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Immobilized microbial technology is a sustainable solution to reduce water pollution. Understanding the microorganisms in immobilized biochar is critical for the removal of contaminants in water. Biochar as a carrier of microorganisms, there are some problems need to be focused on, microporous structure blockage limiting the contact between microorganisms and pollutants for further degradation, unstable microbial loading, and low cycle times. To solve these problems, Alcaligenes faecalis was immobilized with rice hull biochar to study its adsorption and degradation characteristics of phenol. It was found that A. faecalis JH1 could effectively remove 300 mg/L of phenol within 24 h. The adsorption capacity of rice husk biochar for phenol increased with the increasing pyrolysis temperature (700 > 500>300°C). The immobilized biomass of JH1 from 700°C rice husk biochar reached 249.45 nmol P/g at 24 h of fixation reaction. It was found that the phenol removal rate of JH1 immobilized at all temperature biochar reached 300 mg/L within 12 h after the sixth cycle. As the number of cycles increased, bacteria grew and adhered to the biochar, forming a thick viscous biofilm and accelerating the removal of phenol. The results showed that A. faecalis could firmly adhere to rice hull biochar and degrade phenol effectively, with good durability and cyclicity.
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1 INTRODUCTION
Phenol is widely used in various industries (Panigrahy et al., 2022), and the demand for phenol in China ranks third in the world (Zhang et al., 2019). During its manufacturing and usage, a substantial amount of wastewater containing phenol will be released, seriously harming the environment, humans, and other organisms (Mohammadi et al., 2015; Shahryari et al., 2018; Grace Pavithra et al., 2023). The concentrations of these compounds can range from one to several hundred mg/L (Moussavi et al., 2009). It is also listed as a priority pollutant by USEPA (Martínková et al., 2016; Rushing and Santoro, 2022). The treatment methods for phenol wastewater include adsorption (Takaoka et al., 2007), chemical oxidation (Şolpan et al., 2020), biodegradation (Nazos et al., 2020), and so on. Biodegradation is the main way of phenol removal, and its metabolism is mainly controlled by microorganisms through the conversion of phenol into less toxic products (Iqbal et al., 2018), which considered as an efficient and non-toxic method to treat phenol waste water. Many microorganisms utilize phenol as the sole carbon and energy source which includes both aerobic and anaerobic microorganisms (Panigrahy et al., 2022). However, microbial degradation of phenol is unstable and easy to be affected by environmental factors (Kumar et al., 2005; Usman et al., 2020). Many studies have found that adding shelter for microorganisms can solve the above problems. The synergistic effect of biochar and dominant phenol-degrading strains has been confirmed by relevant studies, and the degradation effect of immobilized microorganisms on pollutants is superior to pure bacteria (Pathak et al., 2018). For example, Bacillus cereus SAS19 fixed with porous carbonaceous gel could completely remove 1,600 mg/L phenol within 26 h at the highest. The immobilization of microorganisms effectively improved the survival rate of the strain and the removal rate and speed of phenol (Ke et al., 2018). Sekaran’s (Sekaran et al., 2013) research screened and isolated an efficient phenol-degrading bacterium, Bacillus sp. 26. The results showed that Bacillus sp. 26 immobilized by mesoporous activated carbon had high efficiency in degrading phenol wastewater and excellent recycling performance. In other words, rich pores have a protective effect on microorganisms, improve the tolerance of strains to pollutants, and further enhance the degradation ability of pollutants-degrading bacteria.
With a high level of aromatization, a significant amount of specific surface area, and a well-developed pore structure (Frankel et al., 2016; Zheng et al., 2021), biochar is not only an effective, excellent, and affordable adsorbent but also a good carrier for immobilizing microorganisms. Compared with other carriers, biochar has the advantage of good stability (Shen et al., 2021), which can protect microorganisms from the adverse external environment and improve their tolerance to toxins (Zhao et al., 2020). After it is loaded with microorganisms, it still has strong contact adsorption with pollutants and a good mass transfer effect (Priyadarshini et al., 2023), which is especially suitable for the attachment of microorganisms with a large volume and a fast growth rate. The mechanism of the immobilized microbial method to remove pollutants in water is the synergistic effect of adsorption and biodegradation (Gai et al., 2016; Lyu et al., 2018; Amin and Chetpattananondh, 2019; Huang et al., 2020). The biochar prepared from corn stalk was used to immobilize Sphingomonas sp. DZ3 for the 4-Brominated diphenyl ether (BDE-3) removal study. The results showed that biochar had a protective effect on the strain and improved the strain’s tolerance to high concentrations of BDE-3 (Du et al., 2016). All of the aforementioned studies indicated that biochar immobilized microorganisms could not only take advantage of the adsorption characteristics of biochar but also offer the dominant species a suitable dwelling environment. Hence, the key benefits of immobilized microbial processes for phenol wastewater treatment include superior removal capabilities, increased resilience to varying environmental conditions, and convenient recuperation and reutilization.
