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2-4-6 Trichlorophenol (TCP) is toxic, carcinogenic, and resistant to biodegradation. In this study, a rotating biological bed (RBB) was used to improve the efficiency of Sequencing batch reactors (SBR), and it was operated in sequential anaerobic and aerobic conditions. Biofilm growth on media of rotating biological bed was also confirmed using Scanning Electron Microscope (SEM). In this study, the effect of 2-4-6 trichlorophenol concentration (5–430 mg/L), hydraulic retention time (HRT) (12–30 h), the number of operating cycles per day (6–12 cycles/d), the type of combination of anaerobic and aerobic processes and the presence of a rotating biological bed and its rotation were studied. SBR equipped with a rotating biological bed (SBR-RBB) with the sequential anaerobic-aerobic operation in optimal operating conditions (TCP: 430 mg/L, cycles/d: 8, and HRT: 6 h) can remove nearly 100% of TCP and more than 95% of TP and COD. The role of the presence of an RBB in removing TCP, TP, and COD was 7, 20, and 23%, respectively. The role of rotation of RBB also was 23%, 10, 21, and 62%, respectively. So, SBR-RBB, with the sequential anaerobic-aerobic operation, was able to remove higher concentrations of TCP (430 mg/L) in a shorter HRT (6 h) with higher efficiency (nearly 100%) compared to previous studies. Therefore, for the first time in this study, the biological treatment of 430 mg/L of TCP is reported by a biological process.
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INTRODUCTION
Phenol and phenolic compounds are resistant, toxic compounds with bactericidal and fungicidal properties (Aghapour et al., 2013a; Aghapour et al., 2013b). Chlorophenols result from combining phenol with chlorine and are usually more resistant and stable than phenol and are one of the serious environmental concerns (Mondal et al., 2011; Arora and Bae, 2014). The biodegradability of chlorophenols depends on the position and number of chlorine groups substituted in the aromatic composition of phenol; with increasing the number of substituted chlorines in the aromatic ring, the toxicity of these compounds increases, and their degradability decreases (Mondal et al., 2011). Industrial wastewaters mainly release chlorophenols (Li et al., 2011; Mondal et al., 2011). 2-4-6 Trichlorophenol (TCP) is one of the most toxic, resistant, and widely used chlorophenols. It enters the environment through wastewater from wood, pharmaceutical, military, petrochemical, textile, bleach, pesticides, herbicides, fungicides, insecticides, and disinfectant compounds (Han et al., 2015; Barik and Gogate, 2018). It is also considered one of the by-products of chlorination of drinking water (Nyström et al., 1992; Milia et al., 2016; Pan et al., 2017). The International Agency for Research on Cancer (IARC) places this substance in the B2 carcinogen (possibly carcinogenic to humans) (Halappa Gowda et al., 1985; Vainio and Bianchini, 2002; Huff, 2012).
Different methods have been studied to remove TCP from water and wastewater (Gaya et al., 2010; Joseph et al., 2011; Ding et al., 2016; Olu-Owolabi et al., 2017; Liang et al., 2022). To degrade and remove TCP from aquatic environments, it is necessary to use efficient, economical, and environmentally friendly treatment methods such as biological treatment processes (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Azubuike et al., 2016; Salgot et al., 2016; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b). In biological processes, biomass can acclimate and degrade organic compounds due to the production of different enzymes (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b). Compared to other ways, biological processes require less cost, more straightforward operation, and better and more reliable performance (El-Naas et al., 2017). So, the study with stabilized microbial species shows that sequential anaerobic-aerobic processes effectively degrade TCP (Gardin et al., 2001). The SBR with a combined anaerobic-aerobic operation process is also considered a suitable decomposition process for removing industrially resistant compounds such as chlorinated aromatic compounds (Chan et al., 2009; Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b). Due to the high toxicity of 2-4-6 Trichlorophenol, it is necessary to conduct additional studies on the biodegradation of this compound.
A review of scientific literature shows that anaerobic processes are more successful in dechlorinating organic compounds than aerobic processes (Chan et al., 2009). However, due to the slight difference between the oxidation-reduction potential of the electron donor (one part of the substrate) and the electron acceptor (another part of the substrate) in anaerobic processes, the rate of biodegradation reactions in anaerobic processes is usually lower than aerobic process. Therefore, after the initial dechlorination in the anaerobic step, the biodegradation of the produced aromatic intermediate compounds in these conditions usually requires more retention time (Metcalf et al., 1991).
