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Abstract

:

Featured Application


This work will allow the development of an efficient, cost-effective and sustainable solution to be used in the removal of pharmaceutical products from wastewaters. It also will contribute to better theoretical and practical knowledge of the three-dimensional electrochemical process as a solution for wastewater treatment.




Abstract


The scientific community is increasingly concerned about the presence of pharmaceuticals in the aquatic environment, which is a consequence of their high consumption and inefficient removal by wastewater-treatment plants. The search for an effective and sustainable tertiary treatment is therefore needed to enhance their removal. For this purpose, the combination of electrochemical and adsorption processes into three-dimensional (3D) electrochemical systems has been proposed. In this study, a 3D system was studied to remove carbamazepine, an antiepileptic, consumed in high doses and very persistent in the environment. The influences of the following parameters on its removal were evaluated: anode and cathode materials and distance between them, electrolyte (NaCl) concentration and pH, and the (carbon-based) adsorbent material used as the particulate electrode. The obtained results demonstrated that the introduction of the particulate electrode improved the removal efficiency. This can be attributed to the simultaneous occurrence of different phenomena, such as adsorption/electrosorption, electrocoagulation, oxidation, and catalytic degradation.
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1. Introduction


Human and veterinary pharmaceutical residues from households, wastewater treatment plants, hospitals, industrial units, and intensive animal-breeding farms have been detected in many environmental compartments worldwide. It is well known that the main route of introduction of human pharmaceuticals into the aquatic environment is through the effluents of wastewater-treatment plants (WWTPs) that receive sewage from households and hospitals. As WWTPs were not designed to remove pharmaceuticals, many of these compounds are frequently detected in WWTP effluents at levels ranging from sub-ng/L up to several μg/L [1]. The release of pharmaceuticals into rivers and lakes is becoming an alarming issue because they are a threat to the health of living beings, including humans [2,3,4,5,6,7,8]. Groundwater contamination has also been reported. This is primarily due to infiltration of surface water containing pharmaceutical residues and leaks in landfill sites and sewer drains [9,10,11,12].



The most hydrophilic pharmaceuticals enter the aquatic environment, and the most hydrophobic ones remain adsorbed on solid particles, sludge from WWTP, or river sediments. Treated wastewater and WWTP sludge (biosolids) are frequently used in the agro-ecosystem [13], contributing to the spread of the contamination. Hence, pharmaceuticals have been recognized as emerging pollutants, and their potential adverse effects on nontarget organisms have been attracting increasing attention [14].



One of the pharmaceuticals ubiquitously present in raw wastewater (ranging from ng/L to µg/L) and poorly removed by conventional WWTPs [15] is carbamazepine (CBZ), which is an anticonvulsant and mood-stabilizing drug, primarily used in the treatment of epilepsy and bipolar disorder, and consumed in substantial daily amounts (daily dose of 1000 mg for epilepsy treatment) [16,17]. Approximately 30% of the oral CBZ dosage is excreted in its nonconjugated form in urine and feces [17]. In this context, CBZ has been proposed as an anthropogenic marker of sewage contamination in freshwater bodies due to its persistence and presence in waters [18]. Its adverse effects on several species have been demonstrated; CBZ can be assimilated and bioaccumulated in cucumber plants [19], and may produce oxidative stress in the common carp [20]. Although its occurrence in freshwater may not pose an immediate threat to aquatic ecosystems or human health, effective removal of CBZ is still required for safe water reuse. The presence of CBZ in the water cycle has increased the concern about its removal in WWTPs.



During primary wastewater treatment, adsorption on primary sludge is the main mechanism of removal. However, due to the low log octanol–water partition coefficient (Kow) values of CBZ (low hydrophobicity), it is not expected to be adsorbed significantly onto sludge, but instead to dissociate in the aqueous phase [21]. Biological wastewater treatments (secondary treatments), such as the use of activated sludge and membrane bioreactors, are also not effective for CBZ removal due to its resistance to biodegradation [18].



In order to enhance the removal of CBZ in WWTPs, several advanced technologies have been tested as tertiary treatments, but so far none has appeared as an adequate solution [18]. For instance, CBZ removal by reverse osmosis and nanofiltration membranes is above 90% [22,23]; however, these methods also present limitations such as membrane fouling and high operation costs associated with the high pressures used in the process [24]. Another approach is the use of advanced oxidation processes, such as ozonation [25], UV/H2O2 [26], UV/TiO2 [27], and Fenton processes [28], which are effective for CBZ removal. However, the costs associated with the addition of chemicals, the separation of catalysts [18], and sludge management, as well as the possibility of generating toxic byproducts, need to be considered. Adsorption, another treatment option, is one of the most promising due to its efficiency, simple design, and low cost. Furthermore, it does not lead to the formation of toxic intermediate compounds [29]. One of the most crucial factors in this process is the adsorption capacity of the used material [29], and therefore, activated commercial carbon is commonly used because of its high adsorption capacity. The use of granular and powdered activated carbon provides efficient CBZ removal, ranging from 90 to 99% [30,31]. Nevertheless, it is necessary to overcome the restrictions associated with the high price of activated carbon and the limitations associated with its regeneration [32]. Recently, biochars (waste biomass pyrolysis products) have drawn attention as alternative adsorbents to activated carbon due to their physicochemical properties and widespread availability [33]. Besides adsorption, electrochemical processes have gained increasing interest in recent years to treat polluted waters, and were applied by Alighardashi et al. [34] to remove CBZ from wastewaters. Electrochemical systems offer several advantages, such as simple operation (at ambient temperature and pressure), robust performance, the capability to adjust to variations in the influent composition and flow rate [35], and viability in degrading nonbiodegradable pollutants [36]. In contrast with the conventional two-dimensional (2D) process, in which there are only two electrodes (cathode and anode), in a three-dimensional (3D) process, a third electrode can be utilized. If this electrode is composed of particles, an extraordinarily expansion of its specific surface area is achieved. Under an electric field, these particles with specific shapes and sizes can be polarized, mimicking charged microelectrodes and delivering higher electrocatalytic efficiency [37]. The removal of pollutants in 3D systems is 10–50% higher than in 2D systems, while simultaneously reducing energy consumption [35]. Alighardashi et al. [34] applied a 3D electrochemical process for CBZ degradation employing two aluminum electrodes, as both anode and cathode, and powdered activated carbon as the particulate electrode, achieving a removal efficiency of 89.8%.



