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Abstract

:

In the current study, an integrated physiochemical method was utilized to remove tonalide (TND) and dimethyl phthalate (DMP) (as emerging contaminants, ECs), and nickel (Ni) and lead (Pb) (as heavy metals), from synthetic wastewater. In the first step of the study, pH, current (mA/cm2), and voltage (V) were set to 7.0, 30, and 9, respectively; then the removal of TND, DMP, Ni, and Pb with an electro-ozonation reactor was optimized using response surface methodology (RSM). At the optimum reaction time (58.1 min), ozone dosage (9.4 mg L−1), initial concentration of ECs (0.98 mg L−1), and initial concentration of heavy metals (28.9 mg L−1), the percentages of TND, DMP, Ni, and Pb removal were 77.0%, 84.5%, 59.2%, and 58.2%, respectively. For the electro-ozonation reactor, the ozone consumption (OC) ranged from 1.1 kg to 3.9 kg (kg O3/kg Ecs), and the specific energy consumption (SEC) was 6.95 (kWh kg−1). After treatment with the optimum electro-ozonation parameters, the synthetic wastewater was transferred to a fixed-bed column, which was filled with a new composite adsorbent (named BBCEC), as the second step of the study. BBCEC improved the efficacy of the removal of TND, DMP, Ni, and Pb to more than 92%.
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1. Introduction


Efforts to maintain the quality of water are facing severe challenges due to increasing water consumption and usage worldwide [1]. Industrialization, urbanization, and a growing population have led to a decline in the quantity and quality of water bodies [2]. The main sources of water contamination are industrial and agricultural wastes, which contain various toxics, including heavy metals and organic pollutants (such as emerging contaminants), and have been released into water bodies [1].



The global output of emerging contaminants (ECs) has been predicted to increase from 1 million to 500 million tons each year. ECs endanger human health and the environment [3]. Tonalide (TND), 6-acetyl-1,1,2,4,4,7-hexamethyltetraline (AHTN), is one of the largest polycyclic musk products, representing approximately 95% of the EU market and 90% of the US market [4]. In one study, up to 1.9 mg L−1 of TND was reported in a wastewater treatment plant (WWTP) [5]. TNDs are highly persistent compounds that can accumulate in the environment and the food chain, thereby posing a risk to human health [6]. Dimethyl phthalate (DMP) has been significantly employed as a plasticizer in the industrial process, and is widely reported to be in various aquatic environments (such as drinking water) [7]. In European countries, the concentration of DMP in landfill leachate has reached 300 mg L−1 [8].



Heavy metals are another type of contaminant that have been released into water bodies due to industrial and agricultural activities. Heavy metals are posing a risk to human health and the environment due to bioaccumulation, persistence, and environmental toxicity [9]. Nickel (Ni2+) is regularly used in numerous industrial activities (such as electroplating, ceramic coloring, forging, mineral processing, steam-electric power generation, and production of metallic alloys) due to its high-temperature stability, toughness, ductility, strength, and corrosion resistance [10]. Lead (Pb+2) ions are among the most harmful heavy metal ions reported in water bodies, having carcinogenic and various other antagonistic impacts on tissues and living organisms [11]. The concentrations of Pb and Ni in water bodies could reach hundreds of mg L−1 [12].



Several studies have stated that wastewater treatment plants (WWTPs) cannot remove ECs and heavy metals efficiently [12,13]; thus, researchers have tried to introduce new treatment methods. Adsorption and advanced oxidation processes (AOPs) are considered efficient ways to deal with refractory organic contaminants and heavy metals [2,13,14]. AOPs generate highly reactive radical oxidative species (ROS), such as hydroxyl radicals (•OH), ozone (O3), and hydrogen radicals (•H), which can be highly efficient in the elimination of recalcitrant contaminants [15]. Among the AOP methods, electrochemical oxidation and ozonation have attracted the attention of researchers. During the treatment of organic pollutants by ozonation, the oxidation and breaking down of pollutants occur either by ozone (O3) molecules directly and/or by indirect degradation via hydroxyl radical activity. However, several studies [16] have stated that the emerging contaminants can be only removed partially by ozonation. The main drawback of ozonation is associated with low mineralization, which may lead to the production of intermediates with toxic features [17]. Therefore, several researchers [18,19] have tried to integrate the ozone reactor with other methods. One of the methods that is combined with ozonation is electrochemical oxidation; however, the integration of electrochemical oxidation and ozonation is mostly accomplished in sequencing reactors [20,21]. In the current study, electrochemical oxidation (EO) and ozonation were run in a single reactor simultaneously to enhance the mineralization of organic contaminants, improve the effects of ozonation and electrochemical oxidation, and reduce the production of intermediates compounds. Alfonso-Muniozguren et al. [20] stated that EO with non-active electrodes (such as boron-doped diamond, BDD) enhances the production of free hydroxyl radicals (•OH), which are helpful in breaking down the high-molecular-weight, persistent organic contaminants. A promising method that combines with AOPs and removes emerging contaminants is the adsorption technique. Several efficient adsorbents (such as clay, activated carbon, biochar, and lime) have been reported to be effective in eliminating emerging contaminants and heavy metals [22]. For the removal of contaminants from water bodies, biochar-based adsorbent has attracted attention because of its properties, including a porous structure, a large specific surface area, and enriched surface functional groups [23,24]. Apart from that, cockleshell, eggshell, and bentonite can be effective in the ion exchange during the removal of contaminants. A composite adsorbent can retain the properties and advantages of its components, which means it would be of more use than its parts in the removal of contaminants [25]. Therefore, a novel composite adsorbent has been produced and used in this study.