Given the high rate of aerobic reactions and the high ability of aerobic processes to biodegrade aromatic compounds, these processes are usually superior to anaerobic processes (Aghapour et al., 2013a; Aghapour et al., 2013b; Pantea et al., 2013; Metcalf et al., 2014; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b). Therefore, combining anaerobic-aerobic processes for dehalogenation and biodegradation of TCP can be more effective than separate aerobic and anaerobic processes.
SBR is one of the most important and usable processes in treating industrial wastewater containing toxic and degradable compounds (Metcalf et al., 1991; Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b). The operation of SBR includes four phases of feeding, reaction, settling, and decant, and it is possible to operate it as a combined anaerobic-aerobic in its reaction phase (Metcalf et al., 1991). Due to the high toxicity and resistance of TCP to biodegradation, it is necessary to increase the resistance of the biological treatment system to shocks caused by the entry of toxic and resistant substances. The rotating biological bed (RBB) increases the transfer rate of the substrate to the biomass and biofilm due to the rotation inside the bioreactor. On the other hand, it increases the resistance of the biological treatment system to the shock of toxic substances due to the high diversity of biological species grown on media and their cooperation with suspended biological agents in the bioreactor (Aghapour et al., 2013b; Barwal and Chaudhary, 2014). Therefore, this study aimed to evaluate the efficiency of SBR-RBB and operated in a sequential anaerobic and aerobic condition for the biodegradation of TCP.
MATERIALS AND METHODS
Materials
For the preparation of synthetic wastewater, TCP (99% MERK) was used as a substrate, and K2HPO4, KH2PO4, NH4Cl, and (NH4)2HPO4 as nutrients required for biomass with Merck brand (99%) were used. The stock solution of TCP was used to feed the bioreactor with different concentrations of TCP. To supply the nutrients (N and P) required for biomass, the stock solution of nutrients with COD: N:P ratio equal to 100:5:1 was used (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b). The stock of nutrient solution used in this study was prepared and used by dissolving 5 g of potassium phosphate, 15 g of potassium dihydrogen, 120 g of ammonium chloride, and 12 g of diammonium phosphate in 1 L of tap water (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b).
To identify the biofilm morphology formed on the 2H media in the SBR-RBB, a scanning electron microscope (SEM) with the Philips brand (model: XL30). The 2H media were removed from RBB under optimal conditions and dried at 25°C for 24 h. The biofilms attached to the surfaces of 2H media were then imaged using SEM (Aghapour et al., 2013b).
Acclimation
This study used activated sludge from Urmia municipal wastewater treatment plant (biolak process) as the primary biomass with an MLSS concentration of about 5,000 mg/L. The biomass Acclimation was performed separately in anaerobic and aerobic SBR equipped with a rotating biological bed with a volume of 3.5 L. Due to TCP’s high toxicity and resistance to biodegradation, an initial concentration of 3.5 mg/L was used to acclimate biomass in aerobic and anaerobic processes. The operating conditions of bioreactors for sludge acclimation are given in Table 1. The acclimatized sludge was transferred to the SBR equipped with a rotating biological bed and operated in sequential anaerobic and aerobic conditions.
TABLE 1 | Bioreactor operation schedule.
[image: Table 1]Experimental setup
The bioreactor was made on a laboratory scale in the form of a cube with dimensions of 18 × 18 × 25 cm and 8 L (Figure 1). For biofilm growth on media, 30% of the practical volume of the bioreactor was filled with 2H media (HDPE-2H). The 2H media was housed inside a cubic lattice package and rotated inside the bioreactor with a vertical axis by a gearbox motor at 25 rpm. A mixer with a diameter of 10 cm and a height of 2 cm was used at the bottom of the media package to mix the sludge deposited in the bottom of the bioreactor. An air pump (BUYO) was used to supply the air and oxygen needed for the bioreactor. Due to the blockage of the reactor, a one-way gas outlet pipe was installed in the upper part of the bioreactor to remove the gases produced by the bioreactor. The operating conditions of the bioreactor are given in Table 1.
[image: Figure 1]FIGURE 1 | Schematic of SBR equipped with a rotating biological bed.
Before any change in operating conditions and studying the effect of another parameter on the bioreactor’s efficiency, the bioreactor’s efficiency should have reached steady-state conditions. Steady-state conditions in this study are conditions in which the efficiency of the bioreactor is less than 3% in 1 week (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b).