In this context, the aim of the present work was to apply a 3D electrochemical process to the degradation of CBZ, considering the influence of the anode and cathode materials, type of carbon-based adsorbent (biochar and commercial activated carbon), and other operational parameters, such as current density, reaction time, electrolyte concentration, distance between the electrodes, and CBZ concentration.



The use of biochar may prove to be a key and accessible input for sustainability, as it has many potential socio-economic and environmental benefits in the framework of the circular economy.




2. Materials and Methods


2.1. Reagents and Materials


CBZ was purchased from Sigma-Aldrich (St. Louis, MI, USA). Acetonitrile HPLC-grade (Carlo Erba, Barcelona, Spain) was used as the organic eluent in the high-performance liquid chromatographic (HPLC) method. Sodium chloride was obtained from Fisher Scientific (Hampton, NH, USA), formic acid 98–100% was acquired from VWR (Alfragide, Portugal), hydrochloric acid 37% p.a. was obtained from Scharlau (Barcelona, Spain), and sodium hydroxide was purchased from Merck (Darmstadt, Germany). A stock solution of CBZ (1000 mg/L) was prepared in acetonitrile and stored at −10 °C. The working solutions were prepared daily by diluting the stock solution with ultrapure water before use. Ultrapure water (18.2 MΩ.cm resistivity) was obtained using a purification system from Millipore (Molsheim, France). The CBZ working solution had an initial pH of 5.



A boron-doped diamond (BDD) electrode (DIACHEM® electrode type, 100 × 20 × 2 mm, niobium substrate, both sides coated, multilayer—from CONDIAS, Itzehoe, Germany) and a mixed metal oxide (MMO) electrode (titanium-coated with RuO2-IrO2-TiO2, 10.50 μm thickness, 100 × 20 × 2 mm, UTronTechnology, Youchuang, China) were used as the anode, and stainless steel (STS) (AISI-304, austenitic grade, 100 × 20 × 2 mm) was used as the cathode in the 2D and 3D electrochemical experiments. An HQ Power, adjustable DC power supply, model PS3020 (Velleman®, Gavere, Belgium) with an adjustable output voltage of 0–30 V and an adjustable output current of 0–20 A was used to carry out the electrochemical processes.



Vineyard pruning residues from Touriga Nacional (TN), gently provided by Sogrape Vinhos, S.A. (Porto, Portugal), sampled at Quinta dos Carvalhais (Dão wine region) in 2015, were used to produce the biochar. The vineyard pruning residues were pyrolyzed in an industrial oven by Ibero Massa Florestal (Aveiro, Portugal), as previously described by Fernandes et al. [38]. Briefly, the biomass was pyrolysed (without any nitrogen or carbon dioxide supply): 8 h of heating time, 14 h of holding at 500 °C, and cooling for 18 h until room temperature. The obtained biochar was milled (ZM200, Retsch, Haan, Germany) and sieved (AS 200 Basic Retsch, Haan, Germany) to obtain two fractions with particle sizes of 1–2 mm and <75 μm that were used in the experiments. The moisture and ash contents of the biochars were determined following the ASTM D1762 standard.



One polymer-based spherical activated carbon (PBSAC) was supplied by SARATECH® reference 102282 (Blücher, Erkrath, Germany).




2.2. Conductivity and pH Measurement


Conductivity and pH measurements were performed using a multiparameter analyzer Consort C861 (Turnhout, Belgium) equipped with a conductivity electrode (Consort SK10B) and a pH electrode (Consort SP10B).




2.3. Quantification of CBZ


CBZ analysis was performed using a Shimadzu HPLC equipment (Shimadzu Corporation, Kyoto, Japan) equipped with an LC-20AB pump, a DGU-20A5 degasser, a SIL-20A automatic injector, a CTO-20AC column oven, and an SPD-M20A diode-array detector. The separation was performed with a LUNA C18 column (particle size 5 µm, 150 × 4.60 mm), using a C18 precolumn (particle size 5 µm, 4 × 2.0 mm), both from Phenomenex (Torrance, CA, USA). Ultrapure water with 0.1% formic acid (A) and acetonitrile (B) were used as eluents. The chromatographic program is described in Table 1. The control of the chromatographic system and the acquisition and processing of chromatographic data were made using LC solution version 1.25 SP2 software. CBZ quantification was carried out using external calibration. For that, different solutions with concentrations ranging from 2.5 to 20,000 μg/L were prepared in water from the respective stock solution. The concentration of CBZ assessed in each sample, resulting from triplicate injections, was expressed as mg/L.




