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Abstract

:

Electrochemical advanced oxidation processes (EAOP®) are promising technologies for the decentralized treatment of water and will be important elements in achieving a circular economy. To overcome the drawback of the high operational expenses of EAOP® systems, two novel reactors based on a next-generation boron-doped diamond (BDD) anode and a stainless steel cathode or a hydrogen-peroxide-generating gas diffusion electrode (GDE) are presented. This reactor design ensures the long-term stability of BDD anodes. The application potential of the novel reactors is evaluated with artificial wastewater containing phenol (COD of 2000 mg L−1); the reactors are compared to each other and to ozone and peroxone systems. The investigations show that the BDD anode can be optimized for a service life of up to 18 years, reducing the costs for EAOP® significantly. The process comparison shows a degradation efficiency for the BDD–GDE system of up to 135% in comparison to the BDD–stainless steel electrode combination, showing only 75%, 14%, and 8% of the energy consumption of the BDD–stainless steel, ozonation, and peroxonation systems, respectively. Treatment efficiencies of nearly 100% are achieved with both novel electrolysis reactors. Due to the current density adaptation and the GDE integration, which result in energy savings as well as the improvements that significantly extend the lifetime of the BDD electrode, less resources and raw materials are consumed for the power generation and electrode manufacturing processes.
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1. Introduction


Electrochemical advanced oxidation processes (EAOP®) are promising key elements for achieving a circular economy. EAOP® provide versatile, efficient, and clean methods for wastewater treatment through the use of electrons and their ability to oxidize wastewater pollutants either directly or indirectly [1]. The electron transfer between the organic compound and the electrode occurs at the electrode surface with the direct electrochemical oxidation. In contrast, indirect electrochemical oxidation involves intermediates that perform the electron exchange between the organics and the electrode in the bulk of the electrolyte [1]. “Active” and “non-active” anodes are used for oxidation, whereby “active” anodes with low oxygen overpotentials (OVP), e.g., dimensionally stable anodes or Pt, favor the selective oxidation of organic species and are preferred for the generation of reactive chlorine species [2,3]. In contrast, anodes with high OVP show “non-active” behavior and enable complete organic oxidation. The ideal anodes for this purpose are made of SnO2, PbO2, Ti4O7, or boron-doped diamond (BDD) [4]. BDD anodes have high corrosion and electrochemical stability and a wide potential window for water discharge, resulting in high yields of hydroxyl radicals (∙OH, Equation (1) [5]); therefore, reactors with BDD electrodes producing ∙OH are capable of mineralizing nearly every organic compound [2,6,7] and were, therefore, chosen for this study.



In addition, electrochemical oxidation processes, especially those involving diamond electrodes, are easy to control and can be supplied with energy from both fossil and renewable energy sources [8].



Although BDD-based EAOP® systems are highly efficient, the high cost of the BDD electrode material [1,9,10], the operating costs, and the formation of toxic byproducts [11,12] hinder their integration in many applications. Usually, BDDs are used in combination with a H2 evolution reaction (HER) at a stainless steel cathode (Equation (2)):


   H 2  O + BDD ⇌ BDD    (  · OH  )    ads   +  H +  +  e −   



(1)






  2  H 2  O + 2  e −  ⇌  H 2  + 2   OH  −   



(2)







This combination has the disadvantage of the H2 evolution, which does not contribute to the water treatment performance, and might lead to the formation of foam during treatment [13]. This results in higher energy consumption owing to the gas isolation characteristics [12], a more complex process handling, and hinders the upscaling of the cells [3]. These disadvantages can be overcome by using a gas diffusion electrode (GDE). These electrodes produce hydrogen-peroxide (H2O2), using the oxygen reduction reaction for the generation of the oxidizing agents H2O2 and HO2− (Equations (3) and (4)). H2O2 is one of the most versatile chemical compounds due to its specific reactivity over a wide pH range [14]. It has the advantage of being able to decompose into environmentally friendly and non-toxic products [15,16,17].


   O 2  + 2  H +  + 2  e −  ⇌  H 2   O 2   



(3)






   O 2  +  H 2  O + 2  e −  ⇌   HO  2 −  +   OH  −   



(4)







GDEs are 3D electrode systems that form a three-phase boundary layer, whereby the reaction takes place between the solid catalyst material, the gaseous oxygen, and the liquid phase of the electrolyte (Figure 1b) [18]. GDEs overcome the gaseous mass transfer limitations of 2D cathodes [19]. The usage of a GDE results in lower cell voltages owing to the lower cathodic potential of the oxygen reduction compared to the water reduction, whereby the gas evolution is avoided. Furthermore, such GDEs are inexpensive (approx. 1000 € m−2).



BDD anodes are also multi-layer systems, as shown in Figure 1a. The BDD coating is built on top of a suitable carrier, exhibiting a high overpotential for the oxidation of water, which enables the direct oxidation of contaminants due to the weakly adsorbed ∙OH [9]. The price range for such anodes in the literature is 12,000–18,000 € m−2 [9,10].