Analysis
TCP concentration in the samples was determined using Agilent 1206 HPLC with C18 column (4.6 μm × 100 mm × 3.5 μm) and UV detector at 290 nm. The mobile phase was a mixture of methanol/water/acetic acid in a 1/29/70 with a flow rate of 1 ml/min, and the concentration was measured at room temperature (Li et al., 2011). Due to the possibility of converting TCP to other phenolic compounds, the total phenolic compounds (TP) were determined using the standard method 5220 D (Mondal et al., 2011). COD concentration was determined by standard methods 5530 D (2). The MLSS concentration was measured using the thermal gravimetric method, the 2540 D method, standard method book (Mondal et al., 2011). All samples were analyzed after filtration with a membrane filter (Whatman) with a pore size of 0.45 μm (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b).
RESULTS AND DISCUSSION
Acclimation
Due to the predominance of aerobic species in the activated sludge of municipal wastewater treatment plants (biolak process), to strengthen anaerobic species and enhance biofilm growth on media, in this study, separate anaerobic and aerobic bioreactors were used for biomass acclimation (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022a; Rezaei et al., 2022b). To acclimate the biomass in each bioreactor, synthetic wastewater containing TCP with a concentration of 3.5 mg/L was used. Figure 2 (a and b) show the results related to the biomass acclimation in separate anaerobic and aerobic bioreactors.
[image: Figure 2]FIGURE 2 | TCP and TP removal during the Acclimation phase. (A,B). Biomass acclimation in separate anaerobic and aerobic bioreactors.
As shown in Figure 2, the anaerobic and aerobic bioreactors successfully acclimated to a 3.5 mg/L of TCP concentration and reached a steady-state condition after 1 month. At this step, microorganisms acquire the enzymes needed for the dehalogenation and biodegradation of TCP (Li et al., 2011; Mondal et al., 2011). The mean removal efficiencies of TCP and TP at the steady-state condition of the acclimation step were 93% and 73% in anaerobic bioreactors and 99% and 99% in aerobic bioreactors, respectively. As shown in Figure 2, the efficiency of the anaerobic bioreactor in the dechlorination and degradation of TCP is higher than TP. The low biodegradation efficiency of TP can be related to the lower rate of anaerobic reactions compared to aerobic reactions. Previous studies indicate that the degradation of phenolic compounds occurs at a high rate during the aerobic process (Aghapour et al., 2013a; Aghapour et al., 2013b; Arora and Bae, 2014; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022b). Therefore, this study will use a combination of anaerobic and aerobic processes for the biodegradation of TCP. In biological processes, the duration of the biomass acclimation period varies from a few days to several months, depending on the type of compounds in the incoming wastewater (Mondal et al., 2011; Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Han et al., 2015; Barik & Gogate, 2018; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022a; Rezaei et al., 2022b). In this study, the biomass in each bioreactor was acclimated to TCP after 30 days. A study was not found on acclimating biological mass to 2-4-6 trichlorophenol in biological processes. However, the duration of acclimation of microorganisms under anaerobic conditions with 2-chlorophenol was 23 days (Nyström et al., 1992), and another study was reported to be about 4 months (Milia et al., 2016). The toxicity of chlorophenol compounds usually increases with increasing the number of chlorine atoms attached to the aromatic ring (Pan et al., 2017); it can be concluded that the biomass’s acclimation has taken place in a shorter time due to the high toxicity of 2-4-6 trichlorophenol compared to the above compound. The low acclimation time in this study could be due to the use of an RBB and the growth of biological agents with high diversity and number in the biofilm formed on the media, increasing their contact with inlet wastewater.
The effect of TCP concentration
After complete biomass acclimation to TCP, TCP-acclimated sludge was transferred to SBR -RBB with the sequential anaerobic and aerobic operation. Due to the complete acclimation of the biomass to TCP and the production of enzymes required for biodegradation in separate bioreactors, the concentration of TCP starts from 5 mg/L. It gradually increases to 10, 20, 50, 100, 200, 300, and 430 mg/L. The results of the effect of TCP concentration on bioreactor efficiency are presented in Figure 3.
[image: Figure 3]FIGURE 3 | The effect of inlet concentrations of TCP on bioreactor.
