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Abstract 
The mechanism of biochar immobilized microorganism degradation of PAHs was 
analyzed. The environmental factors, microbial density and activity, and electron 
transfer factors in the process of microbial degradation of PAHs were analyzed. Biochar 
as a carrier can effectively fix microorganisms and improve the degradation efficiency of 
PAHs. In the research, the changes in the structure of carbon materials during the 
preparation of biochar were analyzed. According to the mechanism of microbial 
degradation of PAHs, the impact of the structure of biochar on the degradation process 
of polycyclic aromatic hydrocarbons was clarified, and then the effect of biochar 
modification on the biodegradation process was investigated. 
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1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds composed of benzene 
rings, commonly found in waste gas and wastewater generated by the combustion of petroleum and 
coal, including more than 150 compounds such as naphthalene, urea, phenanthrene and hydrazine. 
Some PAHs are considered to be carcinogenic[1], and may affect the development of the nervous 
system in children. At present, the technologies for treating PAHs mainly include physical, chemical 
and biological methods[2], among which microorganisms are widely used due to the advantages of 
easy access to raw materials and environmental protection characteristics[3]. The traditional 
microbial remediation process has problems such as cell instability and difficulty in surviving in the 
environment. The microbial immobilization technology to degrade polycyclic aromatic hydrocarbons 
has become a reliable way to solve the above problems. In this study, the immobilization technology 
using biochar as a carrier was comprehensively analyzed, and the structural characteristics of 
modified biochar and its mechanism of enhancing microbial degradation of polycyclic aromatic 
hydrocarbons were studied to provide support for the development of biodegradation technology of 
polycyclic aromatic hydrocarbons.  

2. Mechanism of Microbial Degradation of PAHs 

2.1 PAHs Degrading Microorganisms 

At present, the microorganisms that have been found to degrade PAHs mainly include bacteria, fungi 
and archaea. Among the bacteria, Gram-positive bacteria, such as Rhodococcus, Passoria, etc., and 
Gram-negative bacteria, such as Pseudomonas, Burkholderia, etc., would be considered to be PAHs 
degrading bacteria. White rot fungi and brown rot fungi are widely found in the degradation process 
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of PAHs[4]. The archaea, especially the thermophilic archaea[5], would effectively degrade PAHs at 
high temperatures. PAHs degrading microorganisms are shown in Table 1[6]. 

 

Table 1. Degradation microorganisms of different PAHs 

2.2 Microbial Degradation Mechanism of Polycyclic Aromatic Hydrocarbons 

The biodegradation process of PAHs includes: aerobic degradation and anaerobic degradation. In 
aerobic environment, the break of aromatic-ring in PAHs mainly depends on oxygenase, which adds 
oxygen atom to C-C bond to form C-O bond, and then breaks C-C bond through hydrogenation and 
dehydration, so that the number of benzene rings is reduced. The process of aerobic degradation of 
PAHs mainly depends on the activity of enzymes. The biodegradation of PAHs by bacteria is mainly 
through the hydroxylation of PAHs catalyzed by dioxygenase. Under the action of dioxygenase, 
PAHs is converted into dihydrodiol compounds, and diol intermediates are generated under the action 
of dehydrogenase. Subsequently, the inner ring break dioxygenase or outer ring break dioxygenase is 
degraded through the ortho-fracture pathway or the inter-fracture pathway, forming intermediate 
products and finally transforming into small molecules of tricarboxylic acid cycle. In view of the 
metabolic process, researchers have proposed two possible metabolic pathways. 