As a summary, the study was aimed at: (1) removing emerging contaminants and heavy metals using a hybrid method (including electrochemical oxidation, ozonation, and fixed-bed column); and (2) introducing a new composite adsorbent.




2. Materials and Methods


TND (C18H26O, CAS: 21145-77-7, molecular weight 258.4 g/mol), DMP (C6H4(COOCH3)2, CAS: 131-11-3, molecular weight 194.1 g/mol), nickel (II) sulfate hexahydrate (NiSO4.6H2O, CAS: 10101-97-0) [26], and lead (II) nitrate (Pb(NO3)2, CAS: 10099-74-8) [27] were purchased from Sigma-Aldrich. Biochar (derived from wheat straw with pyrolysis at 550 °C), bentonite, cockleshells, Portland cement, and eggshells were collected from local shops.



In this study, two reactors were employed based on the diagram in Figure 1. In the first step, synthetic wastewater was treated using an electro-ozonation reactor. The wastewater was then moved through a fixed-bed column (with flow rate of 1 mL min−1 [28]) for further treatment with a composite adsorbent.



2.1. Synthetic Wastewater


A stock standard solution of TND and DMP was obtained by dissolving them in methanol and keeping the resulting solution at 4 °C. Different concentrations of TND and DMP were produced before the experiments through dilution of stock standard solutions with a mixture of methanol:water (50:50, v/v) [13]. The EC concentrations varied from 0.2 to 1.2 mg L−1. In addition, to reach the concentrations of Ni (II) and Pb (II) in wastewater, the stock solution of Ni (II) and Pb (II) was diluted to reach the concentration (10 to 60 mg L−1). The pH of synthetic wastewater was adjusted to neutral with HCl and NaOH [29].




2.2. Electro-Ozonation Reactor


A cylinder with a diameter of 11 cm and a height of 50 cm (a volume of 4.7 L) was applied as the ozone reactor. To improve the ozone gas diffusion, a cross-column ozone chamber was employed at the bottom of the reactor. To produce ozone, an ozone generator (BMT Messtechnik, Germany) fed with dry oxygen was employed. In addition, an ultraviolet gas ozone detector (Lontec, Qingdao) was applied to measure the ozone dosage. To keep the reflex temperature at <15 °C and to reach the optimum half-life of the dissolved ozone in water, a water bath and a cooling system were used. The ozone doses and ozonation times (reaction time, min) were 5 to 30 mg L−1, and 10 to 60 min, respectively, which are in line with findings of [29,30].



At the top of the ozone reactor, boron-doped diamond (BDD, 18 cm × 8 cm) and Ti/RuO2 (18 cm × 8 cm) as the anode and cathode, respectively, were placed parallel at a distance of 3 cm [30]. Electronic power (Digital CC&CV DC Power Supply, Everfine, Hangzhou, China) was applied to reach the current (30 mA/cm2) and voltage (9 V) achieved in the preliminary experiments, which are in line with findings of [30,31,32]. NaCl (50 mM) was added to the synthetic wastewater as the electrolyte [33].




2.3. Composite Adsorbent


The fixed-bed column was filled with a novel powdered composite adsorbent (BBCEC, which included biochar, bentonite, cockleshell, eggshell, and cement). The biochar, cockleshell, and eggshell were ball-milled, and then passed through a sieve (300 μm mesh). These powdered materials were then mixed with bentonite powder and Portland cement after adding sufficient tap water. Subsequently, a mold was filled with the mixture. After 48 h, the adsorbent (BBCEC) was removed from the mold and soaked in a water pond for 24–48 h. Next, the BBCEC was air-dried and crushed into powder. The results of the XRF (X-ray fluorescence) analysis of BBCEC are displayed in Table 1. Based on autosorb (Quantachrome IQ, Germany) analysis, the BET surface (m2/g), micropore volume (cc/g), micropore area (m2/g), and Langmuir surface area (m2/g) were 256, 30.2, 129, and 521, respectively.