As shown in Figure 3, with increasing TCP concentration, the bioreactor efficiency in removing TCP, TP, and COD decreased rapidly but, after a few days, gradually increased and reached a steady-state condition. The most significant decrease in bioreactor efficiency was observed at a TCP concentration of 10 mg/L. In 1 day, the removal efficiency of TCP and TP decreased from 99% to 96%–97% and 89%, respectively. Then it gradually increased and reached a steady-state condition for about 5 days. However, at concentrations of 10–200 mg/L, the efficiency of the bioreactor did not change much. By increasing the concentration from 200 to 300 and 430 mg/L, due to the increased toxicity and inhibitory effect of TCP on the growth and metabolism of the biomass, the bioreactor efficiency decreased and gradually increased and reached a steady-state condition. It is related to the reinforcement of biological agents of wastewater treatment in terms of type and number created by increasing the biofilm with a rotating biological bed (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022a; Rezaei et al., 2022b). Also, the bioreactor operation under sequential anaerobic and aerobic conditions has led to the growth of resistant biological species with a high potential for biological degradation of TCP(Huff, 2012).
A comparison of the results of this study with the combined anaerobic UASB and aerobic process shows that the maximum tolerable concentration of TCP is 100 mg/L (Ding et al., 2016). In another study using an acidified UASB reactor, the maximum treatable concentration of TCP was determined to be 70 mg/L (Díaz-Báez and Valderrama-Rincon, 2017). Also, the removal efficiency of 2-4 dichlorophenol in anaerobic-aerobic processes with series operations with a concentration of 100 mg/L has been reported to be 86% (Olu-Owolabi et al., 2017). Therefore, SBR-RBB can biologically degrade higher concentrations (430 mg/L) of TCP and meet environmental standards (TP = 1 mg/L).
The effect of hydraulic retention time
The hydraulic retention time (HRT) of the bioreactor is considered an essential design and effective parameter in the construction costs of the treatment plant (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022a; Rezaei et al., 2022b). In this study, HRT started from 30 h and was gradually reduced to 25, 20, 16, and 12 h after reaching steady-state conditions. The results related to the effect of HRT are given in Figure 4.
[image: Figure 4]FIGURE 4 | The HRT effect on the bioreactor.
As shown in Figure 4, by reducing HRT, the efficiency of the bioreactor in removing TCP, TP, and COD decreased and, after a few days, gradually increased and reached a steady-state condition. The mean removal efficiencies of TCP and TP in steady-state conditions and with an HRT of 30, 25, 20, 16, and 12 h are almost 100%, and for COD related to TCP were determined 95, 95, 95, 95, and 94%. Due to the high efficiency and ability of the bioreactor to biodegrade TCP by reducing the HRT, the removal efficiency of TCP and TP did not change much, and only the COD removal efficiency associated with TCP decreased and gradually increased after a few days and has reached a steady-state condition (Aghapour et al., 2013a; Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2018; Khorsandi et al., 2020; Rezaei et al., 2022a; Rezaei et al., 2022b).
Effect of the number of operation cycles per day
The selected process in this study was quickly able to withstand the shocks, and the reduction of HRT did not cause much change in its efficiency. Therefore, to determine the maximum capability of this bioreactor, the number of cycles of operation of the bioreactor was increased from four cycles per day to 6, 8, 10, and 12 cycles/d, respectively. The results related to the effect of the number of operation cycles on bioreactor efficiency are given in Figure 5.
[image: Figure 5]FIGURE 5 | The effect of the number of cycles on the bioreactor.
As shown in Figure 5, as the number of operating cycles increases and the duration of the anaerobic and aerobic steps decreases, the HRT of the bioreactor decreases from 12 h to 8, 6, 4.8, and 4 h. In the number of cycles of 6, 8, 10, and 12 cycles/d (equivalent to HRT of 8, 6, 4.8, and 4 h), in steady-state conditions, the average removal efficiencies of bioreactor are 100%, 100%, 100% and 97% for TCP, 100%, 100%, 99% and 91% for TP and 94%, 93%, 93% and 76% for COD, respectively.
Optimum HRT has been reported in the biodegradation of TCP in the combined anaerobic UASB and aerobic process for 11 days. Also, for the degradation of 2-4 dichlorophenol by an anaerobic-aerobic process, an HRT of 26.4 h has been reported (Olu-Owolabi et al., 2017). A comparison of the results of this study with previous studies shows that the SBR-RBB can purify much higher concentrations of TCP (430 mg/L) at a much lower HRT (6 h) than previous studies.