The first aim of this study is to reduce the anodic diamond wear off, enabling a long BDD service life and lower operational costs, in particular. The second aim is to combine the direct oxidation behavior of a BDD anode with the indirect oxidation behavior of cathodic-generated H2O2 to enable both higher degradation efficiency and lower energy consumption.



This is also crucial for the future-oriented efficient coupling of EAOP® with regenerative energy (RE) [8] for sustainable, autonomous, and low carbon emission applications [8]. Whether coupled with a wind turbine, photovoltaic element, or low-energy renewable sources, e.g., a microbial fuel cell, the aim must be to make better use of the collected energy by using an optimized reactor in combination with an optimized operation [20].



The basis of this study is an artificial wastewater (WW) containing phenol, which is a well-known model pollutant that is used to simulate the WW caused by pharma production in this study. In the literature, the electrochemical treatment of phenolic WW has been investigated by many authors [17] and the electrochemical treatment systems have been summarized. Luo et al. used a H2O2-producing GDE (10 cm2; Vulcan XC-72-based) and its electroactivation of ∙OH to treat 50 mg L−1 phenol in 0.2 mol L−1 Na2SO4. With the best operation point, they reached a TOC mineralization efficiency of 85% [21]. In-cell and ex-cell Fenton experiments were performed by Agladze et al. for the treatment of 282 ppm phenol in Na2SO4 and NaCl electrolytes with 90–98% treatment efficiency. The lifetime of the GDEs was the main problem in the investigations, as the GDEs destructed during the experiments (up to 2 h) [22]. Huang et al. also used in situ generation and activation of H2O2 with a metal–carbon catalyst for the treatment of 40 mg L−1 phenol. They achieved a similar removal efficiency rate of 87%, but the metal–carbon catalyst released iron during operation [23]. A similar investigation with a MnO2–graphite electrode was performed by Abbas et al. [24], with activation using electro-Fenton. After 6 h, it was found that 88% of the phenol was removed by applying 0.08 kA m−2 at 60 °C with a current efficiency (CE) of approximately 4%. Higher efficiencies were shown by Ma et al. with ferric sulfate and potassium permanganate adsorbed onto active bentonite in a slurry-bed electrolytic reactor with graphite electrodes. They presented a 99% removal rate for 0.52 g L−1 phenol with the H2O2-producing and -activating process [25].



Other authors investigated the anode side of the electrolysis cell to treat phenolic WW. Shi et al. investigated a nanostructured, boron-doped diamond (NBDD) anode for the degradation of 0.04 M phenol in an acid milieu. They showed that the NBDD had a larger effective surface area of 31% in comparison to their standard BDD, which revealed a TOC removal of approx. 50% in comparison to 40% (both at 1 kA m−2) [26]. PbO2-based anodes are also known for ∙OH generation. Gui et al. showed an average degradation efficiency for 100 mg L−1 phenol of 91.1% with this type of electrode [27]. Unfortunately, PbO2 anodes are known to release toxic Pb2+ ions and have lower activity rates in comparison to BDD anodes [2]. Li et al. stated that the anodic property affects the pathway of phenol electrolysis and that ∙OH-generating anodes are superior to other anode systems. They showed that ∙OH-generating Ti/SnO2-Sb degraded the TOC of an 80 mL phenolic solution to 99%, whereby non-radical-generating anodes such as Ti/RuO2 and a Pt anode showed much lower efficiencies [28].



The presented studies described in the literature focused only on one electrode for the treatment of phenolic WW. In the present study, we prepare and use an improved BDD in combination with a GDE for the treatment of WW. Furthermore, the system does not depend on the pH value, as with the Fenton process. The aim is to degrade up to 99% or more of phenol to avoid toxic byproducts [29] and the comparison with a state-of-the-art electrolysis system with a H2-generating cathode in an also novel reactor design and with ozonation and peroxone processes [30].



The oxidation of phenol involves several steps and intermediates before the degradation results in CO2 and water as the final products [31]. The intermediates are precursors of methyl radicals, which lead to the etching of the diamond layer [32]. For this reason, the system studied here is also suitable for investigating how long a diamond electrode can be used in WW treatment before this consumable material has to be replaced at the end of its lifetime.




2. Materials and Methods


2.1. Artificial Wastewater


In this study, an artificial WW containing phenol was used to simulate the WW from a pharmaceutical manufacturer to ensure reproducibility. The same composition of 9 g L−1 Na2SO4 (≥99%, p.a., article number: 8560.1) and 0.85 g L−1 phenol (≥99.5%, p.a; article number: 0040.1) in demineralized water (Behropur B10 from behr Labor-Technik, Germany) was subjected to the electrolysis setups and the ozonation and peroxone processes. H2O2 at a concentration of 30 wt.% (article number: 9681.1) was used for the peroxone experiments. The chemicals were purchased from Carl Roth GmbH & Co., KG (Karlsruhe, Germany).