2.4. Optimization Process and Statistical Analysis


The effectiveness of the removal of heavy metals and emerging contaminants was evaluated based on Equation (1). The optimization process was carried out using response surface methodology (RSM) and central composite design (CCD) through DOE 10.0.7 software with four independent factors: ozonation time (reaction time, min), ozone dosage (mg L−1), initial concentration of ECs (mg L−1), and initial concentration of heavy metals (mg L−1). As there were three levels for each factor, the suitable model was the quadratic (Equation (2)). Each experiment was carried out with three replications. The model terms were assessed using P-value (probability) with a 95% confidence level [34].


  Removal   ( % ) =   I n i t i a l   c o n c e n t r a t i o n    (    m g  L   )  − f i n a l   c o n c e n t r a t i o n    (    m g  L   )    I n i t i a l   c o n c e n t r a t i o n    (    m g  L   )    × 100  



(1)






  Y =  β 0  +   ∑   j = 1  k   β j   X j  +   ∑   j = 1  k   β  j j    X 2  +   ∑  i    ∑   < j = 2  k   β  i j    X i   X j  +  e i   



(2)







Here, the response is shown by Y; the variables are represented by Xi and Xj; the interaction coefficients of the linear, quadratic, and second-order terms are denoted by βj, βjj, and βij, respectively; and e denotes error.




2.5. Analysis of Ozone Consumption (OC) and Specific Energy Consumption (SEC)


Equation (3) (modified from [30]) was used to calculate ozone consumption through the removal of certain amounts of ECs by ozonation:


  O C =    Q G   V  ×     ∫  0 t   (  1 −    C  A G      C  A G 0      )  d t   E  C 0  − E C    



(3)




where the gas flow rate (mL/min) and volume (mL) are denoted by QG and V, the input ozone concentration (g m−3) and the off-gas ozone concentration (g m−3) are represented by CAG and CAG0, and the initial and final concentrations of ECs are shown by EC0 and EC.



The SEC during the removal of ECs via electrochemical oxidation, in batch experiments, was calculated using Equation (4) (modified from [35]):


  S E C =   E   I   t   V    (   E 0  −  E t   )     



(4)




where the current (A) is denoted by I, volume (L) is demonstrated by V, average of voltage (V) is represented by E, time (h) is presented as t, and EC0 and ECt (mg L−1) are the initial concentrations of ECs and the concentrations of ECs in time (t), respectively.




2.6. Study of the Adsorption Isotherm


The adsorption isotherm experiments, with the initial concentrations of TND and DMP (0.2 to 1 mg L−1), and Ni and Pb (10 to 50 mg L−1), at neutral pH, were conducted using Langmuir (Equation (5)) and Freundlich (Equation (6)) isotherm models [36]. For monitoring the isotherm studies, the batch experiments were conducted under different BBCEC dosages (up to 12 g/L) in beakers (with working value of 250 mL). The 1 M HCl or 1 M NaOH solution was applied to adjust the pH. Beakers were shaken at 200 rpm for 24 h.


   q e  =    q m   K L     C e    1 +  K L   C e     



(5)






   q e  =  K F   C e   1 n     



(6)




where the maximum adsorption capacity is represented by qm (mg g−1), the equilibrium concentration is demonstrated by qe (mg g−1), KL denotes the Langmuir isotherm constant, KF is the Freundlich constant, predicting the quantity of the adsorbates per gram of adsorbents at the equilibrium concentration, and n refers to a fixed variable signifying the intensity of adsorption.




2.7. Analytical Methods and Experimental Processes


High-performance liquid chromatography (Agilent, Germany, HPLC) with a UV detector and a C18 column was employed to analyze the TND and DMP. The mobile phase included deionized water and methanol (volumetric ratio 30/70). The limit of detection (LOD) was calculated on the basis of 3σ/s (“σ” is the standard deviation of the peak and “s” is calibration curve) [37]. Ni and Pb were measured using a Hach DR2800 spectrophotometer (Hach Co. Ltd., Loveland, CO, USA).