However, we found that the excessive microporous formations within activated carbon led to the occupation of the active sites by microorganisms during the initial stages of immobilization, thereby restricting the interaction between strains and pollutants in the subsequent reaction phases. This limitation proved unfavorable for pollutant degradation (Toh et al., 2013). During the investigation into the elimination of bisphenol-A from water using microorganisms immobilized on coconut biochar, it was observed that while the removal efficiency of immobilized microorganisms was superior to that of coconut carbon alone, the overall removal rate reached only 59.37%. Furthermore, the microbes exhibited a weak attachment to the biochar substrate and were susceptible to disruption by changes in fluid flow rate within the reactor (Yu et al., 2023). In general, most of the biochar currently studied has disadvantages of low degradation rate of organic pollutants during the immobilization of microorganisms, such as high pyrolysis temperature, limited contact with pollutants after microporous structure of carbon loaded with microorganisms, and unstable adsorption of microorganisms on biochar.
In order to solve the above problems, rice husk biochar will be used as the microbial carrier in this study. Rice is one of the main crops in China, and its output ranks first in the world (Yao et al., 2016). In 2018, the output of waste rice husk reached 1.5 × 1011 kg (Singh, 2018). Which means the carbon raw material of rice husk is easy to obtain and is a good green economic material. Rice husk biochar comes from a wide range of sources and has low cost (Wang et al., 2019; Jjagwe et al., 2021). The excellent specific surface area of rice husk biochar can provide a good adsorption and survival site for dominant bacteria, and the abundant functional groups enable bacteria to bind firmly and further form film to remove pollutants. Then the research focused on the selection of microbial carriers with green environmental protection and high load capacity. Specifically, the effective interactions between pollutants and microorganisms loaded onto biochar for advancing degradation were established. Building upon these challenges, we aimed to conduct recycling experiments on the immobilized microorganism to examine its potential for daily practical application. Therefore, the dominant strain JH1 for degrading phenol was screened by adsorption and immobilization of rice husk biochar prepared at different temperatures (300, 500 and 700°C) as a carrier, and its joint removal effect on phenol was explored, and its immobilization performance was analyzed by recycling. The water-soluble organic carbon of biochar which may influence the bacterial degradation of phenol was also demonstrated. It lays a theoretical foundation for the removal of phenol in practice.
2 MATERIALS AND METHODS
2.1 Domestication, isolation and identification of strains
Domestication: Under aseptic conditions, 30 mL of coking wastewater sludge supernatant was inoculated into 70 mL of sterilized acclimation screening medium (S1) containing 100 mg/L of phenol. The mixture was then cultured for 2–7 days under aerobic oscillation at 30°C and 150 rpm. Afterwards, the 30 mL of oscillating medium was transferred into 70 mL of acclimated screening medium with 200 mg/L of phenol, and the culture was continued under the same conditions for 2–7 days. Following this method, the process was repeated four times, the concentration of phenol was gradually increased in the inorganic salt medium to 300, 500, 800, and 1,000 mg/L, respectively. The domestication process lasted for six cycles.
Isolation and identification: The mixed bacteria were separated using the dilution coating plate method. For the final cycle of acclimation, the acclimation screening medium with a phenol concentration of 1,000 mg/L was prepared and plated. A gradient-diluted bacterial solution of 1 mL was evenly spread on an LB medium (S1) plate containing agar and incubated inverted in a constant-temperature incubator at 30°C for 2 days. Colonies of JH1 were selected and purified on the plate, and they were sent to Hangzhou Yanqui Information Technology Co., Ltd. For identification. The JH1 strain was then enriched and cultured in LB medium. Subsequently, 100 mL of MSM medium (S1) containing 150 mg/L of phenol was added to a conical bottle at a concentration of 1.2 × 108 CFU/mL and cultured at 30°C and 150 rpm for 12 h. Strain JH1 was selected for testing its performance in phenol degradation.