2.4. 2D Electrochemical Process


The two-dimensional (2D) electrochemical process for the removal of CBZ was carried out in a single-compartment electrochemical cell, working in batch-operation mode. An acrylic reactor (2 × 15 × 8 cm) was built with a rectangular base with a total volume capacity of 240 mL (Cromotema, Vila Nova de Gaia, Portugal), with the possibility of placing the electrodes at two different distances, 3.5 and 7.5 cm. All electrodes used (BDD, MMO, and STS) had a submerged area of 15 cm2. An aqueous CBZ solution (150 mL), containing NaCl as electrolyte, was transferred to the electrochemical cell while maintaining an airflow of 3000 cm3/min during the process (selected after preliminary studies). An ELITE 802 air pump with 2 outputs of 1500 cm3/min each (Hagen, Yorkshire, United Kingdom) was used as the air supplier. The current intensity was maintained constant at 0.1, 0.2, and 0.3 A, corresponding to a current density of 6.67, 13.3, and 20 mA/cm2, respectively. Besides different current densities, the operational conditions were optimized considering the pH, CBZ and NaCl concentrations, reaction time, distance between electrodes, and anode material (BDD and MMO). Aliquots of CBZ solution (1000 µL each) were taken at regular periods during the experiments, and the evolution of the CBZ removal was assessed by HPLC. All experiments were performed in triplicate.




2.5. CBZ Adsorption Experiments


Preliminary studies, adsorption kinetic and equilibrium studies, as well as pH influence experiments, were carried out in Erlenmeyer flasks; the solution was magnetically stirred at 370 rpm (Multistirrer 15, Velp Scientifica) at room temperature (21 °C). Different amounts of the PBSAC and biochars were weighed using an analytical balance (Mettler Toledo, model MS205DUl, Columbus, OH, USA) and added to Erlenmeyer flasks containing 25 mL of CBZ solution at various initial concentrations (2.5 mg/L to 10 mg/L), with pH values ranging from 3 to 9. For kinetic, equilibrium, and pH studies, the initial CBZ concentration was 10 mg/L. At the end of the assays, an aliquot of the final solutions was immediately centrifuged (Heraeus Fresco 21 Microcentrifuge, Thermo Scientific, Waltham, MA, USA) at 14,500 rpm for 10 min at 4 °C. Then, the supernatant was vacuum-filtered through nylon membrane filters with a 0.22 μm pore size (Filter-Lab®, Barcelona, Spain) and analyzed by HPLC to determine the final concentration. In parallel, blank assays were prepared with the same CBZ concentration without adsorbent. The assays were performed in triplicate, and the results were expressed as mean and standard deviation (SD).




2.6. 3D Electrochemical Process


The best conditions for CBZ removal, assessed from the 2D electrochemical process and the adsorption experiments, were applied to perform the 3D electrochemical process. First, 0.150 g of the carbon materials was placed in the electrochemical cell between the anode and the cathode. Aliquots (1000 µL) were taken at constant periods, and each aliquot was filtered using a nylon microfilter (0.22 µm pore size) before HPLC analysis. All experiments were performed in triplicate.




2.7. Data Analysis


2.7.1. Modeling of Kinetic and Equilibrium Adsorption Studies


The following models were applied to fit the data by nonlinear curve fitting using Origin software (Origin Lab Corporation, Northampton, MA, USA).



The adsorption capacity (q) was determined as:


  q =    C 0  −  C t    ×  V m   



(1)




where Co and Ct (mg/L) are the initial and instant t CBZ concentrations, respectively; V is the solution volume (L); and m (g) is the adsorbent mass.



The pseudo-first-order kinetic model [39] is given by Equation (2):


   q t  =  q e    1 −  e  −  k 1  t        



(2)




where t is time, qt is the adsorption capacity at time t, qe is the equilibrium adsorption capacity, and k1 is the pseudo-first-order rate constant.



The pseudo-second-order kinetic model [40] is given by Equation (3):


   q t  =        q e 2   k 2  t   1 +  q e   k 2  t    



(3)




where k2 is the pseudo-second-order rate constant.



Langmuir (1918) [41] and Freundlich (1907) [42] (Equations (4) and (5)) models were applied to the study of adsorption equilibrium.


   q e  =    q m   k L   c e    1 +  k L   c e     



(4)




where Ce is the equilibrium concentration of the adsorbate (mg/L), qe is the adsorption capacity at equilibrium (mg/g), KL is the Langmuir equilibrium constant related to the energy of adsorption (L/mg), and qm is the maximum adsorption capacity (mg/g), which in this model should correspond to a monolayer coverage of the adsorbent surface.


   q e  =  k F    (  c e  )    1   n F       



(5)




where KF is the Freundlich isotherm constant ((mg/g) (L/mg)1/nF)), and nF (dimensionless) is the Freundlich exponent that describes the strength of adsorption. Typically, the 1/nF value ranges between 0 and 1, and if 1/nF is closer to 0, the adsorption intensity is higher.




2.7.2. Electrochemical Treatment Processes


Statistical Analysis


Statistical analyses were performed with IBMS SPSS for Windows, version 26 (IBM Corp., Armonk, NY, USA). The data normality was assessed by Kolmogorov–Smirnov, and Shapiro–Wilk tests, and by visual inspection of histograms. Removal in % was represented as mean ± standard deviation. For each 3D treatment, comparisons between groups were made using the Mann-Whitney test, at a level of significance of p < 0.05.



Parameters


For all tests performed, the percentage of CBZ removal was calculated using Equation (6) [24]:


   Removal     %    =    C 0  −  C t     C 0    × 100  



(6)




where C0 and Ct correspond to the initial and final concentrations of CBZ (mg/L), and t is the time, which varied between 1 and 60 min, depending on the experiments.