Na2SO4 was selected as the conductive salt for the artificial WW. The addition of conductive salts is necessary to operate the cell within an acceptable and realistic voltage, temperature, and energy regime. Na2SO4 was used to enable a better comparison with the results found in the literature. Halogen salts or acids were not used to prevent the generation of other hazardous substances, e.g., adsorbable organic halides by Cl− oxidation [3]. It is noted that the oxidation of sulfate (SO42−) to persulfate (S2O82−) is possible with BDD electrodes, due to ∙OH formation and the high overpotential.



This side reaction was of minor relevance, as SO4−∙ readily reacts with organic compounds. At low current densities, the probability for a recombination of sulfate radical to persulfate is decreased. Independently in the absence of a transition metal, UV radiation, and temperatures >60 °C, the activation of persulfate to perform oxidation reactions of organic compounds is neglectable and was not an influencing factor for the performed degradation experiments [4,33,34,35].




2.2. Electrolysis Setups


Both electrolysis cells were built from stainless steel using a filter press design (SSZ100/ES and SSZ100/GDE by CONDIAS GmbH, Itzehoe, Germany; Figure 2). A BDD anode (DIACHEM® by CONDIAS) was coupled with a stainless steel cathode and a carbon-based GDE (Printex L6 on Ag-plated Ni mesh; Covestro AG, Leverkusen, Germany; details about the manufacturing process are given in the Supplementary Information Figure S1) using cell designs a and b, respectively. The Printex catalyst was chosen for the GDE due to its high yield of H2O2 in acid and alkaline environments in comparison to other pure carbon catalysts [36,37]. The DIACHEM® electrode was coated with 15 µm as a multi-layer on tantalum substrate (thickness of 2 mm). The production using the hot-filament-activated chemical vapor deposition (HF-CVD) process [38] and the related pre-treatment was performed in several steps especially adapted to the material characteristics in order to manufacture the DIACHEM® coating. The main improvement was the triple multi-layer coating.



In design a, one end plate was used as the active cathode, whereby the electrolyte flows from the bottom to the top to ensure homogeneous working electrodes. In design b, the GDE was integrated into the endplate to ensure the electrolyte, air, and power inputs pass through one cell element [39]. These requirements were achieved using a structured flow field milled to the steel body; therefore, in design b, two feed streams must pass the steel body. The PTFE frame has two functions—one is to seal the GDE and the other is to route the electrolyte to the electrochemical reaction zone. Regardless of the cathodic half-shell, the cell design includes important features for effective and efficient operation of the DIACHEM® electrodes for an EAOP® treatment. The special features are the homogeneous electrolyte flow through the flow channels of the inlet and outlet and the bifunctionality of the stainless steel part that combines the cathode with the electrolyte distribution, while we followed the concept of “the fewer the cell parts, the better the cell design, the lower the risk of malfunction”. In addition, the anode edges are protected from the influence of the electrolytes, the electric field, and their influence on electrode wear by the flat gasket design. The cells were fed upwards with WW from a tank (18 L and 9 L WW volume for cell designs a and b, respectively) with a constant velocity of 0.298 ± 0.019 m s−1 through a centrifugal pump (WPDC-06.7L-10M-24-VP, Rotek Handels GmbH, Hagenbrunn, Austria). The flow areas for cell designs a and b were 180 and 140 mm2, respectively. Synthetic air (Linde, Germany) was used for the GDE with a 3 × stoichiometric excess of O2 in the air (127, 76, and 26 mL min−1 for 0.5, 0.3, and 0.1 kA m−2, respectively) and the pressure in the air compartment of the cell was adjusted to approx. 40 mbar. The power was applied with a TDK Lambda power supply (type Genesys, Tokyo, Japan). The voltage, current, temperature, and pH were monitored using multimeters (NI 9239 by NI, Austin, TX, USA), a PT100 thermometer (type HSRTD by Omega Engineering, Inc., Norwalk, CT, USA), and a pH probe (tecLine 201020 by JUMO GmbH & Co. KG, Fulda, Germany), respectively.




2.3. Ozone and Peroxone Process


An O3 generator and a concentration measurement device from Anseros Klaus Nonnenmacher GmbH (Tübingen, Germany, type Generator COM and Ozomat GM) were used. A reactor and a O3 destructor used to destroy unreacted O3 completed the ozone process. A schematical drawing of this setup is given in [30]. It was also used for the peroxone process in this work, whereby a dosing pump (KNF Neuberger GmbH, SIMDOS 02, Freiburg, Germany) was added to enable a continuous dosing of the H2O2 solution into the reactor, forming superoxide radicals from O3 and H2O2. Experiments were conducted using various power inputs of the O3 generator (25% = 0.51 mgO3 s−1, 50% = 0.63 mgO3 s−1, 75% = 0.74 mgO3 s−1, 100% = 0.88 mgO3 s−1) and in combination with H2O2 dosing, with an O3 power input of 25% + 0.03 mL min−1 or + 0.07 mL min−1 H2O2 solution.