3. Results and Discussion


In this study, DMP and TND (as the emerging contaminants), and Ni and Pb (as the heavy metals), were removed with electro-ozonation (step 1) and a fixed-bed column (step 2).The removal efficiencies of the electro-ozonation reactor are shown in Table 2. After the treatment of synthetic wastewater with electro-ozonation, the water moved through a fixed-bed column (which was filled with powdered BBCEC).



3.1. Removal of ECs and Heavy Metals with the Electro-Ozonation


During the first step (removal of contaminants with electro-ozonation), the maximum elimination of TND, 71.3% (0.71 mg L−1), and DMP, 80.1% (0.801 mg L−1), was reached at the ozonation time of 50 min, the ozone dosage of 25 mg L−1, the initial concentration of ECs of 1.0 mg L−1, and the initial concentration of heavy metals of 50 mg L−1. Furthermore, the minimum abatement of TND, 25.7% (0.31 mg L−1), and DMP, 35.6% (0.427 mg L−1), was reached at the ozonation time of 10 min, the ozone dosage of 5 mg L−1, the initial concentration of ECs of 1.2 mg L−1, and the initial concentration of heavy metals of 60 mg L−1.



Rosal et al. [5] removed 38–20% of musk ketone and the UV filters with ozonation, which is significantly less than in the current study. Amounts of 27.8% of iopromide and 39.5% of 17-alpha-ethinylestradiol were removed via electrochemical oxidation (boron-doped diamond electrode) after 180 min of contact time, which is significantly less than in the current study, due to the combination with electrochemical oxidation in the current study. A total of 79% of TND was removed with a hybrid reactor (including ozonation), which is in line with findings of the current study [38]. Up to 60% of an EC (carbamazepine) was removed with a hybrid reactor (including ozonation) at an ozone concentration of 20 mg L−1 for approximately 2 h [39]. The integration of O3/UV (O3 dosage of 15 mg L−1) removed 14–36% of diatrizoate [40], which is considerably less than in the current study (integration of O3/electrochemical oxidation). In addition, 22% removal was reached in a study about the removal of DMP with ozonation alone [41].



During the first step (contaminant removal with electro-ozonation), the maximum elimination of Ni, 58.2% (23.3 mg L−1), and Pb, 56.4% (22.6 mg L−1), was reached at 60 min of ozonation time, the ozone dosage of 30 mg L−1, the initial concentration of ECs of 0.8 mg L−1, and the initial concentration of heavy metals of 40 mg L−1. Furthermore, the minimum abatement of Ni, 25.9% (15.5 mg L−1), and Pb, 25.4% (15.2 mg L−1), was reached at 10 min of ozonation time, an ozone dosage 5 mg L−1, initial concentration of ECs of 1.2 mg L−1, and the initial concentration of heavy metals of 60 mg L−1. During the Ru/AC catalyzed ozonation of DMP, the maximum removal rate (75%) was reached [42], which is in line with the current study. Mojiri et al. [30] removed 52% of Ni with an integrated method (including electro-ozonation), which is in agreement with the current study.



Kanakaraju et al. [43] stated that the BDD electrode is more effective in the removal of ECs due to its high oxygen overpotential (to produce more *OH radicals), its stability against corrosion, and its inert surface. The high performance of BDD anodes in oxidizing organic substances is attributed to the hydroxyl radicals (*OH radicals) electrogenerated from the water discharge (Equation (7)) [44]:


H2O→•OH + H+ + e−



(7)







As described by [33], on BDD electrodes, the degradation of organic contaminants can be conducted with two oxidation mechanisms (direct and indirect). Direct oxidation is achieved when the pollutants react directly on the anode’s surface by physisorbed •OH radicals produced by BDD. Indirect oxidation occurs through the electrochemical generation of a mediator in solution (such as Cl•, Cl2, or ClO− and HClO). To generate active chlorine (Cl•), dissolved Cl− should be oxidized directly on the anode’s surface (Equation (8)). If the concentration of Cl2 is exceeded, hypochlorous acid (HClO) can be generated (Equation (9)), which is in equilibrium with hypochlorite ions (ClO−) at a neutral pH (Equation (10)) [33]:


2Cl−→Cl2(aq) + 2e−



(8)






Cl2(aq) + H2O↔HClO + Cl− + H+



(9)






HClO↔ClO− + H+



(10)







When a BDD anode is employed, more hydroxyl radicals are generated, which enhances the catalytic reaction of the radicals to oxidize chloride ions into different oxochlorinated compounds (Equations (11)–(14)) [45]. As described by [45], this significantly enhances the oxidation of the organic contaminants:


Cl− + •OH→ClO− + H+ + e−



(11)






