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Abstract

Microbial degradation is the primary mechanism for purifying polycyclic aromatic
hydrocarbon (PAH) contamniuon in environments, and biochar immobilization is an
effective technology 1o ennance biodegradation, but the process parameters of the
immobilization technclogy still require further systematic evaluation. Here, biochars
derived fron: pig tuanure (PM), bamboo (BB), rice straw (RS), and soybean straw (SS)
were used os carriers of Mycobacterium sp. ZL7, and the optimal biochar dosage of
1:30 (w/v) and immobilization time of 24 h were determined. The immobilization
effects followed the order of RS > SS > PM > BB. Scanning electron microscopy and
physicochemical properties revealed that porous structures acted as shelters for bacteria,
and high nitrogen content, large pore size and high-water holding capacity played
important driving roles in immobilization. In the single-substrate system, pyrene
removal rates of the PM-, RS- and SS-immobilized materials were greater than 96 %,
which were significantly higher than those of the biochar alone or the free strains. An
orthogonal design experiment in historically PAH-contaminated soil further revealed

that, compared with free strain, immobilized materials combined with high moisture



content and moderate salicylic acid or Brij 30 can effectively increase the abundance of
bacteria and the nidA4 gene, and enhance the dehydrogenase and polyphenol oxidase
activities. The removal rate of total PAHs increased by 8.53 %-30.45 % after 24 d.
Moreover, biochar with strong immobilization capacity showed better PAH removal
effects. This study provides a scientific basis and practical reference for biochar-
immobilized microorganisms to enhance the self-purification of PAH-contaminated soil.
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Introduction

As social and economic centers, Citizs/are subject to widespread contamination
due to resource and energy cons.'mp-.ion (Wang et al., 2022). Industrial activities, fossil
or wood combustion produce enviro.imental contaminants such as polycyclic aromatic
hydrocarbons (PAHs) (Hari e 21.,2019). 16 PAHs with highly persistent and recalcitrant
to biodegradation wer¢ lis‘eu as priority pollutants by the United States Environmental
Protection Agency (IS LPA) because of their mutagenic and carcinogenic properties
(Mallah et al.. .722 "Patel et al., 2020). PAHs are easily stored in urban soil through
adsorptica, epcsition, and migration. Thus, as an important reservoir of PAHs, urban
soil has attrz ;ted increasing attention (Zhu et al., 2023).

To address the growing problem of urban pollution, several technologies have been
applied to remove PAHs from polluted environments. Compared to physical and
chemical remediation technologies with high energy consumption, increasing attention
has been given to the development of environmental self-purification ability (Dai et al.,
2022; Mojiri et al.,, 2019). In the process of environmental self-purification,
microorganisms act as decomposers to degrade pollutants for purifying contaminated
water and soil (Patel et al., 2020). Although the presence of microbes possessing the
proper degradative capabilities in polluted environments, undesirable conditions

reducing microbial biomass and activity results in the slow natural attenuation



(Romantschuk et al., 2023). Thus, bioremediation technology aimed at enhancing
microbial purifying capacity is becoming more and more important (Haritash and
Kaushik, 2009; Peralta-Maraver et al., 2023). However, among the technologies that
enhanced the purifying capacity of microorganisms, biostimulation (e.g., the addition
of surfactants, activators, etc.) is easily constrained by the low number of indigenous
functional bacteria, whereas bioaugmentation (e.g., the addition of exogenous
functional bacteria) is highly susceptible to species competition and environmental
conditions (Lopes et al., 2022). In contrast, microbial immobilization technology is
considered as an effective augmentation measure because it can increase biomass,
maintain high microbial activity and prevent cells from being damaged by the external
environment (Wang et al., 2019; Zhang et al., 2019).

