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Abstract

:

Pharmaceutical industry effluents often contain high concentrations of refractory organic solvents, chemical oxygen demand (COD), and total dissolved solids (TDSs). These wastewaters, including N-containing organic solvents known for their persistence and toxicity, pose significant environmental challenges. The study evaluated the efficacy of 3D/Granular Activated Carbon (GAC)/O3 treatment compared to linear process additions when treating real pharmaceutical wastewater, and revealed a 2.73-fold enhancement in COD mineralization. The process primarily involves the direct oxidation of monoprotic organic acids found in real pharmaceutical effluents, such as acetic and formic acid, crucially influencing mineralization rates. Optimal conditions determined via the response surface methodology were 125 g/L GAC, 30 mA/cm2, and 75 mg/L O3, achieving high total organic carbon (TOC) and COD removal efficiencies of 87.19 ± 0.19% and 89.67 ± 0.32%, respectively (R2 > 0.9), during verification runs. Current density emerged as the key parameter for organic abatement, aligning with the emphasis on direct oxidation at the anode surface. This integrated approach enhances biodegradability (BOD5/COD) and reduces acute toxicity associated with persistent N-containing solvents, demonstrating promising applications in pharmaceutical wastewater treatment.
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1. Introduction


Pharmaceutical wastewaters are effluents from pharmaceutical production facilities. Pharmaceutical production methods can be categorized into three groups: (1) chemical synthesis, (2) fermentation, and (3) natural product extraction [1]. Typically, these pharmaceutical production procedures are batch-based and multi-step. Despite utilizing the same battery of reactors and separators, the composition and concentration of the wastewater from these pharmaceutical units frequently vary. Reportedly, the amount of waste generated during the production of pharmaceuticals exceeded the quantity of the target product by 50 to 30,000 kg waste/kg of desired product [1,2]. Pharmaceutical wastewaters are frequently described as having elevated chemical oxygen demand (COD), total dissolved solids (TDSs), salinity, toxicity, and refractory solvents [1,3,4], which poses a significant challenge for treatment.



With the extensive use of nitrogen-containing solvents in the processes, pharmaceutical wastewater typically contains elevated levels of nitrogenous chemicals [5]. Toxic concerns are related to nitrogenous organic compounds in pharmaceutical effluent [6,7]. High-saline pharmaceutical wastewater may also restrict microbial activity due to salinity, presenting a severe biological treatment challenge. This is due to the uneven osmotic potential across the cell wall, which ultimately causes dehydration and death [6,7]. Generally, the BOD5/COD ratio of reported pharmaceutical wastewaters is <0.5 [1,3] which suggests poor biodegradability. Hybrid technologies combining one or more treatment strategies were recommended to treat recalcitrant and highly concentrated pharmaceutical effluents effectively. Hybrid treatment strategies exist as single-treatment methods (e.g., biological treatment and membrane processes) may not eliminate all pharmaceutical components. It has been demonstrated that coupling adsorption with advanced oxidation processes (AOPs) can improve the overall degradation performance and reduce treatment time and chemical or energy needs [8]. This hybrid approach to treatment can solve the limitations of the different treatment methods. Primarily, AOPs are used to eliminate adsorbed organic contaminants and regenerate adsorbents.



Due to the multiple pathways of •OH synthesis, like catalytic ozonation, peroxone reaction, and O3-electrolysis, 3D/GAC/O3 has been presented as an auxiliary approach for the pre- or post-treatment of saline and refractory pharmaceutical wastewater. Three-dimensional (3D) electrochemical advanced oxidation processes (E-AOPs) involve placing conductive particles between the anode and cathode in a traditional electrochemical reactor.



For this study, GAC is used as conductive particles. The prevalence of high salinity and electric conductivity in pharmaceutical wastewaters is the driving force behind the implementation of such E-AOPs [9]. In recent years, similar studies using 3D/GAC/O3 have been evaluated for pharmaceutical removal [9,10]. However, the degradation process has only been evaluated using a one-factor-at-a-time (OFAT) approach, which may not account for the interacting effects among the independent factors. So, it fails to identify the actual optimal point. Hence, in this study, the 3D/GAC/O3 has been statistically designed using central composite design (CCD) and response surface methodology (RSM) to arrive at the best combination of operating parameters that give the maximum organic abatement efficiency. The contributions of each abovementioned organics removal mechanism to bulk total organic carbon (TOC) and COD reduction in pharmaceutical wastewater were also assessed in this study. Improved biodegradability and toxicity were similarly observed previously [9,11] but not accounted for. The degradation of the recalcitrant N-containing pharmaceutical organic solvents can be set to explain the improved biodegradability and decrease in toxicity inhibition.