CLO− + •OH→ClO2 + H+ + e−



(12)






ClO2− + •OH→ClO3 + H+ + e−



(13)






CLO3− + •OH→ClO4 + H+ + e−



(14)







The destruction of heavy metals can be conducted on the anodic surface by either the anode directly or radical •OH. Anodic oxidation is described as follows: (1) transfer of the electron to the anode surface (M); (2) production of the powerful physiosorbed radical •OH at the anode surface, signified by M (radical •OH), due to water or OH− in the wastewater (Equation (15)); and (3) destruction of heavy metal (L) complexes by •OH and the depositing of heavy metals ions of the cathode (Equation (16)) [46]:


M + H2O→M(•OH) + H+ + e−



(15)






M(•OH) + L→M + LO + H+ + e−



(16)







The abatement of pollutants via electro-ozonation is achieved by two different approaches: indirect oxidation, in which a mediator is electrochemically caused to perform oxidation; and direct anodic oxidation, in which pollutants are destroyed on the anode’s surface [30].



Some researchers [47] have stated that ozone can be considered as a good choice for removing emerging contaminants (such as antibiotics) from water bodies, and ECs can be promptly destroyed by ozone. Thus, to improve the oxidation and removal of ECs, ozonation was combined with electrochemical oxidation. In ozonation systems, ECs can be oxidized by direct reaction with ozone (Equation (17)). Furthermore, hydroxyl radicals can be generated through the decomposition of ozone (Equation (18)). Equation (19) shows the indirect reaction with non-selective and highly reactive hydroxyl radicals [48]:


R + O3→ROX



(17)






H2O + O3→O2 + 2HO•



(18)






R + OH•→ROX



(19)







Ozone is able to react with double or triple bonds (such as C=C, C=N, N=N, and C≡C) and break them. The mechanism of the mineralization of organic contaminants by ozonation is demonstrated in Figure 2 [49]. Moreover, Portjanskaja [50] stated that ozone can be useful in the elimination of soluble metals and in the decomplexing of bound heavy metals due to the strong oxidative properties of ozone.



The results of the first step of the study were optimized using RSM. Several studies [51,52] applied RSM and CCD to optimize pollutant removal from water bodies using different physicochemical and biological methods. RSM is known as a mathematical and statistical analysis approach, where the removal of pollutants (responses) is affected by several independent factors (variables) for analysis optimization [53]. A statistical analysis of the results in the current study is shown in Table 3. Based on Table 3, the high values of R2 (>0.9) indicate that RSM can optimize the performance of the first step in a logical way. Furthermore, the final equations of TND, DMP, Ni, and Pb are displayed by Equations (20), (21), (22), and (23), respectively.



A, B, C, and D are defined as the ozonation time (min), ozone dosage (mg L−1), initial concentration of ECs (mg L−1), and initial concentration of metals (mg L−1), respectively. The final equations in terms of coded factors are as below. In all equations, A, AB, and AC are significant model terms (in terms of Prob > F less than 0.05):


Removal of TND = 56.26 + 15.12A − 6.51AB + 7.35AC



(20)






Removal of DMP = 64.02 + 15.40A − 6.18AB + 6.17AC



(21)






Removal of Ni = 43.31 + 14.23A − 0.53AB + 2.29AC



(22)






Removal of Pb = 42.29 + 14.47A − 0.23AB + 2.28AC



(23)







As shown in Figure 3 and Figure 4, the maximum removal of TND (77.0%), DMP (84.5%), Ni (59.2%), and Pb (58.2%) was reached at the optimum ozonation time of 58.1 min, the ozone dosage of 9.4 mg L−1, the initial concentration of ECs of 0.98 mg L−1, and the initial concentration of heavy metals of 28.9 mg L−1. Figure 5 and Figure 6 present design expert statistical plots, which show high agreement between predicted data and experimental data.




3.2. Ozone Consumption (OC) and Specific Energy Consumption (SEC)


In this study, ozone consumption (Equation (3)) specifies the amounts of ozone that can be applied to remove certain amounts of ECs [30]. OC is a vital factor in the ozone process due to its correlation with the operation costs [54]. Tizaoui et al. [54] reported an OC of 1.5 to 3.5 (kg O3/kg COD) during the treatment of landfill leachate with a modified ozone reactor. Abu Amr et al. [55] reported an OC of more than 0.76 (kg O3/kg COD) during landfill leachate treatment with zone reactors. The findings of the OC tests are presented in Table 4. Based on Table 4, the OC ranges from 1.11 to 3.95 (kg O3/kg ECs), which is in agreement with the findings of previous studies. However, Abu Amr et al. [55] stated that the various OCs reported in the literature are mostly due to the variations in experimental conditions and wastewater characteristics (e.g., sample volume, O3 dosage, and pH variation).