2.1.1 Results of phenol-degrading bacteria
After the above domestication, isolation and phenol degradation experiment for 12 h, the dominant strain JH1 was shown in Supplementary Figure S1. The colony appearance was milky white, round, with leafy edges, translucent, and radial folds on the surface. Strain JH1 was enriched and cultured in LB medium for 24 h, and the bacterial solution and glycerol (1:1) were stored, and this strain was selected for subsequent experiments.
2.1.2 Analysis of 16S rDNA sequence of strain JH1
The sequence information (S2) obtained by sequencing was input into the Blast comparison system of NCBI data, and the sequence was compared with the known sequences in NCBI to obtain a sequence with high homology. Then MEGA7.0.14 software was used to construct the phylogenetic tree, as shown in Supplementary Figure S2. According to phylogenetic tree, strain JH1 belonged to Alcaligenes, and its closest relative strain was Alcaligenes faecalis strain IAM 12369, and the rDNA similarity of l6S is 99.2%. Therefore, strain JH1 was identified as A. faecalis.
2.2 Experiments on the growth curve and phenol degradation kinetics of strain JH1
Bacteria solution (6 × 107 CFU/mL) were added to 100 mL MSM medium with 300 mg/L phenol and cultured at 30°C, pH 7.0 and 150 rpm with light shock. The samples were collected at 0, 1.5, 3, 4, 6, 8, 10, 12, 14, 16, 20 and 24 h while the control group was MSM medium containing only 300 mg/L phenol at the same time, so as to exclude the loss of volatilization and natural degradation. After centrifugation at 6,000 r/min for 10 min, the concentration of phenol in 1 mL supernatant was determined through a Gas Chromatography-Flame Ionization Detector (GCMS-QP2010 Ultra, Shimadzu, Japan).
The bacterial concentration was determined using the optical density method, where the light absorption value of the bacterial solution was measured at a wavelength of 600 nm. The growth curve experiment of strain JH1 is shown in the (Supplementary Material S3).
2.3 Preparation and characterization of biochar
Biochar was prepared from waste rice husks rich in minerals. The dried rice husks were crushed by a high-speed multifunctional crusher and passed through a 12.7-mesh sieve, then transferred to a quartz boat in a tube furnace, and pyrolyzed for 2 h at a heating rate of 5 C/min under anoxic conditions. The pyrolysis temperatures were 300°C, 500°C and 700°C, respectively. After pyrolysis and cooling to room temperature, the rice husk biochar (D3, D5, D7) was ground through a 100-mesh sieve, washed with deionized water, and baked in an oven at 80°C for 12 h. The biochar was prepared into a sealed bag and stored in a dryer for later use.
The percentage content of C, H, N and S elements in biochar was directly determined by elemental analyzer (UNICUBE, Elementar, Germany). The micromorphology of biochar was analyzed by high-resolution field emission scanning electron microscopy (Merlin, Zeiss, Germany). The specific surface area and pore size were determined by a fully automatic specific surface and porosity analyzer (ASAP 2460, MAC, United States) using N2 adsorption-desorption isotherm test (BET). X-ray diffractometer (Empyrean, Panaco, Netherlands) was used to analyze the crystal structure of biochar prepared under different raw materials and different temperature conditions. Fourier infrared spectroscopy (Nicolet is50, Thermo Scientific, United States) was used to analyze the surface functional groups of biochar and adsorbed phenol.
2.4 Study on adsorption properties of phenol by biochar
2.4.1 Adsorption kinetics experiment
The adsorption experiment of phenol was carried out at 30°C and 150 rpm. 0.02 g of three kinds of biochar were added into 10 mL phenol solution with a concentration of 300 mg/L and a pH of 7, respectively. Samples were taken at 0, 1.5, 3, 4, 8, 12, 24, 36 and 48 h of adsorption. The biochar was separated from the solution using 0.45 μm organic filter. The residual phenol concentration was determined and the equilibrium adsorption capacity of each carbon was calculated.
2.4.2 Adsorption isotherm experiment
The isotherm experiment of phenol adsorption by biochar was similar to the kinetic investigation, except that the initial concentration of phenol was 50, 100, 200, 400, 600, 800 and 1000 mg/L, and other experimental conditions and test methods were consistent. Samples were taken 24 h after adsorption. For details, see Supplementary material S4.