Hence, this study aims to (1) explain the organic mineralization mechanism of 3D/GAC/O3, (2) demonstrate the use of response surface methodology (RSM) to recommend the optimal conditions for 3D/GAC/O3, and (3) explain the underlying principles and reasons why biodegradability improved through a detailed analysis of change in the prevalent organic compounds when treating pharmaceutical effluent.




2. Materials and Methods


2.1. Chemicals and Reagents


The chemicals and reagents used in this study are listed in Text S1.




2.2. Pharmaceutical Wastewater Samples


Pharmaceutical wastewater samples were collected from a local pharmaceutical facility in Singapore. The collected samples were stored in polyethylene containers at 4 °C and brought to room temperature prior to usage in experiments and analysis. Table 1 summarizes the characteristics of pharmaceutical wastewater.




2.3. N-Containing Pharmaceutical Organic Solvents


As previously stated, organic solvents are utilized during production, considerably contributing to the effluent being highly concentrated and recalcitrant. With the use of GC/MS, the organic solvents were identified. An AOC-5000 Auto-Injector injected pharmaceutical wastewater sample directly into GC-2010-QP2010 (Shimadzu, Kyoto, Japan). Using a Mega-wax column (High polarity; Length (30 cm) × Diameter (0.25 mm I.D) × Film (0.25 µm)) and a temperature program (Table S1), the spectrum seen in Figure 1 is obtained. Dimethyl-formamide (DMF), Dimethyl-acetamide (DMAc), and acetamide are the most prevalent N-containing amine and amide organic solvents.



As detected by the GC/MS spectrum (Figure 1), the N-containing organic solvents can be represented as % area (Figure S1) based on the area beneath each peak. The chemical formulas, molecular weight, Log P, and functional groups of organic solvents can be found in Tables S2 and S3. Functional groups such as pyrrole and imidazole, often known as azoles, are commonly found in natural and synthesized medicinal organics [12]. Piperidine is also reported to be commonly present in pharmaceuticals [13]. 2,2,6,6-Tetramethyl-4-piperidone and 1-methyl-2-Pyrrolidinone have been identified as natural products. Based on their respective Log P, these nitrogen-containing organic compounds can be hydrophilic or hydrophobic. In general, the organic solvents present in the wastewater are largely low-molecular weight compounds. The high pH of pharmaceutical wastewater can be attributed to alkaline solvents such as 1H-imidazole. The mass spectra are also depicted in Figure S2.




2.4. Electrode Materials


The electrodes used in this study are listed in Text S2.




2.5. The 3D/GAC/O3 Process


A total of 100 mL of pharmaceutical wastewater was treated in an undivided polycarbonate reactor with a reactor capacity of 12.5 cm × 5 cm × 4 cm and a 4 cm gap between parallel electrodes (Figure 2). The selection of polycarbonate is based on its resistance to O3. GAC is put between the anode and cathode as a particle electrode. The anode is Nb/BDD (12 cm × 5 cm), and the cathode is stainless steel (12 cm × 5 cm). The procedure was carried out under galvanostatic conditions utilizing a DC power source (Rohde & Schwarz, Munich, Germany). By feeding industrial oxygen (99.9% purity) into an ozone generator (Suez Degremont Technologies, Paris, France), O3 gas is generated and purged into the reactor. The reaction time was determined to be 6 h.




2.6. Electrochemical Characterization


Using an electrochemical workstation (PGSTAT 204, Metrohm Autolab, Utrecht, Netherlands) with a three-electrode cell arrangement, linear sweep voltammetry and cyclic voltammetry (CV) were conducted. The counter and reference electrodes were made of platinum and Ag/AgCl. LSV tests were performed in 0.5 M H2SO4 electrolyte with a scan range of 0.0–3.0 V with a scan rate of 50 mVs−1 to assess the anodes’ oxygen evolution potential. Tafel plots of the different oxygen evolution reactions (OERs) were determined by converting the observed potentials vs. Ag/AgCl to the reversible hydrogen electrode (RHE) scale using the Nernst Equation (Equation (1)).


    E   R H E   =   E   A g / A g C l   + 0.059 p H +   E   A g / A g C l   o    



(1)







The y-axis of the Tafel graphs represents the OER overpotential (ꞃ), which may be calculated by subtracting the thermodynamic potential for OER 1.23 V (vs. SHE) (Equation (2)).


  ꞃ =   E   A g / A g C l   − 1.23 V  



(2)







In this study, CV experiments were conducted with a scan range of −2.0 to 2.0 V and a scan rate of 50 mVs−1 for three cycles.