2.4. Analytical Methods and Performance Data


Photometrical cuvette tests (Macherey-Nagel GmbH & Co. KG CSB 40, 300, 600, and 1500, Düren, Germany) were used to determine the chemical oxygen demand (COD). It is known that H2O2 negatively affects COD tests, resulting in overdetermination; therefore, two methods were applied to ensure correct values. The method according proposed by Lee et al. was used to correct the measured values with correlation lines [40] for the GDE electrolysis experiments. The correlation lines for the investigated WW are given in the Supplementary Information (Figure S4). The method according proposed by Issa et al. [41] was used for the peroxone experiments. H2O2 concentrations were determined using iodometry [42]. To calculate the specific energy consumption per mass O3 (   E  s c ,  O 3     ), the power consumption (   P   O 3  − g e n    ) and the gaseous volume flow rate (    V ˙   g a s    ) of the O3 generator were used, as well as the concentration of O3 (   c   O 3     ) according to Equation (5). The specific O3 demands per mass COD were calculated (Equation (6)), whereby the following additional parameters were used, namely the time (t), differential between the initial and the final COD concentration (  Δ  c  C O D    ), and treated wastewater volume (VWW). Finally, the specific energy consumption per mass COD was calculated using Equation (7):


   E  s c ,  O 3     [    kWh     kg    O 3       ]  =    P   O 3  − g e n    [  kW  ]      V ˙   g a s    [   L h   ]    ·    c   O 3     [    kg  L   ]       



(5)






     m   O 3       m  C O D      [      kg    O 3        kg   C O D      ]  =     V ˙   g a s    [   L h   ]  ·    c   O 3     [    kg  L   ]  ·   t  [ h ]    Δ  c  C O D    [    kg  L   ]  ·    V  W W    [ L ]       



(6)






   E  s c ,  O 3  , C O D   =    P   O 3  − g e n    [  kW  ]  ·   t  [ h ]    Δ  c  C O D    [    kg  L   ]  ·    V  W W    [ L ]     



(7)







During the electrolysis tests, the current densities (j) used were adjusted to the prevailing COD concentration. The j for mineralization without mass transfer limitation and the ideal treatment curve were calculated with the model proposed by Panizza et al. [43].



The specific energy consumption per volume (   E  s c , e l . , V o l .    ) and per kgCOD (   E  s c , e l . , C O D    ) of the electrolysis setups were calculated according to Equations (8) and (9) with the cell voltage U, the current density j, the active electrode area A, the volume of the wastewater VWW and the   Δ  c  C O D    :


   E  s c , e l . , V o l .   =     ∫   t = 0  t   (  U    [ V ]  · j  [    kA    m 2     ]  · A  [   m 2   ]   )    d t    V  W W      [   m 3   ]       



(8)






   E  s c , e l . , C O D   =     ∫   t = 0  t   (  U    [ V ]  · j  [    kA    m 2     ]  · A  [   m 2   ]   )    d t   Δ  c  C O D      [    kg  L   ]  ·    V  W W    [ L ]       



(9)







For determination of the diamond coating thickness, the beta backscattering methodology was used (FISCHERSCOPE® MMS® PC2 in combination with 147Pm beta radiation source; Helmut Fischer GmbH, Sindelfingen, Germany). The measurements were performed on 225 points (9 lines across the sample’s longitudinal axis, each with 25 measurement points). The high number of measurements, hence the high resolution of the data, were possible due to the custom-made, self-implemented automatic measurement.



The detection of surface changes of the diamond coating was performed with a color 3D laser scanning microscope (LSM; VK-9700K, Keyence Corporation, Osaka, Japan). For the image analysis, VK Analyzer Version 2.5.0.1 was used.



The operational expenses (OPEX) for different electrode lifetimes were calculated according to Equation (10) with the price M, the estimated electrode lifetime (LTestimated), and the annual WW volume flow rate (    V ˙   W W    ):


  O P E  X  N b   o r   T a    [   €   m 3     ]  =    M  s u b s t r a t e      [ € ]  +  M  B D D   c o a t i n g      [ € ]    L  T  e s t i m a t e d      [ a ]  ·       V  ˙    W W      [     m 3   a   ]       



(10)







For a better comparison, the OPEXratio (Equation (11)) was considered.


  O P E  X  r a t i o   =   O P E  X  N b     O P E  X  T a      



(11)







The OPEX for the energy demand was calculated based on the results shown in Section 3.2 and Equation (12) with the electric energy (P) and the energy costs (C). Here, the OPEX ratio (OPEXratio,energy) was also considered for a better comparison (Equation (13)):


  O P E  X  e n e r g y ,       s t e e l   o r   G D E    [   €   m 3     ]  = P    [    kWh    m 3     ]  ·   C  [   €  kWh    ]   



(12)






  O P E  X  r a t i o ,   e n e r g y   =   O P E  X  e n e r g y ,   s t e e l     O P E  X  e n e r g y ,   G D E      



(13)









3. Results


3.1. BDD Coating Thickness


To investigate the degradation of the BDD coating in order to estimate the lifetime of the novel Ta-based BDD (BDD-Ta), the WW treatment with cell type a was carried out 77 times to achieve a total runtime of 12,222 h (Figure S5 shows the COD degradation in dependence of time). Figure 3 shows LSM micrographs before and after the test cycle. The j was set to 0.5 kA m−2 in the first 24 h, to 0.3 kA m−2 between 24 and 96 h, and to 0.1 kA m−2 for the remaining time of each batch. For more experimental details, please refer to Section 3.2.