With the results obtained, the energy consumption (ECon) associated with each of the tests was calculated, using Equation (7) [43] and the current efficiency (CEf) applied, using Equation (8) [44]:


  E C o n   W h / g   =   U   I   Δ t      C 0  −  C t      V    



(7)




where U is the potential difference (V), I is the current intensity (A), t is the contact time (h), V is the treated volume (L), and C0 and Ct are the initial and instant t concentrations of CBZ (g/L).


  C E f  %  = F V    C 0  −  C t    I   t   × 100  



(8)




where F is the Faraday constant (96,500 C/mol), V is the treated volume (L), I is the current intensity (A), t is the processing time (s), and C0 and Ct are the initial and instant t concentrations of CBZ (mol/L).



If target contaminants are present at low concentrations, a more appropriate parameter for estimating the energy efficiency of the electrochemical treatment may be the electric energy per order (EEO) [43]. EEO is a criterion that expresses the electric energy (in kWh/m3) required to reduce the concentration of CBZ by one order of magnitude in a unit volume of contaminated water, which is calculated by Equation (9):


  E E O   kWh /  m 3    =   P t 1000   V l o g      C 0     C t         



(9)




where P is the rated power of the system (kW), V is the volume of solution treated (L) at time t (h), and C0 and Ct are the initial and at instant t concentrations of CBZ (mol/L).



Two kinetic models, the first-order model (Equation (10)) and the second-order model (Equation (11)), were used to adjust the experimental results of CBZ degradation:


  L n    C 0     C t    =  k 1  · t  



(10)






   1   C t    −  1   C 0    =  k 2  · t .    



(11)







In these equations, C0 and Ct are the initial CBZ concentration and the concentration at time t (s) (mol/L), respectively; k1 (s−1) is the first-order rate constant; and k2 (L/(mol·s) is the second-order rate constant.








3. Results and Discussion


3.1. 2D Electrochemical Process Operational Conditions


3.1.1. Effect of Anode Material on CBZ Removal


Considering that the most important characteristics of the electrodes used in an electrochemical system are their stability, long service life, and electrocatalytic properties, and that the anode mainly controls the current efficiency, selectivity, and catalytic activity of the system [35], the influence of different anodes (BDD and MMO) on the CBZ removal was evaluated, using the same material (STS) as the cathode (Figure 1).



The results obtained showed that the BDD anode presented a slightly better performance during the first 5 min of the electrolysis, removing 63% of CBZ after 3 min and 93% after 5 min. For the MMO anode, 44% of CBZ was removed after 3 min, and 89% after 5 min. The removal efficiency for both anodes was very similar after 5 min, reaching 100% at 10 min.



For the removal of pharmaceuticals from water, Ti-based anodes are the most widely used, as they have extended lifetimes and significant electrocatalytic activities, and are less expensive when compared to BDD [35].



For these reasons, and considering the results obtained, the MMO anode was chosen to perform the subsequent electrochemical experiments using the STS electrode as the cathode.




3.1.2. Effect of Interelectrode Distance, Reaction Time, and Current Density on CBZ Removal


To assess the effect of interelectrode distance on CBZ removal, two different distances were tested (3.5 and 7.5 cm). It can be seen in Figure 2 that 3.5 cm resulted in a higher CBZ removal rate. When the interelectrode distance was 7.5 cm, the CBZ removal was 80% after 45 min, while at d = 3.5 cm, CBZ was completely removed after 10 min. This might be due to the short distance, which favored the mass transfer [45]. Thus, an interelectrode distance of 3.5 cm was chosen to continue the work.



The effect of the reaction time on CBZ removal can be analyzed using Figure 2. With the increase of the reaction time, the production of strong oxidizing substances in the reactor rose, causing an increase in the CBZ removal rate [45]. However, an increase of the reaction time corresponded to an increase of the hydraulic retention time in continuous operation, and consequently larger reactors and higher energy consumption. Therefore, it was most appropriate to select the minimum reaction time that allowed a high removal efficiency, which was 10 min for 100% removal in the studied system.



As stated by Lin et al. [46], current density (j) is an important parameter that can be directly controlled during the electrochemical oxidation process. Therefore, different j values were tested, placing the anode and cathode at different distances, and the results (Table 2) showed that an increase in j had a positive impact on the removal of CBZ. A higher current density resulted in a higher cell potential, and consequently a higher energy consumption for the same reaction time (10 min). Considering the degradation efficiency and energy consumption, using a 3.5 cm interelectrode distance, the optimum j for the 2D process should be 6.67 mA/cm2. These results also highlighted the fact that an increase in potential does not translate into greater efficiency removals.




3.1.3. Effect of Electrolyte Concentration on CBZ Removal


The influence of the electrolyte (NaCl) concentration (0.01 M and 0.1 M) on the CBZ removal was studied. The results presented in Figure 3 showed that the higher NaCl concentration (0.1 M) provided a faster removal of CBZ. This was due to the increase in conductivity of the solution. A low electrolyte concentration results in a poor conductivity of the solution and the inability to produce sufficiently strong oxidizing substances [45]. Besides this, if NaCl is used as electrolyte, Ti-based anodes generate chlorine species (Cl2, HOCl, and ClO−), which help the degradation of organic material by indirect and direct oxidation [34]. Therefore, 0.1 M was selected as the optimum electrolyte concentration.




3.1.4. Effect of pH on CBZ Removal


The influence of the initial pH on the CBZ removal was studied for different pH values: 3, 5, 7, and 9. The pH value was adjusted with HCl and NaOH solutions. The CBZ working solution had a pH of 5. The results shown in Figure 4 indicated that the CBZ removal was much faster at pH 3 than that for the other studied pH values. Nevertheless, for these pH values, the removal rate was very similar, around 90% after 5 min.