2.7. Analytical Method


TOC is determined with the TOC-L analyzer (Shimadzu, Japan). COD and BOD5 analyses were performed on the pharmaceutical effluent samples according to APHA standard procedure (5220D, 5210B, 1998). COD concentration is measured with a Hach DR 6000 UV-Vis spectrophotometer at 620 nm. Anions and cations were measured by DIONEX ICS-1600 (Thermo Scientific, Waltham, MA, USA) with a DIONEX As-DV (Thermo Scientific, Waltham, MA, USA) autosampler and 930 Compact IC Flex (Metrohm, Utrecht, The Netherlands) with a 919 IC Autosampler, respectively. Toxicity measurements were undertaken using the Microtox® method, which suppresses the bioluminescence of the marine bacteria Vibrio fischeri. H2O2 can be measured by using the Titanium (IV) oxy-sulfate method using a UV-vis spectrophotometer (Hach DR-6000). A yellow complex will be formed upon interaction with H2O2, which has an absorbance of 405 nm [14]. Residual dissolved O3 was determined using the indigo method.



The steady-state concentration of •OH radicals can be measured indirectly using 4-chlorobenzoic acid (pCBA) as a probe molecule across the different reactions of 3D/GAC/O3. This is especially so with its high reactivity with •OH;     K   • O H , p C B A     = 5 × 109 M−1 s−1 [15].



The rate of degradation of pCBA is given in Equation (3). The integration of Equation (3) yields Equation (4).


  −    d   C   p C B A     d t    =   K   • O H , p C B A     C   p C B A     C   • O H    



(3)




where CpCBA is the concentration of pCBA and K•OH,pCBA is 5 × 109 M−1 s−1.


  l n      C   p C B A       C     p C B A   0        =   K   • O H , p C B A     C   • O H   t  



(4)







ln (     p C B A   [ p C B A   ]   0       ) was plotted against reaction time on a graph. The slope of the straight lines is equal to     K   • O H , p C B A     and     C   • O H     multiplied together. With the known value of     K   • O H , p C B A    , the pseudo-steady state •OH concentration can be calculated. pCBA is also known to have poor adsorption kinetics with activated carbon [16] and low reactivity with O3 [17] (kO3 = 0.15M−1s−1). It is, therefore, ideal for this study. In total, 0.5 M of pCBA was added to a sample of pharmaceutical effluent, which was then treated using different processes. pCBA was determined using LC-MS/MS (Shimadzu 8030, Japan) using methanol/water (95% v/5% v) with a simple binary gradient for chromatographic separation and a Shim-pack FC-ODS column (150 × 2 mm, particle size 3 µm) at 40 °C.




2.8. Design of 3D/GAC/O3 by Response Surface Methodology


The 3D/GAC/O3 is constructed using statistical methods with independent variables, namely, O3 concentration, GAC dosage and current density, TOC removal efficiency (%), and COD removal efficiency (%) as the dependent variables. The response surface approach is an empirical modeling technique that establishes a link between controlled factors and observable outputs [18,19]. In RSM, central composite design (CCD) and Box–Behnken design (BBD) are the most frequently employed 2nd order regression models [20]. In this study, a central composite design was employed. The optimization entails observing the response of the statistically planned experiment set, determining the coefficients by fitting the experimental data to the functions, predicting the response, and evaluating the model’s adequacy. In Table 2, the independent variables are shown. The designations for low, middle, and high levels are −1, 0, and +1, respectively. TOC and COD removal efficiencies are the dependent variables. A total of 40 experiments were conducted to examine the effects of the three variables on organics removal effectiveness.



Utilizing the coefficient of determination (R2), Pareto analysis of variance (ANOVA), and statistical and response plots, the findings were evaluated. The experimental data were fitted into a polynomial of the 2nd order using a non-linear regression technique in order to determine the coefficients. The quadratic response model can be described by Equation (5).


  Y =   β   o   +  ∑    β   i     X   i   +    ∑    β   i i     X   i i   2   +    ∑    β   i j     X   i     X   j   +   ε  



(5)




where βo is the offset term, βi is the slope of the input variable, βij is the quadratic effect of the input variable, and βij is the linear interaction effect between the various input variables [21].




2.9. Non-Linear Fitting (Adsorption Models)


This study will employ non-linear fitting as it is a direct method for fitting experimental data to theoretical adsorption models. This is only possible with the correct initial parameters and a theoretical model. The parameters can be determined through iterative optimization. The non-linear model fit was accomplished with Origin 2019b.