2.5 The preparation of immobilized biochar by strain JH1
Strain JH1 was cultured in LB medium at 30°C and 150 rpm in a shaking table for 24 h, centrifuged at 5,000 r/min after culture. The bacteria was cleaned with PBS, collected, and re-suspended into a solution with OD600 = 1.0, i.e., which density was 1.2 × 109 CFU/mL. Biochar and strain JH1 cell suspension were mixed at a ratio of 5:100 (W/V), oscillated in a full-temperature culture shaker at 30°C and 150 rpm for 24 h, the bacteria on the surface of biochar was adsorbed and fixed, and then centrifuged at 1,000 r/min for 10 min. The supernatant was filtered out and air dry at room temperature. Three of the immobilized bacterial biochar were named JD3, JD5 and JD7, respectively.
For the determination of JH1 biomass on biochar, see Supplementary Material S5.
2.6 Research on the performance of recycling
0.5 g of biochar in Section 2.6 was placed in 50 mL MSM medium containing 300 mg/L phenol under the same culture conditions as in Section 2.2. The concentration of phenol in the solution was measured periodically, and its removal rate was calculated. When the degradation rate of phenol in the solution reaches 99%, the first cycle ends. The conical bottle was left for 1–2 min. After the biochar was precipitated, the supernatant was extracted with a syringe, and then 50 mL of the newly prepared 300 mg/L phenol solution was added. The process was repeated for 8 cycles.
3 RESULT AND DISCUSSION
3.1 Phenol degradation kinetics curve of strain JH1
The bacterial growth curve (Supplementary Figure S3) could clearly show the delayed, logarithmic and stable stages of phenol degrading bacteria. In LB liquid medium, strain JH1 entered a logarithmic stage after 3 h, a logarithmic stage during 3–14 h, and a stable stage after 14 h. For MSM medium, the phenol-degrading bacteria entered the logarithmic stage after 3 h, and then they grew slowly until the number of bacteria in the medium reached the maximum at 24 h, but the number of bacteria in the stable stage was less than one-quarter of that in LB liquid medium.
The degradation curve of strain JH1 to phenol was shown in Figure 1. Due to the delayed growth phase of strain JH1, the rate of phenol degradation in the first 3 h was low. After 3 h, the bacteria multiplied and grew quickly using the remaining LB medium and phenol in the solution, and the phenol content gradually declined. After 24 h, strain JH1 degraded phenol at a rate of 99%.
[image: Figure 1]FIGURE 1 | Kinetics of phenol degradation by strain JH1.
3.2 Characterization of biochar
Table 1 illustrated the yield, element composition, and element content ratio of rice husk biochar prepared at different temperatures. As the temperature increased, the biochar production from rice husk decreased due to the faster breakdown of biomass into volatile substances and biochar during pyrolysis, leading to a lower volatile content (Liu et al., 2015). However, once the carbonization temperature reached 700°C, the content of volatile substances and the yield of biochar stabilizes (Keiluweit et al., 2010; Ahmad et al., 2016). The content ratio of each element could be utilized to describe the physical and chemical properties of biochar. Specifically, the ratios of O/C, H/C, and (O + N)/C respectively indicated the stability, aromaticity, and polarity of biochar (Rutherford et al., 2012; Sun et al., 2013; Guo and Chen, 2014; Park et al., 2015). These ratios suggested that the surface of rice husk biochar contains a higher amount of oxygen and nitrogen functional groups, which might facilitate the adsorption and growth of microorganisms, and exhibited more active functional groups compared to coal (Palansooriya et al., 2020). Consequently, it could enhance the active attachment of microorganisms (Zhang et al., 2014).
TABLE 1 | The yield, chemical composition and element content ratio of biochars.
[image: Table 1]Scanning electron microscopy (SEM) was used to observe the morphology and structure of rice husk biochar, as shown in Figure 2. As we can see, with the increase of carbonization temperature, the pore and channel structure of biochar became more and more obvious. This structural property could provide a suitable habitat for microbial attachment and proliferation, and the porous structure was also conducive to the adsorption of pollutants.
[image: Figure 2]FIGURE 2 | SEM images of biochars: (A) D3, (B) D5 and (C) D7.