Due to the different ring-opening reaction sequence, PAHs may enter the tricarboxylic acid cycle 
through salicylic acid or phthalic acid pathway to achieve complete degradation[5]. Some PAHs, such 
as benzo[a]pyrene, would produce other intermediate products including alcohols, aldehydes and 
acids during the degradation process. However, the anaerobic environment is different from the 
aerobic environment, and the ring opening of PAHs could not only be carried out under the action of 
enzymes, but also can be combined with other substances for carboxylation, reduction, hydroxylation 
and methylation reactions. The biological metabolic mechanism of fungi mainly involves the 
oxidation of cytochrome P450 monooxygenase. It was shown that cytochrome P450 monooxygenase 
could oxidize polyaromatic hydrocarbons to aromatic oxides. The initial transformation of PAHs was 
usually by the oxidation of cytochrome P450 monooxygenase and O2 producing aromatic oxides and 
water. 

2.3 Influencing Factors of Microbial Degradation of Polycyclic Aromatic Hydrocarbons 

The biodegradation process of PAHs is influenced by external environmental factors and metabolic 
processes. The external environmental factors, including pH, salinity, temperature, etc. pH and 
temperature could affect the microbial degradation of PAHs in many ways, mainly including 
microbial activity resulting in inhibiting or promoting the absorption of nutrients, and the production 
and activity of microbial extracellular enzymes need to be at an appropriate pH to achieve the 

PAHs types Highly degradable bacteria 

Naphthalene Pseudomonas spp., Pseudomonas spp., Janthinobacterium, Methylophilu[7] 

Anthracene Celeribacter indicus P73T[8] 

Fluorene Consortia S2, K3, K4, K5[9] 

Phenanthrene 
Cellulosimicrobium sp.RS, Brucella sp.BZ[10], Arthrobacter sp.SZ-3, Pseudomonas 

putida B6-2[11]ZY-PHE [12] 

pyrene 
Pseudomonas sp.YH-1, Rhodococcus sp.YH-3[13], α-Proteobacteria, β-

Proteobacteria, γ-Proteobacteria[14], M. circinelloides H3[15] 

Dibenzothiophene Pseudomonas sp.YH-1, Rhodococcus sp.YH-3[13] 

Benzo [a] pyrene Achromobacter sp, Alcaligenes sp [16]Bacillus subtilis[17] 
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maximum effect[18]. Environmental salinity is also an important factor affecting biological activity. 
It was found that the removal rates of PHE and PYR reached 64.52% and 57.83%, respectively, in 
the control soil samples without external salinity. After adding 1%NaCl (w/w), the degradation rates 
were 81.85% and 60.33%, respectively. The addition of 3% NaCl (w/w) significantly reduced the 
degradation of PAHs, and the removal rates of PHE and PYR were 39.95% and 35.54%, 
respectively[19]. 

The density and activity of microorganisms in the degradation process have some impact on the 
biodegradation process. It was shown that in the degrading of phenanthrene by bacteria of W12, when 
the inoculation amount was less than 10%, the phenanthrene degradation rate increased from about 
25% to more than 65% with the increase of inoculation amount in 96h, but the degradation rate hardly 
increase significantly with the continuous increase of inoculation amount. It was revealed that higher 
microbial density was conducive to improving the degradation efficiency of PAHs, but too high 
microbial density would caused the strains to be in a state of poor nutrition and inhibited the further 
improvement of the degradation rate [20]. In the process of binding and degradation of PAHs by 
microorganisms, the degradation ability may be reduced due to the lack of electron acceptors. The 
effect of electron transfer on the degradation efficiency in the electrochemical process was 
investigated [21], indicating that after 4d, the removal rate of petroleum hydrocarbons was 73.1-78.3% 
within 1cm away from the anode, and decreased to 51.5-56.8% at 5cm away from the anode. The 
results showed that the electron transfer ability near the anode could affect the microbial degradation 
effect. In the process of polycyclic aromatic degradation, the pollutants are affected by the synergistic 
effect of mass transfer and metabolism, and they need to be transported to the interior of cells for 
further decomposition reaction by binding to microbial receptors[22]. 