3. Results and Discussion


3.1. The 3D/GAC/O3 Process for Pharmaceutical Wastewater Treatment


3.1.1. Electrochemical Characterization of BDD with Pharmaceutical Wastewater


On the BDD, cyclic voltammetry and liner sweeping voltammetry tests were conducted with various matrices, including wastewater samples and electrolytes such as Na2SO4 and NaCl. Compared to the electrolytes of 0.1 M Na2SO4 and 0.2 M NaCl, there is evidence of a slight anodic peak for CSV and a change in the current before OEP (Figure 3). According to the scientific literature, it is likely related to chlorine evolution reaction (CER) [22].




3.1.2. Comparison Between Processes on Organics Removal


As shown in Figure 4 and Table S6, the combined 3D/GAC/O3 process (kCOD = 8.146 × 10−5 s−1) has a synergistic factor of 2.73 when compared to the linear combination of its processes of O3, GAC, and electro-oxidation (kCOD = 0.395 × 10−5 s−1, 1.187 × 10−5 s−1, and 0.602 × 10−5 s−1, respectively). O3–Electrolysis (kCOD = 5.70 × 10−5 s−1), 3D electro-oxidation (kCOD = 2.77 × 10−5 s−1), and catalytic ozonation (kCOD = 4.589 × 10−5 s−1) exhibit the respective synergistic factors of 4.717, 0.550, and 1.900 when compared to their respective individual processes. Similar observations were reported with TOC removal, with the observed rate constants for 3D/GAC/O3 (kTOC = 7.328 × 10−5 s−1) being approximately ~81% greater than the linear sum of the rate constants for ozonation (kTOC = 0.441 × 10−5 s−1) and 3D electro-oxidation (kTOC = 3.607 × 10−5 s−1) (Table S6). The synergistic factor is calculated using Equation (S1).



The order of mineralization is comparable to that seen in a different study using 3D/GAC/O3 to mineralize nitrobenzene [10]. The increase in mineralization is likely a result of the additive generation of •OH radicals by various processes.





3.2. Determining the •OH Production and Reactions in 3D/GAC/O3


As noted in Table S7, the measured rate constant for 3D/GAC/O3 (kpCBA = 26.45 × 10−4 s−1) is ~188% greater than the linear sum of the reaction rate constants for the separate processes. The [OH]ss of 3D/GAC/O3 is approximately 21% more than the [OH]ss produced by catalytic ozonation and electro-oxidation separately (37.21 × 10−14 M and 6.563 × 10−14 M).



The order of •OH production is shown in Table S7 and Figure 5: 3D/GAC/O3 > GAC/O3 > E/O3 > E/GAC > GAC > E > O3 which differs from the order of mineralization determined previously, 3D/GAC/O3 > E/O3 > GAC/O3 > GAC/E > GAC > E > O3. The difference is due to the formation of short-chain organic acids, which are more resistant to oxidation by •OH radicals than to direct oxidation [23]. It has also been suggested that BDD is responsible for the direct anodic oxidation of these simple carboxylic acids [11]. This causes the mineralization rate to be highly dependent on direct electron transfer oxidation processes, which explains the disparity between organic abatement and •OH generation. In addition, BDD anodes exhibit exceptional electrochemical characteristics for electron transfer processes and direct oxidation [24,25].




3.3. Reactions Contributing to the Generation of •OH for 3D/GAC/O3


3.3.1. Peroxone Reaction


Similar electrochemical processes [9,10,26] have been reported to produce H2O2 in other investigations, including research with the same setup as this one (anode: BDD and cathode: stainless steel). Due to the hue of the pharmaceutical wastewater sample, the colorimetric method cannot be used to measure H2O2 concentration. Figure S5 depicts how comparable experimental conditions were applied to the 0.1 M Na2SO4 electrolyte to determine the generation of H2O2. Similarly to previous findings [9,10], no H2O2 was discovered in the 3D/GAC/O3 process due to the quick reaction of H2O2 with O3, where k (HO2− + O3) = 9.6 × 106 M−1 s−1. The TOC and COD removal efficiencies rise from 59% and 51% for 3D/GAC to 72% and 55% for 3D/GAC/O2 when O2 is being sparged into the reactor. The subsequent increase in the TOC and COD removal efficiency when 80 mg/L O3 is sparged into the reactor can be attributed to the increased generation of •OH radicals by the peroxone process.




3.3.2. Catalytic Ozonation


In accordance with Equations (6) and (7), H2O2 can be activated by an activated carbon surface to generate •OH radicals [27]. The reaction between H2O2 and GAC is significantly slower than the reaction between H2O2 and peroxone (k•OH = 3 × 10−2 M−1 s−1).


Activated Carbon + H2O2 → Activated Carbon+ + OH− + OH•



(6)






Activated Carbon+ + H2O2 → Activated Carbon+ + H+ + HO2•



(7)







For such heterogeneous catalytic reactions, the primary source of •OH radicals is hence the interaction between GAC and ozone.