In this investigation, the test results of specific surface area, pore capacity and average pore diameter of rice husk biochar were shown in Table 2. The observation indicated that as the pyrolysis temperature rose, the specific surface area and pore capacity of rice husk biochar exhibited a growth, whereas the average pore size decreased. The collected data demonstrated that mesoporous structures ranging from 2 to 50 nm were predominantly found in D3 and D5, whereas D7 possessed an average pore size similar to micropores. As the pyrolysis temperature rose, the specific surface area of biochar increased (Balmuk et al., 2023), leading to improved contact opportunities with pollutants and offering more sites for bacteria attachment and growth.
TABLE 2 | The pore structure parameters of biochars.
[image: Table 2]3.3 Study on the adsorption properties of phenol by biochar
3.3.1 Adsorption kinetics
The simulation curve for phenol adsorption kinetics of biochar was shown in Figure 3A. As described in Eqs 1, 2 of S6, the adsorption kinetics of phenol by biochar were evaluated using the pseudo-first-order and pseudo-second-order kinetic models. Initially, the rate of phenol adsorption by biochar increased rapidly with longer contact time, but eventually decreased until reaching equilibrium after approximately 8 h. This decline may be attributed to the saturation of available binding sites on the biochar. Supplementary Table S1 presented the parameters obtained from curve fitting. The pseudo-second-order kinetic coefficients exhibited higher R2 values compared to the pseudo-first-order kinetic coefficients for all three types of carbon. Additionally, the error in the saturation adsorption capacity of the pseudo-second-order kinetic equation was lower than that of the pseudo-first-order kinetic equation. The results indicated that the adsorption capacity of biochar primarily relied on its surface active sites, thus suggesting that the pseudo-second-order kinetic model provides a better characterization of the phenol adsorption process on biochar. The adsorption process was chemical adsorption (Li et al., 2023), and phenol could be chemically adsorbed to the surface of biochar (Zhao et al., 2019).
[image: Figure 3]FIGURE 3 | (A) Adsorption kinetics model of phenol by rice husk biochar; (B) Adsorption isotherm model of phenol by rice husk biochar.
Figure 3B showed the isotherm model of adsorption of phenol by rice husk biochar. Langmuir model and Freundlich model were used to describe the adsorption process of phenol by biochar, as shown in equation S7 (3) and (4). With the increase of the initial phenol concentration, the adsorption capacity of biochar for phenol increased, but when the phenol concentration was greater than 300 mg/L, the adsorption equilibrium of biochar was reached. The parameters obtained after fitting the curve model were shown in Supplementary Table S2. Both Langmuir and Freundlich models fitted the data well. Among them, the R2 coefficient of the Langmuir model of D3 biochar was higher than that of the Freundlich model, and the Langmuir model assumed that the adsorption is homogeneous, so D3 was a single molecular layer adsorption process, that is, once phenol occupied the binding site, no further adsorption could occur at this site (Du et al., 2016). The R2 coefficients fitted by the Freundlich model of the other two kinds of biochar were all higher than those fitted by the Langmuir model. Therefore, the fitting effect of the Freundlich model was better than that fitted by the Langmuir model. The Freundlich isotherm assumed a heterogeneous surface with non-uniform distribution, which indicated that D5 and D7 biochar were more prone to multilayer adsorption. The n value of Freundlich isothermal model represents the adsorption strength. Generally, the larger n is, the easier the adsorption process is. When 0.1 < 1/n < 1, indicated that it was easy to adsorb pollutants (Tong et al., 2019). All the n in the fitting results of this study belong to the range of 0.1 < 1/n < 1, which indicated that the adsorption of phenol on biochar was easy and the adsorption effect was good. According to the fitting parameters of Langmuir model, the maximum adsorption capacity of D7 in rice husk biochar prepared at different temperatures was the largest, reaching 66.02 mg/g.
3.4 Characterization of phenol adsorption by biochar
Supplementary Figure S4 was the scanning electron microscope image magnified by 5 k after adsorption of phenol by rice husk carbon. After adsorption of phenol by biochar, the surface structure of biochar showed obvious changes compared with that before adsorption (Figure 2). The presence of a significant quantity of granular material resulted in the transformation of the initially smooth surface of biochar into a rough and wrinkled texture, leading to a tighter interconnection between biochar structures. This change is likely attributed to the substantial adsorption of phenol on the biochar surface.