SEC has been applied by several researchers [56] to estimate energy consumption during the treatment of wastewater with electrochemical oxidation. Morsi et al. [56] reported an EC of 4.7 (kWh kg−1) in the removal of dyes with electrochemical oxidation when the current was 30 mA. An SEC of 296 to 1676 (kWh kg−1) was reported by Murthy et al. [57] in the treatment of textile wastewater with EO when the current was 120 to 480 mA/cm2. In the current study, the current and voltage were 30 mA/cm2 and 9 V, respectively. Mojiri et al. [58] reported an SEC of 6.5 (kWh kg−1) during the treatment of synthetic wastewater with EO. Therefore, based on Equation (4), the SEC was 6.9 for the removal of ECs with EO.




3.3. Removal of ECs and Heavy Metals with a Fixed-Bed Column and an Adsorption Isotherm


After the treatment of synthetic wastewater under optimum conditions, the wastewater was moved through a fixed-bed column, which was filled with BBCEC. After this step, 92.1% of TND and 99.9% of DMP, Ni, and Pb were removed. The BBCEC was integrated from different low-cost materials (including bentonite, biochar, cockleshells, eggshells, and cement). Therefore, pollutants can be removed by BBCEC via ion exchange and adsorption simultaneously. A total of 99% of DMP was removed with a combination of ozonation and cerium supported on activated carbon, with a 60 min ozonation time and an ozone dosage of 30 mg [41], which is in line with findings of the current study. Around 50% of TND was removed with combined adsorption and biodegradation [59]. A total of 73.4% of Ni was eliminated by the integration of an advanced oxidation process and adsorption [30].



Adsorption isotherms are vital characteristics for controlling the adsorption process, and the commonly applied isotherm models of the adsorption process are the Langmuir and Freundlich models [60]. Adsorption isotherms were measured in batch experiments under different concentrations of ECs (0.2 to 1.2 mg L−1 and 10 to 60 mg L−1), and varying adsorption dosages (1 to 50 g L−1). The obtained plots and results are demonstrated in Figures S1 and S2 (in supplementary file) and in Table 5. For the adsorption of TND and DMP, the KL values were 0.03 and 0.04, respectively, which is in line with findings of Marohanan et al. [61]. For the Langmuir isotherm study, the R2 for ECs and heavy metals was 0.89 to 0.81. The KL values were 0.09 and 0.1 for the adsorption of Ni and Pb, respectively. An et al. [62] and Jin et al. [63] stated KL = 0.05 and KL = 0.1 for the adsorption of Ni and Pb with a biochar-based system, respectively, which is in agreement with the current study. For the removal of ECs with biochar-based adsorption, the Qm (mg g−1) ranged from 1.1 to 75.9 [64], which is in line with the current study. Moreover, for the elimination of heavy metals (Ni) with a biochar-based adsorbent, the Qm (mg g−1) was 24.6 [62], which is in accordance with the current study. For the Freundlich isotherm study, the R2 values were 0.92, 0.95, 0.97, and 0.99 for the adsorption of TND, DMP, Ni, and Pb, respectively. Kozyatnyk et al. [64], An et al. [62], and Li et al. [65] reported R2 = 0.94, R2 = 0.90, and R2 = 0.92 for the removal of ECs, Ni, and Pb from an aqueous solution with a biochar-based adsorbent, which is in agreement with the current study. Furthermore, the KF (mg g−1 (L/mg)1/n) for TND, DMP, Ni, and Pb were 2.2, 2.9, 9.7, and 10.3, respectively, which is accordance with findings of Kozyatnyk et al. [64].



It was revealed that the Freundlich isotherm is a better fit than the Langmuir for the removal of ECs and metals. This indicates that all sites on the BBCEC have equal affinity for the adsorbates [66]. The adsorption of ECs and heavy metals followed the Freundlich isotherm; the high R2 values indicate that the adsorption of ECs and metals occurred mostly due to chemical bonding [66].