3.3.3. O3-Electrolysis


In contrast to carbon-based cathodes, no H2O2 is reportedly detected when stainless steel is used as the cathode [28]. H2O2 contribution is negligible for 3D/GAC/O3, mainly when an inert metal cathode is utilized [10]. Therefore, O3-electrolysis is more likely to occur on the cathode than electro-peroxone. In addition, residual O3 was not detected despite the sparging of O3 at such high concentrations since it is heavily consumed by processes such as cathodic reduction, catalytic ozonation, and the direct oxidation of organic compounds and other components of pharmaceutical effluent.





3.4. Model Development, Regression and Variance Analysis, and Optimization


Using the results of the experimental design, Equations (8) and (9) represent the regression equations for TOC removal efficiency % and COD removal efficiency %, respectively.


TOC Removal Efficiency (%) = −14.77 + 0.4036Χ1 + 1.081Χ2 + 1.1187Χ3 − 0.000917 Χ12 + 0.00852Χ22 − 0.005835Χ32 − 0.002189Χ1Χ2 + 0.000275Χ1Χ3 − 0.008538Χ2Χ3



(8)






COD Removal Efficiency (%) = −37.37 + 0.4327Χ1 − 0.219Χ2 + 2.123Χ3 − 0.000640Χ12 + 0.02765Χ22 − 0.012606Χ32 − 0.003384Χ1Χ2 − 0.000599Χ1Χ3 − 0.00239Χ2Χ3



(9)







In this investigation, the model F values for the TOC removal efficiency (%) and COD removal efficiency (%) were 94.19 and 69.8, whereas the p-values were less than 0.0001. As shown in Tables S8 and S9, this suggests that the models obtained for both surrogate parameters were significant. Figures S6A and S7A demonstrate that the anticipated values of the model response are highly associated with the observed values, with R2 values of 0.9672 and 0.95352, respectively. Model appropriateness may also be determined using determination coefficient values (R2). The regression coefficients (R2) for the TOC removal efficiency (%) and COD removal efficiency (%) were calculated to be 0.9658 and 0.9544, respectively. This demonstrated the model’s overall accuracy in predicting the values (Table S10). As demonstrated in Tables S8 and S9, the lack-of-fit values for both models are not statistically significant (p > 0.05), supporting the validity of the quadratic regression models. The surface response and contour plots for both TOC and COD reduction can be observed in Figure 6 and Figures S8–S10.



3.4.1. Influence of Single Variables


As demonstrated in Figure 7A–C, the primary effects of the variables can be evaluated. The contours of the three variables for the TOC and COD removal main effects plots are identical. Both the GAC dose (X1) and current density (X2) have a positive influence on the organic abatement efficiencies.



The effect of the GAC dose suggests that organic abatement efficiencies plateau despite the increased number of active sites offered by a higher GAC dosage. This is because the limiting factor is the solubility of O3 in aqueous solution for catalytic ozonation. This is also attributable to both the ongoing adsorption and rapid production of •OH due to catalytic ozonation before the efficiency of activated carbon decreases significantly as pyrrole groups are depleted by continuous O3 sparging [29].



Due to its direct engagement in organic abatement, the effect of current density on both TOC and COD rose rapidly. This is likely owing to the increased •OH generation through the more prevalent pathway of O3–electrolysis when the increase in current density causes a greater degree of O3 reduction to generate more •OH [30,31,32]. With the presence of chloride, it is also likely that more active chlorine is produced, which may aid in the total breakdown of the pharmaceutical organics [9,33,34]. It is also possible that the increase in current density increases the rate of the direct oxidation of carboxylic acids on the anode surface, which has haven proven to be crucial for the complete mineralization of pharmaceutical organics due to the presence of carboxylic acids.



O3 can function as a direct oxidant or produce homogeneous •OH via O3-electrolysis, catalytic ozonation, or peroxone with H2O2 produced by polarized GAC. According to mass transfer theories, raising the O3 concentration in the gas phase would significantly enhance the rate of O3 mass transfer to the aqueous phase. Hence, raising the sparged O3 concentration will increase the formation of •OH radicals due to the mechanisms mentioned previously, and more O3 would be available to degrade the O3-compatible pharmaceutical organic solvents. The abatement reaching a plateau at increased O3 concentration is comparable to another work [10] with O3–electrolysis being the dominant pathway for •OH generation. Beyond a critical point of O3 dosage (Figure 7C), there is a drop in organic abatement. This is because O3 is reduced preferentially over O2 on the cathodic side of the polarized GAC. This causes an inhibition of O2 reduction to H2O2 when the O3 concentration exceeds a certain threshold [35]. Peroxone reaction produces fewer •OH radicals, resulting in a decline in organic abatement. This was explored and seen in a study with identical objectives [9].