In order to further verify the adsorption of phenol by biochar, the biochar before and after the adsorption of phenol was analyzed by Fourier infrared spectrometer. As shown in Figure 4, the peak values of rice husk biochar at 2,927 and 2,869 cm−1 belonged to aliphatic = CH2 groups (Shen et al., 2017). At 1,698 cm−1, the = C=O tensile vibration of carboxyl group was observed, and the absorption peak decreased after the pyrolysis temperature of 500°C. C=C in aromatic hydrocarbons appeared about 1,590 cm−1, and the peak strength of C=C became weaker and weaker with the increase of pyrolysis temperature, because the degree of condensation increased at higher carbonization temperature (Keiluweit et al., 2010). With the increase of pyrolysis temperature, the absorption peak of C=C (1,512 cm−1) of lignin gradually decreased from 300°C to 500°C, and even disappeared at 700°C. The peak around 1,300 cm−1 was caused by the stretching vibration of the ether functional group (C-O-C) (Yang et al., 2019), and also only occurs at a low temperature of 300°C. With the increased of pyrolysis temperature, these peaks became less and less or even disappear, which represented the organic content of biochar decreased with the increased of pyrolysis temperature (Fan et al., 2023).
[image: Figure 4]FIGURE 4 | FTIR spectra of biochars before and after adsorption of phenol.
Biochar was highly aromatic and porous, and could form π-π interaction with phenol through the aromatic C=C bond or fill phenol through pores (Du et al., 2016). The comparison of FTIR before and after adsorption showed that the spectral band at 1,029 cm−1 of biochar was attributed to cellulose C-O-C (Xiao et al., 2014), and the absorption peak became significantly narrower and sharper after adsorption of phenol. The -OH, =C = O, -CH3 and C-O-C of biochar have stretching vibration changes, so there was hydrogen bonding or electrostatic adsorption. Meanwhile, the benzene ring of phenol was a hydrophobic group, so there was also hydrophobic effect (Wang et al., 2023).
3.5 Studies on biochar adsorption and immobilization of bacterial strains
According to the SEM images of Figure 5, the A. faecalis JH1 was short rod-like in appearance, with a length of about 0.5–1.0 µm, and a large amount of JH1 was anchored on the surface and internal pores of biochar.
[image: Figure 5]FIGURE 5 | SEM image of Biochar after JH1 mobilized.
The extracellular polymer (EPS) secreted by the bacterial surface will accelerate the secretion when the strain attaches to the carrier, so that the strain will stick firmly to the carrier (Chen et al., 2016). Supplementary Figure S5 showed the FTIR spectrum of strain JH1. Different bands in the figure showed the characteristic peaks of the bacteria. In the proteome, Amide I (=C=O) was located at 1,635 cm−1, and Amide II (N-H or C-N) was located at 1,530 cm−1. The absorption peaks of 1,450–1,230 cm−1 belonged to amino acids in peptidoglycan and = C=O in fatty acids (Dave and Dhayal, 2017). The bands appearing in the range of 1,200–900 cm−1 belonged to the complex vibration of polysaccharide. Aromatic (-CH) partially peaked at 854cm-1.
According to the FTIR diagram before and after biochar adsorption of strain JH1 (Figure 6), the interaction between strain JH1 and different biochar samples was slightly different. The rice husk biochar (D3 and D5) prepared at low temperature showed significant difference in the mixing region of protein and fatty acid (1500–1200 cm−1) before and after adsorption of strain JH1, while the change trend of D7 was not obvious. 1,200–900 cm−1 belonged to the polysaccharide in the cell wall (Zhu, 2018), and all biochar exhibits obvious stretching vibration. Therefore, FTIR analysis showed that strain JH1 can adhere to the surface of biochar by secreting polysaccharides or proteins. Proteins and polysaccharides in EPS played a key role in promoting initial adhesion and the development of biofilms (Li et al., 2019). The hydrophobicity degree obtained by bacteria on the matrix would affect the number of cells attached to biochar, and the hydrophilicity/hydrophobicity on the surface of biochar would also affect the adhesion ability of bacteria. For example, the presence of fatty acid -CH2 on the surface of bacteria will make bacteria selectively adhere to biochar with stronger hydrophobicity (Ramos-Escobedo et al., 2016). The adsorption of D7 on bacteria mainly relied on hydrophilic groups such as bacterial exopolysaccharides and had strong binding effect (Amenaghawon et al., 2021), such as C-O, -COO-, =C = O and functional groups of aromatic Ar-H (Yu et al., 2019). D3 and D5 had many hydrophobic and hydrophilic groups on the surface, and their adsorption of bacteria was the joint action of bacterial extracellular proteins and polysaccharides.