The test conditions during treatment lead to corrosive reactions to the BDD surface due to intermediates of the phenol degradation [31]. This leads to a change of the morphology appearance, the crystal edges becoming rougher, and the diamond wearing off [32]. During the test period, the diamond coating thickness was measured, with the results given in Figure 4. It is obvious that the treatment conditions reduced the coating thickness by 4.8% during the test.



Linear prediction was performed based on the known results of an additional long-term test, which was also aimed at diamond loss due to the described reactions (see Figure S6 in the Supplementary Information). Here, the diamond loss exhibits a linear progression over sufficient data points over a coating thickness range of 10 to 6 µm. Additional information about the calculations is given in the Supplementary Information. Other prediction options that are theoretically possible due to the low data density in Figure 4 (e.g., exponential progression) were, therefore, discarded. Consequently, the prediction of the lifetime of DIACHEM® was performed using linear extrapolation from 15 to 6 µm based on the described durability test, resulting in a lifetime of approx. 18 years. The estimated and also the measured service life clearly exceeds the values in the literature, e.g., 100–200 h for Ti-based BDD anodes [44].




3.2. Treatment Performance of the Electrolysis and the Ozone and Peroxone Processes


Figure 5a shows the results of the electrolyzer processes treating WW in cell type a with a stainless steel cathode and in cell type b with a H2O2-producing GDE in combination with a BDD anode. These results are compared to the ideal mineralization.



All electrolysis-based experiments were conducted over 7 days and at least three times to elucidate statistical errors. To avoid mass transfer limitations due to insufficient amounts of organics, j was set between 0.5 and 0.1 kA m−2 according to Figure 5a. With cell design a, degradation of the organics was achieved, which was congruent with the ideal model progression according to Panizza et al. This was achieved via a homogeneous flow of electrolyte over the anode, sufficiently high turbulence inside the cell, as well as optimized j. The electrolysis in combination with a GDE cathode showed accelerated degradation. While the COD values with H2O2 interference were similar to those with the stainless steel cathode, the corrected values showed accelerated degradation of up to 35% within the first 48 h. In the COD range below about 30 mg L−1, both processes performed similarly due to the low residual concentration. Both processes reached a concentration of approx. 10 mg L−1 on the 6th day, which remained almost constant during day 7. A mineralization rate of >99.5% after 6 days was achieved with both processes. During purification, H2O2 concentrations of 20.34 ± 1.09 mmol L−1 at 0.5 kA m−2 after 24 h, of 7.54 ± 0.92 mmol L−1 at 0.3 kA m−2 on day 4, and of 5.40 ± 0.76 mmol L−1 at 0.1 kA m−2 on day 7 were measured. This is an advantage of the implemented operation with an adjustment of the j, since the residual H2O2 concentration after the purification process is low, e.g., in comparison to Agladze et al., who achieved 113–340 mmol L−1 [22].



The measured concentrations represent an equilibrium between the formation reaction (Equation (4)), H2O2 oxidation at the anode (Equation (14)), the reaction with the hydroxyl radicals formed on the anode side (Equation (15)), self-decomposition (Equation (16)), and the reaction with the organics [45].


   H 2   O 2  →  H 2  O +  O 2  + 2  e −   



(14)






   H 2   O 2  + ·   OH →  H 2  O + ·    O 2  H  



(15)






  2  H 2   O 2  → 2  H 2  O +  O 2   



(16)







Table 1 shows the specific energy demands after 6 days and after reaching a COD concentration of 99 mg L−1 [46], which is the permitted discharge concentration for WW from pharmaceutical productions according to German law (if a circular economy is not yet being pursued).



Taking the same treatment time into account, the usage of the H2O2-generating GDE instead of the stainless steel cathode with HER results in energy savings of approx. 9%. This can be attributed to the higher reduction potential at the cathode (reduction of oxygen to hydrogen peroxide compared to water reduction to hydrogen) on the one hand and to a significant reduction of the cathodic overpotential caused by the application of highly specific catalysts on the other hand. This is also the case when considering the full 7 day cleanup cycle (92.24 ± 4.00 kWh m−3 or 46.12 ± 2.00 kWh kgCOD−1 versus 83.75 ± 0.72 kWh m−3 or 41.88 ± 0.36 kWh kgCOD−1). If the accelerated degradation of the organics due to the BDD–GDE combination is considered, the differences in energy consumption are more significant. Here, cell design b showed an accelerated degradation of up to 35% compared to cell design a. This is explained by the higher concentration of oxidizing agents and the combination of ∙OH and H2O2 enabling the formation of additional oxidation species by consecutive reactions, resulting in more efficient decomposition of organic pollutants [47].