3.4.2. Interaction between Variables


Similar observations and conclusions can be drawn from the main effects plots and analysis of independent components, as depicted in Figure 7D–F. The crossing lines found in Figure 7E indicate a crucial amount of interaction for the overall response (organic abatement). It comes as no surprise that these two variables interact. Combining these two variables (O3-electrolysis) is the process that contributes the most in terms of organic abatement to 3D/GAC/O3.




3.4.3. Pareto Analysis


A graphical Pareto analysis can be used to illustrate the effect of independent variables on the response [36]. As illustrated, the Pareto analysis can be stated as Equation (10).


    P   i   =      b   i   2       ∑  i   b    2        × 100   ( i ≠ 0 )  



(10)




where bi refers to the numerical coefficient effect of each parameter.



According to the Pareto chart (Figure S11), current density (X2) is the most influential parameter for organic removal utilizing the 3D/GAC/O3 method. This is consistent with the preceding explanation in an earlier section, which stated that the mineralization rate mainly depends on the direct oxidation of carboxylic acids on the anode surface. The influence of current density is one of the most significant factors for both TOC and COD models, with F-values of 292.64 and 182.73 (p < 0.001) compared to X1 and X3. The current density (X2), the factor with the most significant effect on the overall organic removal, is consistent with prior research that applied both DoE and E-AOP treatment for pharmaceutical wastewater [33,37] (Tables S8 and S9).




3.4.4. Optimization of Parameters


As the model fails to identify the top limit boundary of 100% removal efficiency, the optimal condition to maximize the removal efficiencies for TOC and COD is projected with the boundary condition specified. The optimal conditions comprised 125 g/L GAC, 30 mA/cm2, and 75 mg/L O3. Under optimal conditions, the verification run yielded the TOC and COD removal efficiencies of 87.19 ± 0.19% and 89.67 ± 0.32%, respectively. The removal efficiencies fell within the confidence and prediction interval of the projected response with 95% confidence. To fit the experimental data, the pseudo-first-order kinetics model was utilized, and the kinetic equations are provided in Equation (11).


  n        C   o       C   t        =       0.31562   τ ,       T o t a l   O r g a n i c   C a r b o n   ( T O C )       0.32192   τ ,       C h e m i c a l   O x y g e n   D e m a n d   ( C O D )        



(11)







Co: Initial Surrogate Organic Concentration, Ct: Surrogate Organic Concentration at given time (t)



The experimental data were consistent with a pseudo-first-order kinetics model with a linear connection between ln(Co/Ct) and time (Figure S12). TOC and COD degradation had the respective rate constants of 0.31562 h−1 (R2 = 0.96862) and 0.32192 h−1 (R2 = 0.97171) (Table S11).





3.5. Degradation and Changes of Amides and Imides


As noted in Figure S13 and Table S12, N-methyl-formamide (NMF), and formamide are formed. These organic solvents are known byproducts of DMF, which have been proposed in previous research [38,39,40]. Figure S14 illustrates the suggested degradation process of DMF by 3D/GAC/O3 in pharmaceutical wastewater based on the hypothesized breakdown product detected by GC/MS and other published materials. Figure S15 illustrates the GC/MS identification of the organic byproducts of DMF, including NMF and formamide, using their respective mass spectra (Figure S16).



NO3− and NH4+ are released from the decomposition of N-containing organics as previously reported [11] and the same is found in this study. According to the degradation routes of DMF and DMAc, these nitrogenous inorganic ions result from the breakdown of DMF and DMAc (Figures S14 and S17). Comparisons were made between 3D/GAC/O3, GAC/O3, and electrolysis oxidation to illustrate the differences in degradation profiles caused by an oxidative environment with increasing intensity.



As demonstrated in Figure 8A,B (3D/GAC/O3), Figure 8C,D (GAC/O3), and Figure 8E,F (E), when the oxidative power of the treatment declines, there is a greater buildup of NMF and formamide and a commensurate drop in NO3− production. The oxidative potential of the processes in this instance is as follows: 3D/GAC/O3 > GAC/O3 > E, based on their organic abatement efficiency. DMF and DMAc deteriorated during electrolysis oxidation at a slower rate than GAC/O3 and 3D/GAC/O3. The additional contribution of formamide, as seen in Figure 8E, can be because formamide is also the ultimate byproduct of 1H-Imidazole [12]. These degradation and transformation characteristics of amides and imides are also indicative of an increase in hydroxyl radical generation.