These results were in accordance with those obtained by Yang et al. [47], who studied the effect of pH on the removal of CBZ in a photocatalytic process and found that at low pH values, the degradation of CBZ was higher than that observed at pH values close to neutrality. The authors hypothesized that the CBZ CONH2 group was more susceptible to degradation at acidic pH.



Considering the typical pH range of domestic wastewater (around 7,) the use of pH 3 would imply a pH adjustment, which would increase the operational costs and would not be adequate for the discharge of the effluents in the aquatic environment. Therefore, pH 7 was considered the best choice for the remaining experiments. The low sensitivity of CBZ removal to the variation of pH in the range between 3 and 9 could be explained by its presence in the neutral form in this pH range, as shown in Figure 5.



The spectral analysis confirmed that even after 60 min of solution preparation, there was no evidence of CBZ spectrum changes (changes in the chemical species) in the pH range studied that could interfere in the CBZ quantification and consequently in the degradation observed in the electrochemical experiments (Supplementary Figure S1).




3.1.5. Effect of Initial CBZ Concentration on CBZ Removal


The influence of the initial CBZ concentration, ranging from 2.5 to 10 mg/L, on its removal was studied. Figure 6 shows that the degradation efficiency of CBZ decreased as the initial CBZ concentration increased. This may be attributed to the presence of refractory functional groups, such as the benzene ring, which may inhibit the catalytic reaction [45]. Although the degradation was much faster at lower concentrations, the initial concentration of 10 mg/L, used previously, was considered adequate for the following experiments, because this was the least favorable situation, and at the same time allowed the evaluation of the influence of the process variables within a wider range.



Based on the results of these studies, we concluded that the optimum conditions for the removal of CBZ using the 2D electrochemical process were: current density = 6.67 mA/cm2, electrolyte (NaCl) concentration = 0.1 M, pH = 7, interelectrode distance = 3.5 cm, reaction time = 10 min, and initial CBZ concentration = 10 mg/L, using MMO as the anode and STS as the cathode. Under these conditions, the removal rate of CBZ was up to 95%.





3.2. Adsorption Experiments


3.2.1. Characterization of the Adsorbents


Table 3 summarizes the characteristics of the adsorbents. The particle size was especially important because it influenced the adsorptive capacity of the adsorbents. The biochar of TN with <75 µm had the smallest particle size, but SARATECH® had the highest surface area. The biochars presented a higher ash and moisture content than the SARATECH® activated carbon.




3.2.2. Kinetic Studies and Isotherms


The results concerning kinetic behavior (Table 4) revealed that the adsorption of CBZ onto the biochars was better described by a pseudo-first-order reaction (it was not possible to adjust the pseudo-second-order model to kinetic results of the biochar TN < 75 µm). An analysis of the k1 values (Table 4) showed that the k1 value for the CBZ/biochar TN < 75 µm was higher than that for biochar 1–2 mm. Thus, the adsorption rate of CBZ on the smaller biochar was faster than for 1–2 mm. The activated carbon from SARATECH® showed almost instant adsorption of CBZ, therefore it was not possible to adjust the results to kinetic models.



The equilibrium adsorption isotherm is fundamental to describe the interactive behavior between solutes and adsorbents, and is the basic requirement in the design of adsorption systems [49].



The calculated constants for the Freundlich and Langmuir equilibrium models are presented in Table 4. These isotherms showed a characteristic L-type behavior according to the Giles classification, thus representing a system in which the adsorbate was strongly attracted by the adsorbent [49]. Although all models described the experimental results well, taking into consideration the parameters obtained, the Freundlich equation gave a better representation of the experimental results for all the tested adsorbents.



Considering the adsorption capacity, the SARATECH® and the biochar TN < 75 µm were chosen for further optimization studies.




3.2.3. Effects of Different Parameters on CBZ Adsorption


Influence of pH


The effect of four different pH values (3, 5, 7, and 9) on the adsorption of CBZ onto the biochar TN < 75 µm and SARATECH® was investigated (Figure 7). The highest adsorption capacity for the biochar was obtained at pH 5, while for SARATECH®, the maximum was observed at pH 9. For the SARATECH ®, there was an increase in the adsorption capacity from pH 5 to 9. This increase was less pronounced between pH 7 and 9.



In general, the variation of the pH of the solution may affect the functional groups of both the pharmaceutical and the adsorbent; however, in the pH range studied, only the adsorbent might be influenced. CBZ is a neutral compound in the entire studied pH range, and its adsorption behavior is different from ionized compounds, which can be affected by electrostatic forces. One should also take into consideration a phenomenon affecting both neutral and ionizable compounds that consists of the size exclusion of large sorbate molecules from microporous carbonaceous sorbents. The NH2 functional group in CBZ can interact with oxygen-containing functional groups of the adsorbents, such as OH and CO, through hydrogen bonding [33,50].



At lower pH values, functional groups on adsorbents and CBZ can interact with H+ more easily due to their abundance in the solution, which decreases hydrogen bonding between the adsorbents and CBZ, and consequently decreases adsorption efficiency [33]. In contrast, as the concentration of H+ is reduced at higher pH levels, hydrogen-bonding donor groups on CBZ can interact with hydrogen-bonding acceptors or donors in the adsorbents, and therefore the adsorption efficiency is expected to be enhanced [33].



For the 3D experiments, pH 7 was chosen after considering the common pH of domestic wastewaters and the obtained results in the optimization of adsorption and 2D studies.




Influence of Initial CBZ Concentration


The adsorption capacity increased with increasing CBZ concentration for the SARATECH® activated carbon (Figure 8), which indicated that there still were active adsorption sites available for a 10 mg/L solution. However, it is expected that further increases in CBZ concentration could result in a plateau of adsorption capacity and a decline of adsorption efficiency, because there are no longer available sites for adsorption. For the biochar TN < 75 µm, no significant differences were observed for the different concentrations (Figure 8), which may be related to its low specific surface area and consequently lower availability of active adsorption sites.