4. Conclusions


An integrated system that included electro-ozonation and a fixed-bed column filled with a novel composite adsorbent (named BBCEC) was employed to remove TND, DMP, Ni, and Pb from synthetic wastewater. CCD and RSM were utilized to optimize the parameters. The main conclusions of the current research are discussed follows. Electro-ozonation could remove 77.0%, 84.5%, 59.2%, and 58.2% of TND, DMP, Ni, and Pb, respectively, at the optimum reaction time of 58.1 min, ozone dosage of 9.4 mg L−1, initial concentration of ECs of 0.98 mg L−1, and initial concentration of heavy metals of 28.9 mg L−1. The ozone consumption (OC) varied from 1.1 kg to 3.9 kg (kg O3/kg ECs), and the specific energy consumption (SEC) was 6.95 (kWh kg−1). The performance of the combined electro-ozonation and fixed-bed column enhanced the efficiency of the removal of TND, DMP, Ni, and Pb to 92–99%. The removal of TND, DMP, Ni, and Pb with BBCEC is justified with the Freundlich isotherm better than the Langmuir isotherm.
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Figure 1. Schematic of the reactors. 
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Figure 2. Mechanism of organic contaminant mineralization by ozonation (modified from [49], and permission for re-using the figure was received on 14 August 2022 from Elsevier). 
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Figure 3. 3D surface plots for removal of TND and DMP. 
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Figure 4. 3D surface plots for removal of Ni and Pb. 
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Figure 5. Design expert statistical plots for removal of TND and DMP. 
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Figure 6. Design expert statistical plots for removal of Ni and Pb. 






Figure 6. Design expert statistical plots for removal of Ni and Pb.



[image: Separations 09 00276 g006]







[image: Table] 





Table 1. XRF analysis of BBCEC.
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	Compounds/Elements
	Composition (%)
	Compounds/Elements
	Composition (%)





	C
	15.6
	K2O
	1.2



	CaO
	38.9
	MgO
	1.0



	SiO2
	34.7
	Na2O
	1.0



	Al2O3
	5.1
	SO3
	0.5



	Fe2O3
	1.6
	Others
	0.4
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Table 2. Removal values for different independent factors.
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	Run
	A * (min)
	B (mg L−1)
	C (mg L−1)
	D (mg L−1)
	TND Removal (%)
	TND Removed (mg L−1)
	DMP Removal (%)
	DMP Removed (mg L−1)
	Ni Removal (%)
	Ni Removed (mg L−1)
	Pb Removal (%)
	Pb Removed (mg L−1)