3.6. Biodegradability and Toxicity Between Different Processes


The BOD5/COD ratio of the wastewater is between 0.169 and 0.233, which is below the biological treatment threshold of 0.4. As oxidative processes were introduced, biodegradability increased, reaching 0.86 for BOD5/COD and 12.38% inhibition after being treated with the 3D/GAC/O3 process (Figure 9A,B). Figure S18 depicts the general trend of increasing biodegradability and decreasing toxicity inhibition when plotted against COD removal efficiency (%). A similar investigation found a reduction in toxicity inhibition [9].



It has been stated that pharmaceutical wastewater is hardly biodegradable and carries toxicity risks due to nitrogen-containing pharmaceutical organic solvents. Determining which N-containing organics are accountable for the aforementioned properties and the observation made in Figure 9A,B is important. Common pharmaceutical organic solvents like DMF, DMAc, and acetamide are responsible for low biodegradability and high toxicity [41,42,43,44]. DMF and DMAc are toxic aprotic polar solvents [45], whereas acetamide is an extremely toxic mutagenic compound [44]. Both the DBA and the European Union have judged them undesirable, classifying them as class 2 solvents [46] and organics of high concern, respectively [47]. As indicated in Table S13 [48], the dominating organic solvents DMF and DMAc were reported to have BOD5/COD of 0.01.



However, with electrolysis oxidation (E), even if the majority of resistant organic solvents such as DMF and DMAc have been destroyed, the wastewater sample still possesses low biodegradability (BOD5/COD = 0.269) and strong toxicity inhibition (>99%). This is because formamide and NMF have accumulated (Figure 9C). As shown in Table S13, formamide and NMF have poor degradability with BOD5/COD values of 0.01 and 0.02, respectively [48]. Both chemicals are reported to be harmful, resulting in deformed zebrafish embryos [49] and severe hepatotoxicity in mice [50]. It has been found that NMF is more hepatotoxic than DMF [51,52] and more toxic than formamide [53].



When 2 g/L of DMF was subjected to adsorption by GAC, ozonation, and electrolysis oxidation, this study demonstrated that the toxicity of DMF’s byproducts increased. As illustrated in Figure S19, the formation of byproducts has counterintuitively increased toxicity. This increase in toxicity due to the formation of byproducts was also discussed in the cited literature [54], as shown in Table S13, with NMF and formamide requiring a lower dose than their parent compound DMF to be considered mouse-lethal.




3.7. Organic Fractions Between Different Processes


As seen in Figure 10A, the treatment methods, except E and GAC, produce LMW acids. The LMW acids, which include acetic and formic acid, are monoprotic organic acids [55]. It has been established that they are the byproducts of dominating N-containing solvents such as DMAc and DMF. The existence of these carboxylic acids as a result of the E-AOP treatment of pharmaceutical wastewater has been documented previously [11]. The significant decrease in pH after 6 h of treatment can also be used to confirm the existence of carboxylic acids. The pH of O3, GAC/E, GAC/O3, E/O3, and 3D/GAC/O3 were 6.27 pH, 8.02 pH, 7.64 pH, and 8.85 pH, respectively, compared to the starting pH of 11.58 pH. Such a decrease in pH was also accounted for while treating pharmaceutical wastewater [9].



The more extensive molecular weight distribution of hydrophilic compounds (Figure 10A), accompanied by traces of hydrophobic chemical compounds (e.g., 1-methyl-3-(1,1-dimethylethyl)-Pyrrole), reflects the more substantial occurrence of hydrophilic organic compounds (Table S2). Biopolymers with a molecular weight of >20,000 have been accounted for in earlier research as potentially being monoclonal antibodies, protein APIs, excipients, and packaging waste materials with a molecular weight of >50,000 Da [1,11,56].



As evidenced by the breakdown paths of the major solvents, such as DMF and DMAc (Figures S12 and S15), carboxylic acids and nitrogenous inorganic ions will be released synchronously. In an oxidative environment, it is, therefore, not surprising that the accumulation of LMW acids will accompany the generation of NO3−. This is evident for processes such as 3D/GAC/O3, E/O3, GAC/O3, and O3 in which [NO3−] generated > [NH4+] present initially as seen in Figure 10B. However, while GAC/E had a greater organic abatement than E, GAC, and O3, it did not produce an abundance of nitrogenous inorganic ions like the other processes. This may be because GAC adsorbs the byproducts of N-containing solvents predominately. Consequently, this indicates that adsorption remains the primary mechanism for organic abatement in the E/GAC process.