Influence of Electrolyte


Considering that the addition of an electrolyte is mandatory in 2D and 3D electrochemical treatments, the influence of the use of a 0.1 M NaCl solution (at pH 7) on the adsorption capacity (Figure 9) was also tested. No significant changes were observed for the SARATECH® activated carbon, and an increase in the adsorption capacity was observed for the biochar TN < 75 µm.






3.3. 3D Experiments


After studying the 2D electrochemical and adsorption processes, their combination was also explored through the study of the 3D electrochemical process, for which the influences of some parameters were evaluated: interelectrode distance, particulate electrode, reaction time, energy consumption, current, and energy efficiencies.



3.3.1. Effect of Interelectrode Distance on CBZ Removal


It can be seen in Figure 10 that for a greater distance between the electrodes, the degradation efficiency of CBZ was lower in the first 10 min, 61 and 69%, respectively, for 7.5 and 3.5 cm. This can be explained by the fact that a change of the distance between electrodes affects mass transfer, electron transport, and electrical resistance [51]. After 15 min, the difference between the removal rates was less than 5%, and after 45 min there was no difference. It was also observed that the particulate electrode was dispersed in the entire reactor (Figure 11) for the shorter distance, but for the larger distance, the particulates were confined between the cathode and the anode. Therefore, an interelectrode distance of 7.5 cm was chosen to perform the 3D experiments.




3.3.2. Effect of the Particulate Electrode on CBZ Removal


In a 3D particulate electrode system, the material of the particulate electrode is one of the most important factors influencing the efficiency and cost of the process [52]. In this study, the polymer-based activated carbon from SARATECH® and the two biochars from TN vineyard pruning residues were used as the particulate electrode.



The results of the effect of the particulate electrode on the CBZ removal efficiency are presented in Figure 12. According to the results, all the tested adsorbents led to an increase in the removal compared to the 2D process. The use of the particulate electrode allowed for an increase in CBZ removal (45 min) of 8, 14, and 15%, respectively, for biochars TN < 75 µm, TN 1–2 mm, and SARATECH® activated carbon when compared with the 2D process. Other studies also reported removal efficiencies that were 10 to 50% higher for 3D processes than for 2D processes [35]. The removal rate of organic pollutants, such as CBZ, improves by using the 3D electrochemical process because, besides the particulate electrode polarization, the large specific surface areas of these particles (adsorbents) can provide reactive sites for pollutant adsorption, or even catalytic reactions [51].



The best results were obtained for the activated carbon supplied by SARATECH®, although there were no significant differences between the three particulate electrodes at 30 and 45 min (p < 0.05). Activated carbon may be polarized within an electric field [53], increasing the overall active electrode area [54], which can explain the results obtained for the tested activated carbon. Nonetheless, the biochars can be a more sustainable and economic alternative to the activated carbon. Surprisingly, the biochar TN 1–2 mm, which showed a much lower adsorption capacity in the adsorption experiments, presented a removal efficiency that was very similar to the activated carbon and slightly better than the one for the biochar TN < 75 µm. It is known that the polarizability of a particulate electrode is of higher importance than its adsorption capacity [53]. In this study, it was also observed that the adsorbent with lower adsorption capacity to CBZ, when used in a 3D process, and thus after polarization, showed a completely different behavior, and very promising application perspectives.




3.3.3. Effect of the Reaction Time on CBZ Removal


The effect of the reaction time on the removal of CBZ was examined in the range of 0–45 min for the 2D and 3D electrochemical processes. As shown in Figure 12, a 30 min reaction time was needed to reach a removal efficiency of 95% in the case of the 3D process when using the biochar TN 1–2 mm and the SARATECH® activated carbon, after which no significant changes were observed. However, as shown in Figure 12, for the 2D process, after 30 min of reaction, the CBZ removal was only 80% (87% after 45 min).



Alighardashi et al. [34] examined the effect of the reaction time in the range of 0–60 min to remove CBZ using 2D and 3D electrochemical processes (j = 9 mA/cm2). They reported similar conclusions to this study, utilising aluminium anodes and cathodes and a powdered activated carbon particulate electrode, needing 10 min to reach a 90% removal efficiency in the case of the 3D process, which was 18 times shorter than the 2D process.



The reaction time is closely related to energy consumption and treatment performance; thus, the optimum time is when the efficiency removal is higher with minimal energy consumption. On the other hand, prolonged reaction times would increase the treatment cost [52].



In Table 5, the CBZ removal efficiency, rate constants, correlation coefficients, and half-lives are presented for the first-order and second-order kinetic models when using the 3D and 2D processes previously described.



The correlation coefficients showed that for the 3D processes, the model that better described the degradation of CBZ was the first-order kinetics, while for the 2D process, it was the second-order kinetics. The results for the 2D process agreed with the work of Gurung et al. [55], who reported this model as the best to describe the degradation kinetics of CBZ when using Ti electrodes.



For the removal of CBZ, no kinetic studies were found in the literature regarding the 3D process. The correlation coefficient for the first-order model and the second-order model for the 2D process were comparable, so the first-order model also was valid for describing the reaction kinetics for this process. Comparing the first-order rate constants (k1) for the 3D and 2D processes, the 3D process presented a higher k1, and the highest value was obtained when the biochar TN 1–2 mm was used; regarding the half-lives for these processes, the CBZ concentration was reduced by 50% in a shorter time when using biochar TN 1–2 mm (5.8 min) than in the other conditions.