Ideal immobilization materials should be mechanicai siable, nontoxic, easily
available, compatible with microorganisms, and perriit 2igi bioload (Bouabidi et al.,
2019). Biochar is one of the most appealing suppoi s duc to its relatively large specific
surface area (SSA), high porosity, strong adsc.»tio 1 capacity, and it has been used in
the practice of urban self-purification (L:+¢t al., 2024; Liang et al., 2021; Zhao et al.,
2024). Biochar not only enables micre yia: piotection against environmental stress, but
also improves microbial activity in-uegrading organic pollutants (Li et al., 2021; Li et
al., 2022). Xiong et al. founa Mycobucterium gilvum immobilized on rice straw biochar
could remove 62.6 % =+ 32 ‘/c.of phenanthrene, 52.1 % +2.3 % of fluoranthene, and
62.1 % £ 0.9 % of pyz:ne (PYR), which were higher than those using M. gilvum alone
(Xiong et al., 2017)..Pine needle biochar could protect Sphingomonas sp. PJ2 from
being harmed by *he saline soil to reach the maximum PAH removal efficiency of 58.64 %
(Song et «l.,:207.1). A functional microbial consortium loaded on corn straw biochar
presented.2.9.25 % higher removal rate of total PAHs in soil than the control treatment
(Zhou et al., 2024). However, different biochars often have certain differences in
physicochemical properties, which affect the immobilization efficiency and microbial
activity, and also affect the reasonable choice of biochars in practical applications.
Although biochar characteristics such as SSA, pH, nutrients (C and N, etc.), and water
holding capacity have been reported to affect microbial habitation (Bolan et al., 2023;
Schommer et al., 2024), the selection of immobilization conditions and which
physicochemical properties play a major role in promoting immobilization efficiency
still need to be systematically evaluated for practical application reference.

In addition to the selection of ideal immobilization materials, choosing appropriate



regulation methods to meet the requirements for highly effective removal of soil PAHs
is crucial. However, few reports on the regulation methods of biochar and functional
bacteria have limited the application of biochar-immobilized functional bacteria in
enhancing soil self-purification. Soil moisture amendment, carbon supplementation,
and surfactant addition are considered to facilitate bioremediation of PAH-
contaminated soils by enhancing soil microbial activity. Water amendment is necessary
during the bioremediation of PAH-contaminated soils because moisture content is an
important factor in soil conditions (Teng et al., 2010). Co-metabolic carbon substrates
such as salicylic acid can also enhance the biodegradation of PAHs in soil (Ahmad et
al., 2021). Surfactants such as Brij 30 are beneficial for PAH bioremediation processes
that are limited by low bioavailability (Adrion et al., 2016 .However, reports on the
interactions between these regulatory factors are still limiicd. aad the combination of
advantages for enhanced soil self-purification by bioc’iai itiunobilized microorganisms
is unclear.

A typical PAH-degrading strain, Mycobac. >riui 1 sp. ZL7, isolated previously from
PAH contaminated soil at a Beijing cokirgniant was used in this study. Four types of
biochar made from different feedstock: . i.ci;pig manure biochar (PM), bamboo biochar
(BB), rice straw biochar (RS) an!' se'ybean straw biochar (SS), were selected as carriers
of ZL7. The biochar dosagc ratio aind immobilization time were selected as the key
parameters for optimizing th: mmobilization conditions. The aged PAH contaminated
soil was selected as t“e remediation object to explore the effect of biochar combined
with regulatory meacures on actual PAH pollution. The main objectives of this study
were: (1) to_con.n2re the immobilization time and dosage of different biochars for
bacteria » ete;mine the optimal conditions; (2) to analyze the physicochemical
properties. 2. fecting microbial immobilization to determine the type of biochar with
good immobilization effect; (3) to investigate the removal effect and regulation
measures of immobilization materials on PAHs from actual contaminated soil,
providing a theoretical basis and practical reference for the development of urban soil

self-purification technology.

1. Materials and methods
1.1 Preparation and characterization of biochars
Four typical raw materials with different physicochemical properties were chosen

for the preparation of biochars, namely, pig manure, soybean straw, rice straw and



bamboo (Kloss et al., 2012). All raw materials comprise organic wastes containing
organic matter derived from agricultural or breeding activities. These materials are
widely available, renewable, and their utilization can help reduce environmental
pollution. Pyrolysis biochar at 500 °C can retain nutrients well and is conducive to
microbial immobilization. Thus, all materials except for PM were prepared by slow
pyrolysis at 500 °C for 5 h in a model FB600 muffle furnace (Instruments for Research
and Medicals, Germany) under oxygen-limited conditions. PM was prepared at 500 °C
for 0.5 h. All biochars were sieved through a 2 mm mesh.