3. Degradation of PAHs Through Immobilized Microbial by Biochar 

Microbial immobilization technology uses physical or chemical means to fix free microbial cells in a 
limited space area of the carrier to improve microbial activity and bio-density through surface 
adsorption, pore-filling, ion grid formation and electrostatic interaction, etc.. The degradation 
efficiency of PAHs was improved by providing nutrients and co-metabolites for microorganisms, 
enhancing electron transfer, and enhancing adsorption and transfer of pollutants. As an carrier for 
immobilization, biochar has advantages such as wide range of raw materials and good mass transfer 
effect of pollutants[23], and has gradually become a research hotspot for immobilized 
microorganisms. 

3.1 Biochar Carrier Preparation Method  

The thermochemical conversion technologies of biomass include hydrothermal carbonization, 
pyrolysis and gasification. The reaction temperatures are required to be 80~250 K, 350~850 K and 
650~1250 K, respectively. The carbonization through pyrolysis is the simplest method with low cost 
[24]. Considering the nature, type and economic feasibility of raw materials, the preparation of 
biochar by pyrolysis is carried out between 450 and 600℃ generally [25]. The pyrolysis temperature 
and heating rate are important parameters affecting the physicochemical properties of biochar. It is 
found that with the increase of pyrolysis temperature in pyrolysis, the surface of biochar becomes 
smooth gradually, and its porous structure changes from disordered to regular, and the honeycomb 
porous structure inside becomes graphitized three-dimensional ordered layered structure. At the same 
time, the functional group structure of biochar would also be changed, with the increasing of 
aromatics and polarity. Meanwhile the mass fraction, O/C (oxygen-carbon ratio) and H/C (hydrogen-
carbon ratio) of the volatiles in biochar would increase with the pyrolysis temperature. With the 
increasing of temperature, most of the oxygen-containing surface functional groups, such as carbonyl, 
carboxyl, hydroxyl, would be gradually removed, while the total alkaline substance content increases 
with the increase of pyrolysis temperature, resulting in higher pH and EC (electrical conductivity). 

In addition to the pyrolysis process, a series of new biochar preparation processes, such as roasting 
and flash carbonization, have been gradually popularized and applied. Calcination is carried out in 
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low oxygen or inert gas environment at 200-300℃ to remove water and low volatiles. Flash 
carbonization is mainly triggered at the bottom of the biological bed under high pressure conditions 
about 1 ~ 2 MPa on the temperature about 300 ~ 600℃. The reaction time is generally less than 30 
min, so as to obtain higher biochar yield [26]. 

3.2 Enhanced Microbial Degradation Mechanism of Biochar as Immobilized Carrier  

The high specific surface area of biochar improves the adsorption effect. The microorganisms could 
be adsorbed on the surface of biochar and enter the interior through the pores, which greatly increases 
the efficiency of degrading PAHs. The rules and density of the porous structure of biochar was 
prepared by rice husk, through to lignin and hemicellulose pyrolysis, and then nanoscale crystal 
structure was obtained by opening clogged pore and flaking carbon structure using ultrasonic, which 
enhance the adsorption activity improving the adsorption of the microorganisms in the biochar[27]. 
The forms of biochar immobilized microorganisms could be more diverse, due to the adhesion 
between microbial cell secretions and biochar, as well as the physical effects between cells. It was 
found that some cells gathered on the inner and outer walls of pores in a network structure by SEM, 
which was conducive to binding with pollutants and improving the degradation efficiency [28] [29]. 
Meanwhile, it was found that microorganisms formed a dense and thick biofilm structure on the 
biochar carrier, which significantly promoted the microbial capture of pollutants, biodegradation and 
nutrient cycling within cells[30] . 

