257 

and electro-absorption processes at 10 (triangle), 50 (rhombus) and 100 (square) mA cm-2. 258 

At different inlet gas flows of a) 1.5 (white) and b) 6 (black) L h-1. 259 

 260 

The decrease in benzene concentrations in the outlet gas is also reflected in the observed 261 

differences in the mass flow rate escaping treatment (Figure 7). Thus, it is observed that when 262 

absorption is carried out, the benzene concentration gradually increases until the input value 263 
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is reached. This fact means that liquid is no longer able to absorb benzene and, this 264 

phenomenon happens about three hours with the 1.5 L h-1 flow rate and one hour and a half 265 

with 6.0 L h-1. It could be explained because the equilibrium concentration between liquid 266 

and gaseous phases strongly depends on the partial pressure, mass flow in other words, of 267 

the target compound within the gas phase in absorption. In addition, increasing the gas flow 268 

induces more turbulence inside the column that leads to better interface contact between the 269 

liquid and gas phases improving the mass transfer rate. However, the higher the gas flow, the 270 

shorter is the residence time of the gas in the system, which affects the diffusivity of the 271 

pollutant [41]. So, it is important to find an optimal point between these parameters. The 272 

steady-state flow was 4.02 ± 0.26 and 18.94 ± 0.87 mg C min-1 and the difference in 273 

percentage in relation with the inlet mass flow was 2.20 and 3.56 % respectively with 1.5 and 274 

6.0 L h-1 of inlet gas flow rate. 275 

 276 

Regarding the electro-absorption tests, it is clearly observed that the higher is the current 277 

density, the lower is the mass flow value that the outlet gas reaches in the steady-state. With 278 

a flowrate of polluted air of 1.5 L h-1 and current densities of 10, 50 and 100 mA cm-2, the 279 

outlet gas mass flows were 1.58 ± 0.09, 1.17 ± 0.08 and 0.68 ± 0.10 mg C min-1 respectively. 280 

Meanwhile, with 6.0 L h-1, these values are 15.52 ± 0.87, 13.34 ± 0.54 and 10.70 ± 0.88 mg 281 

C min-1. When these results are compared with the inlet mass flow in each test at different 282 

current densities, the reduction percentages are 61.53, 73.64 and 84.09 % with the lowest 283 

inlet gas flow and 18.48, 32.50 and 41.86 % with the highest one. In a similar way to the 284 

liquid phase, it can be determined that with an increase of four times in the inlet gas flow 285 

rate, the percentage of reduction in the steady-state concentration in the outlet gas mass flow 286 

is reduced from 2.0 to 3.3 times for the same value of current density.  287 



 288 

 289 

Figure 7. Time evolution of benzene mass flow in outlet gas stream in absorption (circle) and 290 

electro-absorption processes at 10 (triangle), 50 (rhombus) and 100 (square) mA cm-2. At 291 

different inlet gas flows of a) 1.5 (white) and b) 6.0 (black) L h-1. Mass flow of benzene in 292 

the inlet gas (red line in Figure 2b). 293 

 294 

The mass of benzene adsorbed in the active carbon column which represents the amount not 295 

treated is shown in Table S1. In addition, no intermediates were identified in the gases 296 

outflowing from the system, which can be explained by the very low concentrations 297 

measured in the absorbent liquids and, also, by the very low volatility of all the intermediates.  298 

This supports the technical feasibility of the treatment proposed for these gases containing 299 

VOCs as has been demonstrated with other compounds [24,42–44]. As well, energy and 300 

efficiency considerations are important to be discussed and this information is provided in 301 

Figure 8, where Part a indicates that the  degradation percentage rises with current density 302 

and Part b, which represents the degradation percentage relative to kWh (calculated with the 303 
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voltage, intensity and total time of each test)  that energy efficiency decreases very 304 

importantly with current density. This lower efficiency at higher current densities is expected 305 

because of the mass transport control of the electrochemical process in liquid phase which, 306 

in turn, can be associated to the low concentration of pollutants.  307 

 308 

Figure 8. Degradation percentage a) absolute and b) relative to kWh at different current 309 

densities. Inlet gaseous flow of 1.5 (white) and 6.0 (black) L h-1. 310 

 311 

CONCLUSIONS 312 

Conclusions obtained in this study are the following: 313 

 Electrochemically assisted absorption processes are efficient in the degradation of 314 

benzene contained in polluted air and may become a very interesting choice if the 315 

TRL increases. Positive results obtained in this work are promising a recommend 316 

further work in the topic. 317 

 Polluted air can be simulated by bubbling air into liquid benzene. Inlet gas 318 

concentration is constant and independent of the gas flow rate, in contrast to the mass 319 

flow which is proportional with this parameter. Additionally, steady-state 320 
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concentration of benzene absorbed increases and is reached in half the time when 321 

inlet gas flow rises from 1.5 to 6.0 L h-1. 322 

 Intermediates compounds identified during electro-absorption processes are 323 

benzoquinones and carboxylic acids such as oxalic, maleic, malonic and acetic. Their 324 

concentration is very low, as expected for an electrochemical oxidation of organics 325 

with boron-doped diamond electrodes. Therefore, mineralization is considered the 326 

primary degradation mechanisms of benzene in electro-absorption process. 327 

 Electro-absorption process is functional to the treatment of gaseous streams polluted 328 

with benzene, a higher percentage of benzene removal from the gaseous stream is 329 

obtained by increasing the current density and decreasing the mass flow of inlet gas 330 

flow. The same behaviour is observed in the liquid phase. 331 

 Degradation percentage relative to energy consumption increases when the current 332 

density decrease, this energy efficiency relation with current density is due to the 333 

limitations in mass transport control during the oxidation of diluted aqueous wastes.  334 

 335 
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 535 

Figure S1. Time evolution of each intermediates compounds identified in the liquid phase at 536 

different gaseous flow of 1.5 (white) and 6 (black) L h-1 in electro-absorption processes at 10 537 

(triangle), 50 (rhombus) and 100 (square) mA cm-2.  538 

 539 

Table S1. Mass of benzene (mgC) retained on the active carbon after the electro-absorption 540 

process and the percentage of each value in relation to the total mass entering the system. 541 

 Current density (mA cm-2) 

Inlet gas flow (L h-1) 0 10 50 100 

1.5 
708.52 
(57%) 

355.88 
(29%) 

246.23 
(19%) 

137.37 
(11%) 

6.0 
3208.86 
(68%) 

2858.70 
(63%) 

2463.70 
(52%) 

1940.83 
(44%) 
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