The pH were analyzed by 1 g of biochar suspending in 10 mL of deionized water
and shaking at 180 r/min for 3 h. and subsequently measured using a model 310p-01
pH meter (Thermo Fisher Scientific, USA) (Cayuela et al., Z)13). The pore structure of
the materials was determined via the Brunauer—-Emmett-7¢ 2r (BET) method using a
model ASAP 2020M+C specific surface and porosity” araiyzer (Micromeritics, USA)
(Xiong et al., 2017). The elemental composition, i cluding total carbon (C) and total
nitrogen (N), was measured by a model Varic M4 X elemental analyzer (Elementar,
Germany) (Xiong et al., 2017). The waterialding capacity (WHC) of the biochars was
determined by saturating the materials wil>“water for 8 h and then air drying for 1 h.
The %WHC was calculated usinz tie mass of water retained in the material per g dry

materialx100 (Hale et al., 2015).

1.2 Contaminated sci(

Soil samplez. were collected from the 0-20 cm surface soil at the edge of a
abandoned Beiiiio oking plant, and mixed evenly after discarding gravel and plant
root resia res. A part of soil samples was sealed and stored through a 2 mm sieve after
natural aiz.d ying, which was used for the orthogonal culture experiments. Others were
screened by 2 mm, 0.15 mm and 0.25 mm sieve for testing pH, elemental analysis and
organic matter, respectively. The physicochemical properties of the tested soil were as
follows: soil pH value was 8.61 = 0.60, total nitrogen content was 0.22 % = 0.02 %,
total carbon content was 16.75 % £ 0.53 %, total sulfur content was 0.63 = 0.01 %, and
the organic matter content was 1.66 % + 0.17 %. The total PAH content was (329.93 +
12.62) ng/g.

1.3 Culture and immobilization conditions for the ZL7 strain

The strain Mycobacterium sp. ZL7 was successfully enriched and screened from



PAH contaminated soil and classified as a Gram-positive bacterium. It exhibits a broad
spectrum of substrates and can utilize various PAHs, including phenanthrene, pyrene,
benzo[a]pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, and
benzo[k]fluoranthene as a single substrate for metabolic degradation. Microbial
cultures were grown at 37 °C in a rotary shaker with shaking at 180 r/min using Luria
Bertani medium (LB: 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl in 1 L of
distilled water). To determine the degradation ability of the strain ZL7, PAHs were used
as a sole carbon source and incubated at 37 °C at 180 r/min in the minimal salt media
(MSM: 1.1 g of NH4Cl, 1.0 g of KoHPO4, 0.5 g of NaCl, 0.2 g of KCI, 0.2 g of
MgS04:7H20, 0.001 g of FeSO4, 0.01 g of CaClz in 1 L of distilled water). PYR (=99%
purity) were purchased from Sigma Aldrich, USA.

To obtain the cell suspension, the ZL7 culture was renriteged at 3800 r/min for
10 min and then resuspended in sterilized fresh LB m<areni o obtain a cell suspension
with ODgoo of 1.4. The biochar and cell suspension" verc'inixed to prepare immobilized
materials with solid-liquid ratios of 1:5, 1.'0, 1:20, 1:30 and 1:40 (w/v). The
immobilized materials were placed on a slhicker at 180 r/min at 37 °C for 6, 12, 18, 24,
36 or 48 h. The mixtures were senare ed ==th a 75 pm sieve and washed twice with
sterile fresh LB to remove the fi e Yacteria. The immobilized materials were collected
and stored at 4 °C. The nid'4 genc copy number and dehydrogenase activity were
measured to quantify the Hic102ss and microbial activity of the immobilized bacteria.
The optimal immobilization conditions were determined by evaluating the effect of
immobilization time (0-43 h) and the ratio of biochar dosage to cell suspension volume

(W/v, from 1:5.1G:1:20).