[image: Figure 6]FIGURE 6 | FTIR spectra of biochars before and after adsorption of strain JH1.
Figure 7 showed the biomass of three kinds of biochar adsorbed and fixed strains JH1 for 24 h. D7 had the highest fixed biomass within 24 h, which was 249.45 nmol P/g biochar, while D3 had the lowest fixed biomass (D7>D5>D3). The immobilized biomass of biochar may be related to the differences in surface structure and functional groups of the biochar. Combined with FTIR analysis, the abundant hydrophilic groups of 700°C rice husk biocarbon were more conducive to the adsorption of JH1 in a short time and promote the secretion of EPS. The fixed biomass of bamboo charcoal decreased with the decrease of carbon particle size (25 mesh >35 mesh >80 mesh), and the maximum fixed biomass of 80-mesh bamboo charcoal was only 228.26 nmol P/g. The analysis results indicated that the fixed biomass might be affected by affecting bacterial activity (Bakina et al., 2021). The immobilized microorganisms in peanut shell biochar prepared by embedding method showed that the specific surface area of the material loaded with microorganisms was 26 times smaller than that of the original biochar, and the pollutants in the water needed ion diffusion to reach the inside of the biochar before they could be utilized by bacteria, which was not conducive to the activation and growth of the strain, resulting in the strain easily falling off later (Wu et al., 2021). The cyclic removal experiment was carried out to investigate the removal effect of phenol after immobilized microorganism of rice husk biochar.
[image: Figure 7]FIGURE 7 | Biomass of strain JH1 was immobilized by biochars adsorption.
3.6 Recycle experiment of biochar immobilized bacteria
As depicted in Figure 8A, the results of the biochar immobilization of JH1 demonstrated that the rate of phenol removal in the first cycle (1C) process was slower compared to other cycles. However, as the number of cycles increased, the rate of phenol removal became faster. This can be attributed to the rapid reproduction, growth, and adhesion of bacteria on biochar due to the phenol adsorption by biochar and the presence of nutrients within biochar itself. Consequently, the number of bacteria on biochar increased, resulting in a shorter time required for the removal of phenol from the solution by biochar-immobilized bacteria. After the sixth cycle, biochar-immobilized bacteria at all temperatures were capable of removing up to 300 mg/L of phenol solution within 12 h.
[image: Figure 8]FIGURE 8 | (A) Biochars immobilized bacteria for recycling; (B) Phenol removal kinetics curve at eighth cycle.
Figure 9B illustrated the experiment involving the eighth cycle (8C) of biochar solidified strain JH1. The findings indicated that during the initial reaction stage, JD7 exhibited a faster and more significant removal of phenol compared to JD3 and JD5. However, in the final stages, JD5 exhibited a slightly higher removal rate of phenol than the other two strains. Taking into account the analysis presented in Figure 3A, while keeping all reaction conditions uniform, it could be inferred that the phenol removal capacity of JD7 at the initial stage of the reaction was 82 mg/L, whereas the phenol removal capacity of rice hull biochar was 29 mg/L. This suggested that the removal of phenol by JH1-fixed biochar was primarily due to the adsorption of phenol by biochar, followed by subsequent bacterial degradation.
[image: Figure 9]FIGURE 9 | Biomass of biochars immobilized strain JH1. Annotation: 0C, 1C, 4C, 8C indicated none cycle, first cycle, fourth cycle and eighth cycle.
To further explain this phenomenon, the biomass of biochar immobilized bacteria at 1°C, 4°C and 8°C was measured, including the biomass of biochar fixed bacteria before recycling (0C), as shown in Figure 9. After 1C, the biomass of both JD3 and JD5 decreased compared to 0C, indicating that the bacteria were not stably adsorbed on the biochar and were re-suspended into the solution during usage. This finding also explains why 1C phenol removal rates and rates were slower than those of other cycle batches. In the process of recycling, the number of bacteria on the three kinds of biochar all increased and reached the maximum value at 8°C. The biomass of JD5 was the highest among all the biochar immobilized bacteria. It was 2,634.18 nmol P/g biochar, which was consistent with the results of the above 8°C cycle experiment. At 8°C, rice husk biochar prepared at 500°C has the highest number of fixed bacteria comparing with other two. This was because the adsorption force may also depend on the pore size, and if microorganisms are to enter the pore, the optimal pore size for adsorption may need to be 2 to 5 times larger than the cell size (Lehmann et al., 2011), with a length of about 0.5–1 µm for the A. faecalis JH1 (Figure 5), the most suitable pore size should be 1–5 µm. Therefore, the micropore structure in D7 has an impact on the continued adsorption of more cycles after loading a large number of bacteria, the large pore size of D3 is not conducive to the adsorption of JH1. So the pore size and pore curvature of D5 are most suitable for the growth of JH1 strain. Hence, according to Figure 8B, JD5 in the 8°C cycle experiment was more conducive to the adhesion of strain JH1 and the subsequent removal of phenol adsorbed by biochar because of its more suitable pore size. The overall results showed that rice husk biochar was a good biological carrier of JH1, which was conducive to the growth and immobilization of bacteria.