As a carrier, biochar improves the adaptability of microorganisms to the environment, mainly by 
reducing the adverse effects of pollutants on microorganisms[31] and the inhibition of environmental 
factors on microorganisms. It was found that the degradation efficiency was improved by 
immobilization under different pH, temperature and salinity conditions for the same microorganism 
according to the research from Kaili Qiao et al [32]. At pH 8, the degradation rates of PAHs for the 
three free microorganisms were determined to be 71.4%, 41.5% and 49.3%. After immobilization, 
the biodegradation efficiency of the immobilized microorganisms was 89.8%, 66.9% and 78.2%, 
respectively. At pH 5, the biodegradation efficiency of the immobilized microorganisms was more 
than 30% higher than that of the free microorganisms. At 15℃, the biodegradation efficiency of the 
three degradable bacteria was increased by 25.2%, 23.2% and 19.7%, respectively. And about the 
salinity, the removal efficiencies of PYR, BAP and INP in the range of 15-35 ‰ were 73.2%-89.8%, 
49.9%-66.9% and 59.8%-78.2%, respectively, while the removal efficiencies by free microorganisms 
were only 71.4%, 41.5% and 49.3% in the favorable salinity of was 30‰, indicating that the tolerance 
by biochar to pH, temperature and salinity for immobilized microbial was better than that of free cells. 
Biochar can also improve the maintenance of microbial activity. Ren Jing et al. [33] found that for 
the same microorganism was stored for 21 days, the free microorganisms had basically no degradation 
activity, while the immobilized microbial by biochar could still remove 35.60% of phenyrene after 
immobilization. 

In the process of bioremediation, the use of biochar in soil could enhance microbial degradation by 
improving the soil environment indirectly. As a good soil amendment, porosity of biochar could offset 
nutrient loss while increasing oxygen transfer, thus improving the aerobic degradation efficiency of 
PAHs [34]. It was proved that the application of biochar in soil could increase soil water retention, 
water availability, pore size distribution and carbon storage capacity [35], indicating that biochar 
provides a more suitable growth, reproduction and metabolic environment for microorganisms. 

3.3 Factors Affecting the Immobilization Effect of Biochar  

The pore structure and number of biochar will affect the microbial immobilization. When the pore 
volume was larger, the early adsorption biomass was larger [36], revealing that the surface of 
activated carbon with pore size of 5~10μm was more suitable for microbial adsorption. In addition, 
the surface roughness of biochar pore channels would affect the adhesion effect of microorganisms 
on biochar. The specific surface area and the number of micropores would increase with the 
increasing of biochar surface roughness, providing more adhesion sites for microorganisms. Xie [37] 
changed the pore structure of biochar by using a series of acid and alkali solutions with gradient 
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concentrations. It was found that the surface impurities of biochar soaked by acid were removed and 
the pores became smooth, while the surface of biochar became uneven after immersion with lye. 
Meanwhile, pore channels expanded more after immersion with lye, and micropores only accounted 
for 30% of the total pore volume. By comparing the laccase adsorption capacity of biochar after acid-
alkali soaking, it was found that the adsorption capacity of biochar after alkali soaking was much 
higher than that of acid soaking. It was also found that when the specific surface area of biochar 
increased significantly from 5.741mg to nearly 400mg, and the adsorption effect was significantly 
improved, indicating that the increase of pore surface roughness and the increase of pore size were 
more conducive to the increase of adsorption sites and further improved the immobilization effect 
[38]. 

The functional group structure of biochar has significant influence on the immobilization effect of 
microorganisms. Functional groups containing oxygen and hydrogen might be related to the 
adsorption of PAHs through determined immobilized cells by FTIR, the results showed that 
functional groups such as C=O and C-H had adsorption affinity for PAHs, and was conducive to the 
biodegradation of PAHs by immobilized microorganisms [32]. At the same time, it was also found 
that oxygen-containing functional groups can better accept electrons transmitted by microorganisms 
as electron acceptors [39]. 

In addition, the environment factors would Influence the degradation effect of immobilized 
microorganisms on PAHs. The materials with high hydrophobicity have a better adsorption effect on 
PAHs pollutants when applied to water treatment, thus the degradation of PAHs would be improved 
due to the increasing of hydrophobicity of biochar in water [40]. At the same time, the adsorption of 
microorganisms on biochar with strong hydrophobicity would be significantly improved, for the 
reason that the surface of bacteria is mainly hydrophobic, and activated carbon attracts bacteria to the 
surface mainly through hydrophobicity. Therefore, it is conducive to the adsorption of 
microorganisms in water by increasing the hydrophobic groups on the surface of activated carbon 
[36].  