1.4 Quanrtit.itive polymerase chain reaction (QPCR)

DNA was extracted from 0.5 g of the immobilized materials using the FastDNA
SPIN Kit for Soil (MoBio Laboratories, USA) according to the manufacturer’s protocol.
The bacterial abundance was estimated using real-time PCR assays targeting the nidA
gene (DeBruyn et al., 2007). The forward and reverse sequences of primers used were
5’-TTCCCGAGTACGAGGGATAC-3’ and 5’-TCACGTTGATGAACGACAAA-3’,
respectively. The real-time PCR used Light Cycler FastStart DNA Master Hybridization
Probes (Roche) and were performed using the following protocol: 50 °C for 5 min,
95 °C for 15 min, 40 cycles of denaturation at 94 °C for 30 s, annealing at 56 °C for 30

s and lengthening at 72 °C for 30 s. Soil bacterial abundance was estimated using real-



time PCR of the 16S rRNA gene. The forward and reverse sequences of the primers
used are 5°’-GGGTTGCGCTCGTTGC-3’ and 5’-ATGGYTGTCGTCAGCTCGTG-3’,
respectively. The PCR protocol consisted of an initial denaturation step at 95 °C for 5
min, 95 °C for 15 s, 60 °C for 1 min, 72 °C for 20 s). The standard curve was developed
by amplifying a tenfold diluted standard plasmid containing the target gene. All gPCR
involving sample DNA, control DNA templates or negative controls were prepared in

duplicate.

1.5 Enzyme assay

Dehydrogenase (DH) activity was measured by the methods described in
Tabatabai (Tabatabai and Dick, 2002). Based on this metand, 0.5 g of sample was
completely mixed with 0.2 mL of Tris-HCI bufter solutici (& 2 mol/L, pH=7.6). After
incubating at 37 °C in the dark for 24 h, 2 drops of coaccitrated sulfuric acid were
added to terminate the reaction. Then, 0.5 mL of  netiiyibenzene was added, and the
mixture was shaken at 30 °C for 30 min. # fter holding, the cell suspension was
centrifuged at 400 r/min for 10 min. The-¢htained supernatant was separated, and the
proportion of triphenyl formazan (TPE in k< filtrate was measured using a model UV-
6300 spectrophotometer (Mapac.2. £hnina) at 485 nm. A control without the addition of
2,3,5-triphenyltetrazolium cr'oride (1 TC) was included for each sample.

Polyphenol oxidase (’P _ )\ activity were measured using the methods of Perucci et
al. with some modifictions (Perucci et al., 2000). 1 g of fresh soil samples stored at
4 °C was weighecd .ino centrifuge tubes, 3 mL of reaction solution (0.2 mol/L catechol
and 0.2 mol/L.nializie 1:1 mixture) and 2 mL of 0.1 mol/L phosphate buffer (pH=6.5)
were adacd 12 it Samples were in a 30 °C water bath for 10 min. after the reaction, all
samples wvrere then transferred to an ice box and added 5 mL of absolute ethanol to stop
the reaction. Samples were centrifuged at 4 °C, 5000 r/min for 5 min. Supernatant was
taken to measure the absorbance at a wavelength of 525 nm. The activity of PPO was

expressed as the amount of o-diphenol oxidized in 1 g of dry weight soil within 10 min.

1.6 Scanning electron microscope (SEM) analysis

The pore structures of the biochars and biochars inoculated with ZL7 cells were
observed via a model S-4800 SEM (Hitachi, Japan). The samples were fixed with 2.5 %
glutaraldehyde in 0.1 mol/L phosphate-buffered saline (PBS, pH=7.2) for 1 h and rinsed
twice with 0.1 mol/L PBS. The samples were then dehydrated in 30 %, 50 %, 70 %,



90 %, or 100 % ethanol for 20 min each. After dehydration, the samples were dried to
the critical point with carbon dioxide in a Samdri-PVT apparatus. Images were recorded

via SEM operated at 5 kV.

1.7 PAH removal detection

Determination of PYR removal from water. The biochar as an immobilization
material was weighed at 1:30 (w/v) into a 150-mL flask containing 60 mL of MSM at
a concentration of 50 mg/L PYR. Moreover, the experimental groups included an MSM
control group, a free-strain treatment group and a biochar-immobilized material
treatment group. The cells in each group were incubated at 180 r/min and 37 °C in a
shaker in triplicate. After 8 days of incubation, destructi»n sampling was used to
determine the residual PYR concentration. The removal 01 ?YR by the biochars and
immobilized materials were evaluated based on t'ic ‘mass balance of PYR. The
concentrations of PYR in the water and in the Carrici were analyzed according to
previous methods (Xiong et al., 2017). Briefi, HJ) LC grade hexane (TEDIA, USA)
was used as the extraction agent for extraziion of FAHSs in water, and the proportion of
extraction agent to solution was 3:10.< he.s-ull the plates were shaken at 180 r/min for
30 min within separatory funne.: Tne organic phase was collected for PYR analysis.
The extraction process was perfornied twice. The organic phase was collected and
purified for GC-MS analy s ( 7R90A, Agilent, USA).