Identification of biofilm morphology formed on the 2H media in RBB
The SEM technique was used to investigate the surface morphology of the biofilm formed on the 2H media. Images of fresh 2H media and 2H media with biofilm are presented in Figure 6. Comparing fresh media surface and biofilm media images shows that the fresh media surface is uneven and has fine pores. At the same time the 2H media surface used in the bioreactor has a biofilm without pores and is almost smooth and cloudy, confirming the creation of biofilm on 2H media (Aghapour et al., 2013b; Aghapour et al., 2015; Khorsandi et al., 2020).
[image: Figure 6]FIGURE 6 | The SEM image of fresh (A) used 2H media in SBBR (B).
Effect of anaerobic and aerobic process sequence on SBR-RBB
To determine the effect of anaerobic and aerobic process sequences on the removal of TCP, TP, and COD, the efficiency of the bioreactor in anaerobic-aerobic operation was compared with aerobic-anaerobic operating conditions. After each anaerobic step, the bioreactor output was sampled to determine the role of aerobic and anaerobic processes in each operating condition. The removal rate of TCP, TP, and COD was measured. The results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Effect of sequence anaerobic and aerobic conditions on SBR-RBB. (A) Anaerobic and Aerobic conditions sequence, B: Aerobic and Anaerobic conditions sequence.
Results related to the operation of the SBR-RBB as anaerobic-aerobic condition and the precedence of the anaerobic step over the aerobic step in Part A of Figure 7 and the results related to the operation of SBR-RBB as aerobic-anaerobic condition and the priority of the aerobic step over the anaerobic step is given in Part B of Figure 7. As shown in Figure 6, if the anaerobic step precedes the aerobic step, the SBR-RBB is more efficient in removing TCP, TP, and COD. The efficiency of SBR-RBB in both operating modes and the separate role of each anaerobic and aerobic process are summarized in Figure 8.
[image: Figure 8]FIGURE 8 | summarizes the effect of the sequence of anaerobic and aerobic conditions on SBR-RBB. (A) Average removal of TCP, TP, and COD in the anaerobic and Aerobic sequence. (B) Average removal of TCP, TP, and COD in the aerobic and Anaerobic sequence.
According to Section A of Figures 7, 8, in the operation of the bioreactor with the anaerobic-aerobic sequence, due to the priority of the anaerobic step and high TCP dechlorination rate in the anaerobic step, the efficiency of the treatment system in removing TCP (71%) is always higher than the removal of TP (16%) and COD (10%) (Gaya et al., 2010). During the dehalogenation step, the chlorine atoms bonded to carbons 6, 2, and four are removed from TCP, converted to 2-4 dichlorophenols, four monochlorophenol, and finally phenol. Therefore, in the dehalogenation step, the TP concentration does not decrease much despite the decrease in TCP concentration (Song et al., 2018). Also, due to the presence of intermediates from the dechlorination of TCP, the efficiency of COD is not significantly reduced.
In the aerobic step, adding oxygen to the phenolic compounds produced in the anaerobic step is first converted to catechol and then to 2-hydroxy munconic semialdehyde. Finally, during the tricarboxylic acid cycle (TCA) or Krebs cycle, they become the final products of biological reactions. So, in the aerobic step, the removal efficiency of TP (84%) and COD (81%) increased more than in the anaerobic step (Li et al., 2011; Azubuike et al., 2016). Thus, the bioreactor can remove about 100% of TCP and TP and 92% of COD when used with anaerobic-aerobic sequences. These results are consistent with previous studies on the high rate of dechlorination of chlorophenols in anaerobic processes compared to aerobic processes. By dechlorination in the anaerobic step, TCP is converted to intermediate compounds with high biodegradability, such as phenol, and due to the high rate of biodegradation of intermediates produced in the aerobic process, the efficiency of the SBR-RBB increases. Thus, it can be concluded that the anaerobic process is more efficient in the dechlorination and conversion of TCP to phenolic compounds, and the aerobic process is more efficient in the biodegradation of phenolic compounds.