4. Enhanced Mechanism of Microbial Immobilization with Modified Biochar 
for Degrading PAHs 

Traditional modification of biochar was implemented through immersing the prepared biochar into a 
series of acid and base solutions with concentration gradients, thereby altering the surface structure 
of the biochar. On this basis, metal ions are introduced into the modified solution. The raw materials 
are soaked in the solution containing corresponding ions by immersion method to adsorb ions in the 
biochar, and then the ions are reduced to elemental or low-cost ions during the pyrolysis [41]. The 
electrostatic adsorption capacity and the electrostatic attraction would be increased through increasing 
functional groups and introducing new metal ions for biochar. Therefore, the adsorption capacity can 
be enhanced to a certain extent. Li [42] et al. modified biochar M-WB and biochar M-PB with 
excessive magnesium, and the surface acid functional group content increased significantly, 
especially M-WB, carboxyl group reached 0.41 mmol/g, and phenol hydroxyl group reached 9.98 
mmol/g. The fixation rates of microorganism strain H2 and H4 increased from 17.67% and 17.54% 
to 39.00% and 49.50%. Wang [38]et al. introduced loaded particles through modification by iron, 
which could increase the specific surface area by increasing the surface roughness, and further 
improve the fixation efficiency. When the initial concentration of phenanthrene solution was 20mg/L, 
the immobilized bacteria of modified biochar degraded 30% phenanthrene within 6 days, which was 
much higher than the 11% degradation rate of biochar without modification. 

The surface functional groups of biochar would be modified using surfactant, giving the material or 
product new surface properties, such as hydrophilicity, biocompatibility, antistatic properties, dyeing 
properties, etc.. Ajay Oraon[43] et al. used SDS modified biochar to increase the adsorption rate of 
MB dye to 97.08%. Caiya [44] et al. prepared iron/carbon composite biochar by loading nano zero-
valent iron and bisurfactant onto biochar. The pore size is mainly distributed in the range of 0-10nm, 
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indicating a rich mesoporous structure. By Fourier infrared spectroscopy, it was found that the Fe-O 
bond of modified biochar was increased, which also proved that surfactant modification could enrich 
surface functional groups. 

The surface properties of biochar can be effectively changed by plasma modification, while the main 
properties of carbon remain unchanged. Wang[45] et al. placed biochar in ammonia gas, applied 
200W RF power to plasma coil, and obtained three kinds of biochar modified by ammonia low-
temperature plasma extraction after different times. The mercury adsorption efficiency of biochar 
modified by plasma was increased from 26.4% to 95.5%, and the functional group richness was 
significantly improved [46]. On the one hand, the modified biochar would not only increase the 
specific surface area and enrich the functional group, but also improve the soil environment reducing 
the inhibition of adverse factors in the soil environment on the degradation process [47]. The results 
showed that in acidic soils, when added biochar without modification and Fe/Zn-modified biochar, 
the pH values of were 0.02-0.31 and 0.06-0.82 units higher than those of soil without biochar, 
respectively. It was found that biological activity was improved by adding iron modified biochar into 
Cadmium contaminated soil, and the Cd migration factor value was reduced by 21.8% [48].  

5. Conclusion 

Biochar immobilization technology could effectively improve the performance of microbial 
degradation of PAHs. The surface structure of biochar would be effectively improved by means of 
acid-base surface treatment, introduction of loaded metal ions, surfactant infiltration, plasma reaction, 
etc., thus the degradation efficiency of pollutants can be effectively improved by increasing the 
specific surface area and obtaining more adsorption sites. In the future, prolonging the service life of 
modified biochar characteristics and controlling the cost while ensuring the excellent degradation 
effect of modified biochar immobilized microorganisms would be investigated in enhancing 
biodegradation of PAHs by biochar immobilized microorganisms. 
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