For the ozone process, the WW was treated with different O3 inputs and H2O2 was additionally dosed for the peroxone process (Figure 5b). As expected, a higher O3 input leads to a faster decrease in the COD, although only partially to a lower final value. At power input rates of 100%, 75%, and 50%, final COD values of about 60 mg L−1 were achieved; however, this value is reached after different test times. At power input rates of 100%, 75%, and 50% the minimum COD value were reached after about 12, 20, and 24 h, respectively. The final value of the lowest power input was about 150 mg L−1. Column 5 in Table 2 shows the specific O3 demand per COD during the 24 h treatment.



It shows that a lower power input to the O3 generator and thus a lower O3 concentration in the reactor lead to a lower specific energy demand for the removal of phenol. The mass transport of the O3 limits the phenol degradation rate significantly. The minimum COD value is reached after about 24 h with a power input of 25% and a H2O2 dosing of 70 μL min−1, similar to the ozone process with a power input of 50%. Consequently, a small amount of H2O2 significantly accelerates the degradation of phenol due to the formation of superoxide radicals (Equations (17) and (18)):


   H 2   O 2  ⇄   HO  2 −  +  H +   



(17)






    HO  2 −  +  O 3  →   Δ  O 2  H +  O 3 −   



(18)







With a power input of 25% and a H2O2 dosing of 30 μL min−1, the final value is higher (120 mg L−1). It can be observed that the addition of H2O2 increases the specific energy demand compared to the ozone process with a power input of 25%, but again decreases in terms of the degradation rate compared to the ozone process with a power input of 50%. Furthermore, the solubility of O3 in water is considerably lower than that of H2O2 [48]. Consequently, O3 tends to outgas in comparison to H2O2 and thus leaves the reactor without colliding with phenol. In contrast, the ozone process with a power input of 75%, exhibits both a lower specific energy demand as well as a greater decrease in the COD value than the peroxonation process with a power input of 25% and H2O2 addition of 70 μL min−1.



The results of the experiments show that up to 97% mineralization can be achieved using ozonation or peroxonation, requiring 4.9 to 13.4 times more energy than the electrolysis process with BDD–GDE and 4.5 to 12.3 more than the BDD–stainless steel process.




3.3. Operational Expense of Ta-BDD-Based EAOP®


With the objective of determining the effects of the innovative materials in a real application, a case study was designed based on the reported test conditions. This approach was taken to determine the advantages of the material improvements and to investigate the industrial applications using the EAOP®, as it is a known fact that the material costs for tantalum substrates are factor 4–5 higher than for niobium. The assumptions for the case study were:




	
2.5 m3 h−1 WW from pharmaceutical production;



	
COD degradation from 2 g L−1 to 0.02 g L−1;



	
7, 12, or 18 year lifetime for tantalum-based DIACHEM® electrodes, based on the BDD coating thickness investigation carried out in this study;



	
2 year lifetime for niobium-based DIACHEM® electrodes as the reference material, which is the previous standard material for BDD electrodes, based on our industrial experience, which is consistent with Comninellis et al. [49];



	
0.1 € kWh−1 energy costs;



	
Specific charge of degradation with cell BDD–stainless steel process is equal to specific charge of degradation with cell BDD–GDE process;



	
Adapted current density from 0.5 kA m−2 to 0.1 kA m−2 as performed during the investigations.








DIACHEM® electrodes are consumable due to the described wear mechanism, meaning they have to be replaced at the end of their lifetime. In addition to energy costs, the costs for replacement electrodes are part of the OPEX of an industrial wastewater treatment plant. Different cell configurations were considered in the case study. In order to evaluate the influence of electrode replacement on OPEX, the cell equipped with the BDD of niobium and stainless steel cathodes was compared with the cell equipped with BDD made of tantalum and stainless steel cathodes. In order to evaluate the influence of the cathode type, a cell equipped with BDD anodes with stainless steel cathodes was compared with a cell equipped with BDD anodes and GDE cathodes.



The OPEX values of the different scenarios were determined mainly for OPEX of electrode replacement related to the increased lifetime of the BDD electrodes due to the investigated material improvements (Figure 6).



The improvements were mainly due to the novel electrode based on the tantalum substrate and the specific coating instead of the niobium-based BDD electrode, in addition to the adapted process parameter and the specific edge-protecting cell design. The purchase costs for the substrate material and the costs for the electrode production were based on real offers from suppliers and effort calculations of a real BDD production with HF-CVD processes.



The OPEX comparison for energy costs shows that the values for the cell with the GDE cathode instead of the stainless steel cathode were 10% better. This advantage is independent of the lifetime of the DIACHEM® anode; therefore, the impact of electrode lifetime was not considered at this point.



The results of the case study show the economic benefits for an industrial application due to the DIACHEM® material innovations. By changing the substrate material, implementing the adapted coating, and using this material in a cell like type a, which was designed to give the longest lifetime for DIACHEM® through the protection of electrode edges, operating cost advantages can be achieved, despite the higher purchase costs for the substrate. The OPEX values for replacement electrodes can be reduced by up to a factor of 5 compared to niobium-based BDD electrodes, depending on the electrode lifetime.