Figure 10 showed SEM images of different cycles. (a)∼(h) are 2 k× and 20 k× multiples of 0°C, 1°C, 4°C and 8°C in the cycle, respectively. The image directly showed that with the repeated replacement of phenol, the bacteria adhering to the surface of biochar make use of the phenol adsorbed by biochar, split with a single bacterium as the center, multiply around it, and became a multi-bacterial community. In the eighth cycle, a thick and sticky biofilm was established on the surface of biochar, as shown in Figures 10G, H. In the presence of phenol, microorganisms secrete more extracellular polymers (EPS) to form biofilms, which cover the surface of microorganisms (Zeng et al., 2021) and protect them from the toxicity of high-concentration pollutants (Huang et al., 2020). When the thickness of the biofilm is 10–20 μm, both phenol and oxygen can diffuse into the interior of bacteria for metabolic activities (Wang et al., 2015). The SEM images of the three biochar fixed strains JH1 were basically the same, and the growth and adhesion of bacteria on biochar showed such a change rule.
[image: Figure 10]FIGURE 10 | SEM images of different cycles: (A) and (B) 0C, (C) and (D) 1C, (E) and (F) 4C, (G) and (H) 8C. Annotation: 0C, 1C, 4C, 8C indicated none cycle, first cycle, fourth cycle and eighth cycle.
These results indicated that the long-term removal of phenol by biochar solidified bacteria JH1 depended more on the biodegradation than on the simple adsorption process. Biochar prepared under suitable conditions was an ideal biological carrier, with a large specific surface area for bacterial adhesion and growth, in addition, it was beneficial to transport oxygen and substrate through the immobilized cells, and enhance the activity of the immobilized bacteria. Biochar immobilized JH1 had great potential for phenol removal and is reusable, showing good stability and durability, which was consistent with the results of most recycling studies (Liu et al., 2012; Qiao et al., 2020).
4 CONCLUSION
In this paper, we had domesticated and isolated the dominant strain of metabolizing phenol in coking wastewater, alkaline Alcaligenes Faecalis JH1, and studied the degradation characteristics of the bacteria. It was found that JH1 had a good degradation effect on phenol. Under the conditions of 6 × 107 CFU/mL, 30°C, pH = 7 and salinity less than 1%, the removal rate of 300 mg/L phenol could reach 99% within 24 h. Rice husk biochar (D3, D5, D7) had a porous structure, and the specific surface area increased with the increase of temperature, which increased the adsorption capacity of phenol. According to adsorption kinetics and adsorption isotherms, D3 was a single-layer chemical adsorption, while D5 and D7 were multilayer chemical adsorption. The adsorption of phenol by biochar may existed π-π interaction, hydrogen bonding, electrostatic adsorption, hydrophobic interaction, and pore filling.
The extracellular polysaccharide of bacteria and its hydrophilic groups were primarily responsible for the adsorption of D7 on bacteria. The combined action of extracellular protein and polysaccharide of bacteria was responsible for the adsorption of the other two types of biochar on bacteria. The hydrophilicity, hydrophobicity and pore size of biochar would affect its fixed biomass. For the strain JH1, the length was about 0.5–1 μm, and the most suitable pore size was 1–5 µm. It was proved that D5 was the best rice husk biochar carrier. Meanwhile, in cycle experiment, the biomass of strain JH1 fixed with D5 was the highest. According to the SEM images of different cycles, with the increase of cycles, bacteria rapidly grew and adhered to biochar, and finally formed thick and sticky biofilms. After the sixth cycle, all the immobilized bacteria of biochar could remove 300 mg/L phenol solution within 12 h. These results indicated that rice husk biochar as a carrier immobilized JH1 had the potential of biological removal of phenol, had the reusability, and showed good stability and durability.
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