3.3.4. Effect on Energy Consumption, Current, and Electric Efficiencies


Bolton et al. [43] proposed standard figures of merit for the comparison and evaluation of advanced oxidation technologies, based on electric energy consumption and providing a direct link to the electric efficiency (lower values meaning higher efficiency), independently of the nature of the system, and therefore allowing direct comparison of different treatments (Figure 13).



The current efficiency was higher in the 3D process (0.21% for all the particulate electrodes) in comparison with the 2D process (0.18%) (Figure 13A). The energy consumption of the 3D process (Figure 13B) was lower when using the biochar TN 1–2 mm (390 Wh/g), followed by the biochar TN < 75 µm (394 Wh/g) and SARATECH® activated carbon (401 Wh/g). The 2D process presented the highest energy consumption (418 Wh/g). The electric energy per order can be defined as the electric energy (kWh) required to degrade a contaminant by one order of magnitude in a unit volume (m3) of contaminated water [43]. Figure 13C shows that the 3D process, mainly using the biochars (2237 and 2709 kWh/m3 for biochar TN < 75 µm and biochar TN 1–2 mm, respectively), reduced the electric energy per order (EEO) when compared with the 2D process (7507 kWh/m3).



Alighardashi et al. [34] reported a maximum current efficiency of 0.7% for the removal of CBZ in the 2D process (using 7.0 mA/cm2 current density, 5 mg/L initial concentration of CBZ, 500 mg/L NaCl concentration, 60 min reaction time, and aluminum electrodes) and 16% for the 3D process (same experimental conditions except 0.5 g/L of activated carbon and a 10 min reaction time). The removal efficiency was 30 and 90% for the 2D and 3D processes, respectively. The calculated energy efficiency (evaluated through the electric energy per order) was 133,000 and 2520 kWh/m3 for the 2D and 3D processes, respectively.



Considering the obtained results, the 3D process allowed efficient removal of CBZ after a shorter period when compared with the 2D process, decreasing the energy consumption with higher current efficiency. The particulate electrode that presented the best performance when considering the energetic factors, kinetics, removal efficiency, and reaction time was the biochar TN 1–2 mm. Therefore, this biochar showed promising characteristics to be used as particulate electrode in 3D electrochemical processes to remove CBZ from wastewaters.






4. Conclusions


The 3D process was a more efficient process for CBZ removal than the 2D for all the tested adsorbents. The polarizability of the particulate electrodes of the 3D system was of higher importance than the adsorption capacity of the materials. The biochar TN 1–2 mm presented the best performance when considering the energetic factors, removal efficiency, and reaction time.



Biochars, which are low-cost and ecofriendly materials, have shown to be promising solutions, and may be a more sustainable and economic alternative than activated carbons.
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Figure 1. Effect of the anode material on CBZ removal in aqueous solutions (operational conditions: current density = 6.67 mA/cm2; inter-electrode distance = 3.5 cm; NaCl = 0.1 M; CBZi = 10 mg/L; pH = 5; reaction time = 10 min; cathode = STS). 
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Figure 2. Effect of interelectrode distance on the removal of CBZ from aqueous solutions (operational conditions: j = 6.67 mA/cm2; NaCl = 0.1 M; CBZi = 10 mg/L; pH = 5; reaction time = 45 min; cathode = STS; anode = MMO). 






Figure 2. Effect of interelectrode distance on the removal of CBZ from aqueous solutions (operational conditions: j = 6.67 mA/cm2; NaCl = 0.1 M; CBZi = 10 mg/L; pH = 5; reaction time = 45 min; cathode = STS; anode = MMO).



[image: Applsci 11 06432 g002]







[image: Applsci 11 06432 g003 550] 





Figure 3. Effect of NaCl concentration on the removal of CBZ from aqueous solutions (operational conditions: j = 6.67 mA/cm2; interelectrode distance = 3.5 cm; CBZi = 10 mg/L; pH = 5; reaction time = 60 min; cathode = STS; anode = MMO). 
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Figure 4. Effect of pH on the removal of CBZ from aqueous solutions (operational conditions: j = 6.67 mA/cm2; distance = 3.5 cm; NaCl = 0.1 M; CBZi = 10 mg/L; reaction time = 10 min; cathode = STS; anode = MMO). 
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Figure 5. Speciation of CBZ as a function of the pH of the aqueous solution (adapted from [48]). 
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Figure 6. Effect of the initial CBZ concentration on CBZ removal from aqueous solutions (operational conditions: j = 6.67 mA/cm2; NaCl = 0.1 M; pH = 7; reaction time = 10 min; cathode = STS; anode = MMO). 
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Figure 7. Effect of pH on adsorption capacity. 
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Figure 8. Effect of initial CBZ concentration on the adsorption capacity of Biochar TN < 75 µm and the activated carbon from SARATECH®. 






Figure 8. Effect of initial CBZ concentration on the adsorption capacity of Biochar TN < 75 µm and the activated carbon from SARATECH®.