4. Conclusions and Outlook


Two electrochemical reactors based on a BDD anode in combination with a stainless steel cathode (type a) or a GDE (type b) were designed and compared with each other for the treatment of artificial pharmaceutical wastewater and against the ozonation and peroxonation processes. The usage of a BDD–GDE system achieves a degradation efficiency of up to 135% in comparison with the BDD–stainless steel system. In addition, the BDD–GDE system does only require 75%, 14%, and 8% of the energy demands of the BDD–stainless steel, ozonation, and peroxonation systems, respectively.



The treatment efficiency rates of nearly 100% for both investigated electrolysis systems allow lower specific energy consumption rates compared to most of the investigated electrochemical processes in the literature (Table 3).



High levels of mineralization probably make the issue of transformation products obsolete and should be investigated in further studies to allow the water to be reused or ecologically discharged. Since traditional BDD anodes are considered a cost driver for EAOP® applications in the literature, the long-term stability of the newly developed tantalum-based BDD was determined. The diamond wear-off of this next-generation anode allows the assumption that the BDD has a long-term stability of up to 18 years when process parameters and cell design are adapted to this specific anode material. Based on this finding, a case study was conducted to demonstrate that the significantly increased long-term stability of the tantalum-based BDD lowers the operational costs as compared to the previous standard material niobium for industrial applications, as the OPEX for replacement electrode is reduced by up to 80%.



Due to the significantly higher electrode costs for BDDs compared to GDEs and the “lack of well-functioning and stable” [44] anodes described in literature, the long-term stability of the anode was assessed in this study. In future investigations, the long-term performance of the GDE should also be evaluated in cell type b for use periods >1 year. Regarding the operational parameters, the differential pressure in the air compartment and the air flow rate should be optimized for further energy savings [42]. To further reduce the carbon emissions and costs of EAOPs and to ensure they operate in more eco-sustainable manners, BDD-based treatment processes were coupled with RE in previous studies, with these results compared to the current study in Table 4. It is obvious that the Esc competes with the literature by using the investigated electrode combination and the current adaption operation. Future studies should investigate how cell types a and b can be powered by RE. While the mentioned studies show that BDD anodes can be operated in a battery-buffered manner or directly coupled with a photovoltaic or wind turbine, the effects of load fluctuations on the lifetime of a GDE are unknown. As such, it may be important to consider the cost/benefit ratio for interconnected buffer storage.



While the ozone and peroxone processes operate volumetrically, the electrolysis processes require larger electrode areas for upscaling to ensure proper mass transfer at the anode surface; therefore, a cell with a greater electrode area needs to be developed to enable easy upscaling in addition to numbering up.



The novel electrolysis with Tantalum-based BDD and GDE is highly suitable for wastewater treatment fulfilling the requirements of a sustainable system for a circular economy.
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Figure 1. Scanning electron microscope images of a (a) boron-doped diamond anode and (b) a carbon-based H2O2-producing gas diffusion electrode on a Ni carrier. 
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Figure 2. The investigated boron-doped diamond-based electrolysis cells with (a) a steel cathode and an active electrode area of 82.6 cm2. (b) A gas diffusion electrode integrated into a steel body with an active electrode area of 41.3 cm2. A sealing with a PTFE frame was used to ensure similar electrode distances of 2 mm. The process streams are sketched. For more details see the Figures S3 and S4 in the Supplementary Information. 
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Figure 3. Laser scanning microscope photographs of the Ta-based boron-doped diamond anode (a) before initial operation and (b) after 12,222 h of operation. 
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Figure 4. Evolution of the diamond loss during phenolic wastewater treatment over 12,222 h. 
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Figure 5. (a) COD concentrations of 18 L (cell type a) and 9 L (cell type b) during the 160 h experiments with two different electrode combinations. BDD, boron-doped diamond anode; GDE, gas diffusion electrode. The selected and adjusted current density values are shown on the 2nd y-axis. (b) COD degradation with O3 and O3 + H2O2 of 2 L wastewater during 24 h experiments. The varied power settings of the O3 generator and the H2O2 dosing flow rate for the peroxone process are given in the legend above. It is noted that different treatment times were chosen due to the different system designs. 
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Figure 6. Operational expenses for the case study related to (a) energy and (b) electrode replacement costs for EAOP® cell configurations. StSeelC, BDD-Nb and BDD-Ta denotes stainless steel cathode, boron–doped diamond on niobium substrate and boron–doped diamond on tantalum substrate, respectively. 
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Table 1. Energy demands of the investigated electrolysis setups for COD removal at room temperature.
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Electrode Configuration

	
Energy Demand Over 6 Days

	
Energy Demand Reaching Concentration of Discharge




	
    E  s c , e l . , v o l .     

/kWh m−3

	
    E  s c , e l . , C O D     

/kWh kgCOD−1

	
    E  s c , e l . , v o l .     