	1
	10
	5
	0.2
	10
	46.7
	0.10
	53.1
	0.106
	32.3
	3.2
	30.4
	3.0



	2
	20
	10
	0.2
	10
	49.2
	0.10
	57.9
	0.116
	33.8
	3.4
	31.5
	3.2



	3
	30
	15
	0.2
	10
	54.3
	0.11
	61.7
	0.123
	35.1
	3.5
	34.6
	3.5



	4
	40
	20
	0.2
	10
	58.8
	0.12
	66.5
	0.133
	41.5
	4.2
	40.2
	4.0



	5
	50
	25
	0.2
	10
	65.3
	0.13
	73.8
	0.148
	50.3
	5.0
	49.1
	4.9



	6
	60
	30
	0.2
	10
	64.5
	0.13
	73.3
	0.147
	51.4
	5.1
	51.0
	5.1



	7
	10
	5
	0.4
	20
	43.6
	0.17
	52.1
	0.208
	31.3
	6.3
	29.8
	6.0



	8
	20
	10
	0.4
	20
	51.7
	0.21
	56.4
	0.226
	34.5
	6.9
	32.5
	6.5



	9
	30
	15
	0.4
	20
	54.1
	0.22
	61.1
	0.244
	39.7
	7.9
	35.6
	7.1



	10
	40
	20
	0.4
	20
	56.4
	0.23
	64.7
	0.259
	41.1
	8.2
	40.8
	8.2



	11
	50
	25
	0.4
	20
	57.3
	0.23
	70.6
	0.282
	52.9
	10.6
	51.8
	10.4



	12
	60
	30
	0.4
	20
	60.3
	0.24
	68.2
	0.273
	53.5
	10.7
	52.1
	10.4



	13
	10
	5
	0.6
	30
	38.4
	0.23
	46.0
	0.276
	29.1
	8.7
	29.4
	8.8



	14
	20
	10
	0.6
	30
	42.5
	0.26
	50.1
	0.301
	31.8
	9.5
	30.6
	9.2



	15
	30
	15
	0.6
	30
	52.9
	0.32
	59.8
	0.359
	34.7
	10.4
	33.2
	10.0



	16
	40
	20
	0.6
	30
	60.4
	0.36
	66.9
	0.401
	40.6
	12.2
	40.3
	12.1



	17
	50
	25
	0.6
	30
	63.6
	0.38
	73.2
	0.439
	54.3
	16.3
	53.9
	16.2



	18
	60
	30
	0.6
	30
	61.5
	0.37
	68.6
	0.412
	56.2
	16.9
	56.6
	17.0



	19
	10
	5
	0.8
	40
	33.3
	0.27
	41.4
	0.331
	28.9
	11.6
	27.6
	11.0



	20
	20
	10
	0.8
	40
	42.1
	0.34
	48.4
	0.387
	33.9
	13.6
	31.4
	12.6



	21
	30
	15
	0.8
	40
	48.8
	0.39
	57.8
	0.462
	47.2
	18.9
	45.7
	18.3



	22
	40
	20
	0.8
	40
	61.4
	0.49
	66.0
	0.528
	50.6
	20.2
	50.6
	20.2



	23
	50
	25
	0.8
	40
	66.2
	0.53
	74.6
	0.597
	56.3
	22.5
	55.0
	22.0



	24
	60
	30
	0.8
	40
	63.5
	0.51
	73.4
	0.587
	58.2
	23.3
	56.4
	22.6



	25
	10
	5
	1.0
	50
	29.4
	0.29
	40.8
	0.408
	27.3
	13.7
	26.8
	13.4



	26
	20
	10
	1.0
	50
	39.6
	0.40
	47.6
	0.476
	30.4
	15.2
	29.5
	14.8



	27
	30
	15
	1.0
	50
	53.1
	0.53
	61.7
	0.617
	40.1
	20.1
	40.6
	20.3



	28
	40
	20
	1.0
	50
	65.3
	0.65
	74.9
	0.749
	45.2
	22.6
	46.8
	23.4



	29
	50
	25
	1.0
	50
	71.3
	0.71
	80.1
	0.801
	51.7
	25.9
	49.3
	24.7



	30
	60
	30
	1.0
	50
	68.9
	0.69
	77.6
	0.776
	56.1
	28.1
	56.0
	28.0



	31
	10
	5
	1.2
	60
	25.7
	0.31
	35.6
	0.427
	25.9
	15.5
	25.4
	15.2



	32
	20
	10
	1.2
	60
	40.5
	0.49
	50.2
	0.602
	28.6
	17.2
	27.1
	16.3



	33
	30
	15
	1.2
	60
	50.3
	0.60
	61.1
	0.733
	45.8
	27.5
	43.1
	25.9



	34
	40
	20
	1.2
	60
	61.1
	0.73
	72.4
	0.869
	50.3
	30.2
	48.6
	29.2



	35
	50
	25
	1.2
	60
	67.4
	0.81
	75.4
	0.905
	55.3
	33.2
	54.0
	32.4



	36
	60
	30
	1.2
	60
	67.1
	0.81
	74.8
	0.898
	56.4
	33.8
	55.2
	33.1







* A = ozonation time (or reaction time, min); B = ozone dosage (mg L−1); C = initial concentration of ECs (TND and DMP each, mg L−1); D = initial concentration of a heavy metal (Ni and Pb separately, mg L−1).
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Table 3. Statistical analysis results for response parameters in RSM and ANN.
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	Reponses
	R2 *
	Adj. R2
	Adec. P
	SD
	CV





	TND removal
	0.943
	0.934
	36.50
	3.01
	5.60



	DMP removal
	0.937
	0.903
	33.27
	3.18
	5.11



	Ni removal
	0.915
	0.901
	25.52
	3.29
	7.73



	Pb removal
	0.919
	0.906
	25.60
	3.24
	7.82







* R2: R-squared; Adj. R2: adjusted R-squared; Adec. P: adequate precision; SD: std. dev.; CV: %.
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Table 4. Consumption of ozone at reaction times.






Table 4. Consumption of ozone at reaction times.





	Reaction Time (min)
	10
	20
	30
	40
	50
	60



	OC (kg O3/kg ECs)
	1.11
	1.39
	2.1
	3.05
	3.95
	3.81
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Table 5. Details of Langmuir and Freundlich isotherm studies.






Table 5. Details of Langmuir and Freundlich isotherm studies.





	
Pollutants

	
Langmuir

	
Freundlich




	
Qm (mg g−1)

	
KL

	
R2

	
KF (mg g−1 (L/mg)1/n)

	
1/n

	
R2






	
TND

	
13.1

	
0.03

	
0.897

	
2.2

	
0.54

	
0.920




	
DMP

	
17.2

	
0.04

	
0.872

	
2.9

	
0.60

	
0.951




	
Ni

	
21.4

	
0.07

	
0.812

	
9.7

	
0.26

	
0.975




	
Pb

	
20.7

	
0.09

	
0.840

	
10.3

	
1.11

	
0.995
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