[image: Applsci 11 06432 g008]







[image: Applsci 11 06432 g009 550] 





Figure 9. Effect of the electrolyte (0.1 M NaCl) on adsorption capacity. 
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Figure 10. Effect of interelectrode distance on the CBZ removal from aqueous solutions (operational conditions: j = 6.67 mA/cm2; NaCl = 0.1 M; CBZi = 10 mg/L; pH = 7; reaction time = 60 min; particulate electrode = biochar TN 1–2 mm, 1 mg/mL solution; cathode = STS; anode = MMO). 
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Figure 11. Schematic representations of the 3D electrochemical cell for the two tested interelectrode distances and effect on the particulate electrode distribution (biochar 1–2 mm, 1 mg/mL solution). 
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Figure 12. Effect of the particulate electrode on CBZ removal from aqueous solutions (operational conditions: j = 6.67 mA/cm2; NaCl = 0.1 M; CBZi = 10 mg/L; pH = 7; reaction time = 45 min; interelectrode distance = 7.5 cm; particulate electrode = 1 mg/mL solution; cathode = STS; anode = MMO). 
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Figure 13. Effect of the particulate electrode on the removal of CBZ, represented by bars, and on energy consumption (A), current efficiency (B), and electric energy per order (C), represented by the black lines, and comparison between the 2D and the 3D process (operational conditions: j = 6.67 mA/cm2; NaCl = 0.1 M; CBZi = 10 mg/L; pH = 7; reaction time = 45 min; interelectrode distance = 7.5 cm; particulate electrode = 1 mg/mL solution; cathode = STS; anode = MMO). 
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Table 1. Chromatographic conditions for CBZ analysis.
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Time

(min)

	
% Acetonitrile

(B)

	
Oven Temperature

(°C)

	
Injection Volume

(µL)

	
Flow Rate

(mL/min)

	
Wavelength

(nm)






	
0

	
10

	
35

	
20

	
1.0

	
285




	
7

	
80




	
10

	
10




	
14

	
10
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Table 2. Current density, interelectrode distance, CBZ removal (%), potential, and energy consumption for the 2D electrochemical removal of CBZ from aqueous solutions using an MMO anode and an STS cathode.






Table 2. Current density, interelectrode distance, CBZ removal (%), potential, and energy consumption for the 2D electrochemical removal of CBZ from aqueous solutions using an MMO anode and an STS cathode.





	
j (mA/cm2)

	
Interelectrode Distance (cm)

	
CBZ Removal (%)

	
Potential (V)

	
ECon (Wh/g)






	
6.67

	
3.5

	
96.4

	
5.40

	
68.7




	
7.5

	
80.2

	
8.20

	
118




	
13.30

	
3.5

	
99.3

	
7.70

	
91.2




	
7.5

	
99.1

	
16.5

	
193




	
26.70

	
3.5

	
99.9

	
13.6

	
158




	
7.5

	
99.2

	
25.8

	
301








Operational conditions: NaCl = 0.1 M; conductivity = 13.6 ± 0.2 mS/cm; CBZi = 10 mg/L.
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Table 3. Characteristics of the adsorbents.
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Parameters

	
SARATECH®-102282

	
Biochar TN

	
Biochar TN






	
Ash content (%)

	
0.2

	
5.90

	
5.90




	
Moisture content (%)

	
0.1

	
4.32

	
4.32




	
Particle size (mm)

	
0.457

	
<0.075

	
1.0–2.0




	
Surface area (m2/g) BET

	
1736

	
62

	
62











[image: Table] 





Table 4. Parameters for the kinetic and isotherm studies.
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Kinetic Models






	
Adsorbents

	
Pseudo first order

	
Pseudo second order




	
SARATECH®

	
--

	
--




	
Biochar < 75 µm

	
R2 = 0.998

	
--




	
qe = 0.769 mg/g




	
k1 = 1388 min−1




	
Biochar 1–2 mm

	
R2 = 0.916

	
R2 = 0.908




	
qe = 0.137 mg/g

	
qe = 0.153 mg/g




	
k1 =0.119 min−1

	
k2 = 1.00 g/mg·min




	
Equilibrium Models




	
Adsorbents

	
Langmuir

	
Freundlich




	
SARATECH®

	
R2 = 0.849

	
R2 =0.976




	
qm = 7.95 mg/g

	
KF = 4.97 (mg/g)·(L/mg)1/n




	
KL = 2.66 L/mg

	
nF = 3.66




	
Biochar < 75 µm

	
R2 = 0.945

	
R2 = 0.988




	
qm = 1.12 mg/g

	
KF = 0.495 (mg/g)·(L/mg)1/n




	
KL = 0.643 L/mg

	
nF = 3.03




	
Biochar 1–2 mm

	
R2 = 0.981

	
R2 = 0.992




	
qm = 0.754 mg/g

	
KF = 0.503 (mg/g)·(L/mg)1/n




	
KL = 1.06 L/mg

	
nF =3.19











[image: Table] 





Table 5. CBZ removal efficiency, regression coefficient, rate constant, and half-life as a function of 3D and 2D processes.






Table 5. CBZ removal efficiency, regression coefficient, rate constant, and half-life as a function of 3D and 2D processes.





	
Processes

	
3D

	
2D




	
Adsorbent

	
Biochar TN

< 75 µm

	
Biochar TN

1–2 mm

	
SARATECH®

	
None






	
% CBZ removal

	
95.9

	
99.5

	
99.1

	
86.7




	
First-order model

	
R2

	
0.9994

	
0.9731

	
0.9991

	
0.9835




	
k1, s−1

	
0.00112

	
0.00199

	
0.00167

	
0.000635




	
Half-life, min

	
10.5

	
5.8

	
6.8

	
19.3




	
Second-order model

	
R2

	
0.9009

	
0.7298

	
0.8387

	
0.9952




	
k2, L/(mol.s)

	
237

	
2050

	
1045

	
59.5




	
Half-life, min

	
1.8

	
0.2

	
0.4

	
6.7








Operational conditions: j = 6.67 mA/cm2; NaCl = 0.1 M; CBZi = 10 mg/L; pH = 7; reaction time = 45 min; interelectrode distance = 7.5 cm; particulate electrode = 1 mg/mL solution; cathode = STS; anode = MMO.
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