/kWh m−3

	
    E  s c , e l . , C O D     

/kWh kgCOD−1






	
BDD–stainless steel cathode

	
87.57 ± 3.91

	
43.79 ± 1.95

	
78.89 ± 3.84

	
39.45 ± 1.92




	
BDD–GDE

	
80.46 ± 0.73

	
40.23 ± 0.37

	
58.84 ± 1.18

	
29.42 ± 0.59
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Table 2. Influence of ozone and peroxone inputs on wastewater treatment after 24 h experiments at room temperature. PO3-gen denotes the power consumption for the selected power settings of the O3 generator.    E  s c ,  O 3     ,    E  s c ,  H 2   O 2     , and    E  s c ,  O 3  , C O D     denote the specific energy per mass O3, per mass H2O2, and per mass COD, respectively. The mass O3 demand in dependence to the mass COD is given by      m   O 3       m  C O D      . The energy demand for the production of the used H2O2 is estimated as 15 kWh kgH2O2−1 according to [30].
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	Power Setting (O3 Generator) and Optional H2O2 Dosing (Peroxone)

/%
	     P   O 3  − g e n .      

/W
	    E  s c ,  O 3      

/kWh kgO3−1
	    E  s c ,  H 2   O 2      

/kWh kgH2O2−1
	      m   O 3       m  C O D       

/mgO3 mgCOD−1
	    E  s c ,  O 3  , C O D     

/kWh kgCOD−1





	Idle
	17.6
	0
	-
	-
	-



	25%
	30.4
	16.5
	-
	11.9
	196.3



	50%
	47
	20.6
	-
	14.1
	291.5



	75%
	61.5
	22.9
	-
	16.6
	380.8



	100%
	76
	24.1
	-
	19.5
	470.0



	25% + 0.03 mL min−1
	-
	16.5
	15
	11.74 *
	349.0



	25% + 0.07 mL min−1
	-
	16.5
	15
	11.39 *
	539.0







* The impact of H2O2 is considered.
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Table 3. Comparison of electrochemical phenolic degradation and specific energy consumption results from our study with those from the literature. The main working electrodes cited in the literature are denoted as “C” for cathode and “A” for anode, while details about the investigated electrolysis process are specified in the “special feature” column. Furthermore, cPhenol, CE, and TOC denote the concentration of phenols, current efficiency, and total organic carbon, respectively.
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	Main Electrode
	Special Feature
	cPhenol

[mg L−1]
	Na2SO4

[g L−1]
	Mineralization

Rate

[%]
	CE

[%]
	Specific Energy per Mass COD or TOC

[kWh kgCOD/TOC−1]
	Ref.





	C
	Generated and activated H2O2
	50
	28.4
	85 (TOC)
	-
	-
	[21]



	C
	In-cell and ex-cell Fenton
	282
	1
	90 (COD)
	-
	56.3
	[22]



	C
	Generated and activated H2O2
	40
	7.1
	87 (TOC)
	-
	-
	[23]



	C
	Electrochemical catalytic treatment
	520
	4
	99 (COD)
	-
	-
	[25]



	A
	Nanostructured BDD
	9153
	49 g L−1 H2SO4
	50 (TOC)
	
	
	[26]



	A
	Modified PbO2-based anode
	100
	14.2
	91.1 (phenol)
	-
	-
	[27]



	A
	PbO2 anode
	50
	7.1
	94 (TOC)
	1.8
	3759
	[50]



	A
	TiO2 with activated carbon fiber
	100
	10.7
	83.3 (phenol)
	-
	-
	[51]



	A
	BDD anode
	850
	9
	>99 (COD)
	≈100
	43.79
	This study



	A+C
	BDD anode + H2O2 GDE
	850
	9
	>99 (COD)
	≈100
	40.23
	This study
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Table 4. Comparison of the specific energy values per volume and COD of the electrolysis systems with those of the BDD-based electrochemical oxidation systems from literature, which were driven by regenerative energy. Here, ww, CE, PV, and WT denote the concentration wastewater, current efficiency, photovoltaic energy, and wind turbine, respectively.






Table 4. Comparison of the specific energy values per volume and COD of the electrolysis systems with those of the BDD-based electrochemical oxidation systems from literature, which were driven by regenerative energy. Here, ww, CE, PV, and WT denote the concentration wastewater, current efficiency, photovoltaic energy, and wind turbine, respectively.





	Main Electrode
	Regenerative Energy
	Type of ww
	Mineralization

[%]
	    E  s c , e l . , C O D .     

[kWh kgCOD−1]
	    E  s c , e l . , v o l .     

[kWh m−3]
	Ref.





	BDD
	PV
	Industrial
	99 (TOC)
	-
	896
	[52]



	BDD
	PV
	lignosulfonate
	90 (TOC)
	-
	100
	[20]



	BDD
	PV
	Soil washing fluid spiked with diesel
	57–76 (TOC)
	2300
	-
	[53]



	BDD
	WT
	herbicides
	>99 (TOC)
	-
	18.75 kAh m−3
	[54]



	BDD
	-
	Phenolic
	>99 (COD)
	43.79
	87.57
	This study



	BDD + H2O2-GDE
	-
	Phenolic
	>99 (COD)
	40.23
	80.46
	This study
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