According to Section B of Figures 7, 8, in the operation of the bioreactor with aerobic-anaerobic sequence, due to the priority of the aerobic step, the efficiency of the bioreactor in removing TCP (77%), TP (34%), and COD (32%) are much lower than operating conditions with anaerobic-aerobic sequence. The low efficiency of the bioreactor under the aerobic-anaerobic sequence is related to the degradation pathway of the TCP in the aerobic step. TCP dechlorination and TP degradation are not performed separately in the aerobic step. The main pathway of degradation of TCP in the aerobic phase (1 hour) consists of two steps. In the first step, the enzyme TCP hydroxylase converts it to 2,6-Dichlorohydroquinone by replacing the OH with the chlorine atom bonded carbon four of the phenol ring in the TCP compound. Therefore, a part of chlorination is performed at this step. In the second step, the enzyme chlorohydroquinone1,2-dioxygenase breaks it down by adding oxygen to the bond of 1-2 phenol rings. Therefore, due to the breakdown of the phenol ring by oxygenase enzymes, the concentration of TP in the bioreactor is also reduced (Salgot et al., 2016). However, due to the short time in the aerobic step, biodegradation reactions are not complete, and therefore the removal of COD (7%) is also low. During the anaerobic phase, dehalogenation of the remaining TCP and degradation of intermediates produced in the aerobic step is performed. So, it can be concluded that the efficiency of the SBR-RBB is significantly reduced in operation with aerobic and anaerobic sequences. Therefore, it is better to use anaerobic-aerobic sequences operation in biological treatment systems used to biodegrade TCP and other halogenated aromatic compounds to achieve high efficiency at low HRT.
The effect of a rotating biological bed
To investigate the effect of rotation of the biological bed on the bioreactor efficiency with the anaerobic-aerobic sequence, the electromotor of the mixer was turned off, and the biological bed was operated as a fixed bed. According to Figure 9 (Section A), in these conditions (days 377–394), the removal efficiency of TCP and TP from 100% and the removal efficiency of COD from 90.5% decreased to 93, 80, and 67%. After this step (on days 395–401), the electromotor was activated, and the system was put into steady-state operation again (Section B). Therefore, the role of the rotation of the biological bed in removing TCP, TP, and COD was 7, 20, and 23%, respectively.
[image: Figure 9]FIGURE 9 | The effect of RBB on the bioreactor.
To investigate the effect of the RBB on the efficiency of the bioreactor under optimal operating conditions (concentration 430 mg/L and hydraulic retention time of 6 h), the media inside the rotating package were taken out of the bioreactor, and the bioreactor was used only with suspended biomass. According to Figure 9 (Section C), in these conditions, the removal efficiency of TCP and TP decreased from about 100% and the removal efficiency of COD from 90% to 79.4, 37.6, and 28.8%. Therefore, the role of the rotating biological bed in removing TCP, TP, and COD was 10, 21, and 62%, respectively. Comparing the effect of rotation and the presence of a rotating biological bed, it can be concluded that rotation and the presence of a rotating biological bed, due to the increase in the transfer rate of the substrate to the biofilm, have the most significant effect on COD removal.
Based on the obtained results, upgrading SBR with an RBB and operation with anaerobic and aerobic sequences is the main factor in increasing the rate of biodegradation and the efficiency of the bioreactor in the biodegradation and mineralization of TCP. The study results are consistent with the study of equipping the SCR (continuous-inflow reactor) with a rotating biological bed (Aghapour et al., 2013b).
The study limitation
One of the important limitations of this study was the impossibility of measuring the concentration of COD in the effluent from the bioreactor, due to its low concentration, at TCP input concentrations lower than 10 mg/L. Also, the bad smell of TCP composition was one of the other important limitations of this study. It was eliminated in optimal operating conditions (anaerobic/aerobic conditions) due to its rapid dehalogenation in anaerobic conditions.
CONCLUSION
The following conclusions are drawn based on the results obtained from the biological degradation of 2-4-6 trichlorophenol:
- The time required for aerobic and anaerobic biomass acclimation to 2-4-6 trichlorophenol at a concentration of 3.5 mg/L and HRT of 24 h was about 1 month.
- The optimal concentration of 2-4-6 trichlorophenol and HRT in this hybrid process was determined to be 430 mg/L and 6 h, respectively.
- The best way to combine biological processes to achieve high efficiency and capacity of the bioreactor in the biodegradation of 2-4-6 trichlorophenol is to arrange anaerobic and aerobic processes.
- The presence of the biological bed and its rotation in the bioreactor had a very influential role in the efficiency and capacity of the bioreactor for the biodegradation of trichlorophenol.
Therefore, Due to the high capacity of this hybrid process in accepting high concentrations of trichlorophenol with low HRT and almost complete removal of this compound, it can be used as a helpful technique in biodegradation and mineralization of complex chlorinated organic compounds.
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