4. Conclusions


This study further substantiated previous work in the compatibility and synergistic degradation capability of 3D/GAC/O3 treating pharmaceutical wastewater (kCOD = 8.146 × 10−5 s−1) with a synergistic factor of 2.730 when compared to the linear addition of its processes. The results obtained in the present study demonstrated that while 3D/GAC/O3 results in multiple pathways of •OH formation, the mineralization rate predominantly depends on the direct oxidation of monoprotic organic acids (e.g., acetic and formic acid). The optimal conditions determined via response surface methodology were 125 g/L GAC, 30 mA/cm2, and 75 mg/L O3, achieving high total organic carbon (TOC) and COD removal efficiencies of 87.19 ± 0.19% and 89.67 ± 0.32%, respectively (R2 > 0.9), during verification runs. After being treated by 3D/GAC/O3, biodegradability reached 0.860 for BOD5/COD and only 12.38% acute toxicity inhibition. The enhanced biodegradability (BOD5/COD) and decreased acute toxicity are attributable to the degradation of refractory and toxic N-containing pharmaceutical solvents. Electro-oxidation exposes the accumulation of intermediates (e.g., NMF and formamide) that are more hazardous than their parent chemical. This emphasizes the significance of a strong oxidative environment like 3D/GAC/O3 for treating highly concentrated pharmaceutical wastewater. The 3D/GAC/O3 is in its infancy and needs to be evaluated as a viable treatment approach for wastewater treatment. However, this study’s findings can be significant concerning future research and development when 3D/GAC/O3 can be utilized for other similar types of wastewater like tannery, petrochemical, and food processing industries effluents.
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Figure 1. GC/MS chromatogram of pharmaceutical wastewater sample using Mega-wax column (High Polarity). 
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Figure 2. Schematic diagram of 3D/GAC/O3 electrochemical reactor. 
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Figure 3. (A) CSV and (B) LSV of BBD in various matrices of 0.2 M NaCl, 0.1 M Na2SO4, and pharmaceutical wastewater at the scan rate of 50 mVs−1. 
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Figure 4. CCOD/Co against time (h) for different treatment processes. 
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Figure 5. ln(pCBA/pCBAo) against time due to various treatment processes. 50 M pCBA spiked into pharmaceutical wastewater sample. 






Figure 5. ln(pCBA/pCBAo) against time due to various treatment processes. 50 M pCBA spiked into pharmaceutical wastewater sample.



[image: Water 16 03138 g005]







[image: Water 16 03138 g006a][image: Water 16 03138 g006b] 





Figure 6. Three-dimensional surfaces of the interaction of independent variables: (A) for GAC and current density, (B) for GAC and ozone, and (C) for current density and ozone in terms of COD removal efficiency (%). 
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Figure 7. Main effects plot for TOC removal efficiency (%): (A) GAC dosage, (B) current density, and (C) ozone dosage; main effects plot for TOC removal efficiency (%): (D) GAC dosage, (E) current density, and (F) ozone dosage. 
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Figure 8. (A) Amide and imide organic constituents and (B) N-inorganic byproducts during 3D/GAC/O3; (C) amide and imide organic constituents and (D) N-inorganic byproducts during GAC/O3; (E) amide and imide organic constituents and (F) N-inorganic byproducts during electrolysis oxidation. 
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Figure 9. (A) Changes in acute toxicity (2% basic test); (B) BOD5/COD ratio due to different treatment processes; (C) composition of dominant organic solvents due to various processes (%); Area under Peak. 
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Figure 10. (A) Normalized percentage (%) with respect to DOC of organic fractions including hydrophilic and hydrophobic organic compounds, biopolymers, building blocks, LMW neutrals, and LMW acids due to various treatment processes. (B) Evolution of nitrogenous inorganic ions like NH4+, NO2−, and NO3− due to various treatment processes. 
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Table 1. Characteristics of pharmaceutical wastewater sample.
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	Parameters
	Values





	pH
	11.30–11.70



	Conductivity (mS/m)
	84–170



	BOD5 (mg/L)
	27,000–31,200



	COD (mg/L)
	130,000–210,000



	TOC (mg/L)
	68,700–90,100



	Total Nitrogen (mg/L)
	18,800–20,700



	Total Alkalinity as CaCO3 (mg/L)
	43,200–44,600



	TDS (mg/L)
	85,000–125,000



	Cl− (mg/L)
	26,000–45,600



	SO42− (mg/L)
	1200–2000



	Na+ (mg/L)
	33,100–38,000



	NH4+ (mg/L)
	2000–2500










 





Table 2. Experimental design levels of dependent variables.
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Level




	
Factor

	
Variable

	
−1

	
0

	
1






	
Χ1

	
GAC Dosage (g/L)

	
50

	
100

	
200




	
Χ2

	
Current Density (mA/cm2)

	
15

	
30

	
45




	
Χ3

	
Ozone Dosage (mg/L)

	
30

	
80

	
120
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