Determination ¢f reiroval of PAHs in soil slurry systems. All samples were
incubated at 37 °C. 120 r/min in a shaker protected from light for 24 days. All samples
were then transtcrred to a centrifuge tube and centrifuged at 5000 r/min for 20 min to
separate e .0iland supernatant. The determination of PAHs in liquid phase is the same
as above.«T".e original Erlenmeyer flasks were washed with the supernatant in three
times, and the washed supernatant was transferred to the corresponding centrifuge tube
and centrifuged again at 5000 r/min for 20 min. Liquid samples were stored at -20 °C
for the determination of PAHs in the liquid phase. The solid phase samples were mixed
evenly and stored at 4 °C for the determination of DH and PPO activities and gene
abundances, and a part was freeze-dried for the determination of PAHs. PAHs were
extracted from soil samples using a model ASE350 solvent extractor (Thermo Fisher
Scientific, USA), the extracts were purified using the US EPA 3630C method, and the
content of PAHs in the samples was determined by GC-MS.



1.8 Orthogonal design experiment

Ultrapure water was added to the tested soil to make its moisture content at about
60 % for 10 days. 10 g of activated PAH-contaminated soil was weighed in 250 mL
Erlenmeyer flasks. Soil-water ratios in different gradient levels were configured,
bioremediation materials were added according to different inoculation methods, and
different concentrations of salicylic acid and Brij 30 were added in samples. The codes
and levels of the four factors are shown in Table 1. The full experimental settings are
shown in Appendix A Table S1, and three replicates were set for the experiments. The
orthogonal experiment number for RS was R, and the orthogonal experiment number
for PM was P. Meanwhile, the changes of PAH removal ability, bacterial abundance,

and soil enzyme activity were analyzed.

1.9 Statistical analysis

Microsoft Excel software (version 2010) w's used to perform the statistical
analysis. The Statistical Package for Social Scicaces (SPSS) v17.0 software (SPSS, Inc.,
IL, USA) was used to determine whether tiev¢ were significant differences between the
treatments at different factor levels ANG A results with P < 0.05 were considered to
indicate statistical significance. Priaciple component and linear regression analyses

were also performed using S:*SS.

2. Results
2.1 Optimizatior: 01 ‘mmobilization conditions

To determinz thie optimal immobilization conditions for ZL7 on the four types of
biochar, 1.2 ¢nti-nal immobilization dosage and time were determined by the nidA4 gene
copy nurrhs: and DH activity as indicators. A higher number of gene copies or DH
activity indicates a greater immobilization capacity, and a significant positive
correlation between the abundance of the nid4 gene and DH activity is shown in
Appendix A Fig. S1 (R*>=0.83, P <0.001).

The results showed that the copies of the nid4 gene was significantly affected by
adjusting the biochar dosage-to-cell suspension ratio (P < 0.05) (Fig. 1). The abundance
of the nidA gene at ratios of 1:20, 1:30 and 1:40 were significantly greater than that at
ratios of 1:5 and 1:10 in all the treatments. Furthermore, in the BB and RS treatments,
the number of nidA copies at ratios of 1:30 and 1:40 were significantly greater than that

at a ratio of 1:20 (Fig. 1b and c). There were no significant differences in nid4 gene



abundance between the 1:30 and 1:40 ratios in all treatments. The changes in DH
activity at different immobilization ratios were similar to the changes in nid4 gene
abundance. Among all the immobilization ratios, the 1:30 and 1:40 ratios had the
highest DH activity. In addition, the immobilization efficiency of RS and SS were
greater than that of the other biochars (P < 0.05) (Fig. 1¢ and d). Since there was no
significant difference in the immobilization capacity of biochars tested between 1:30
and 1:40, considering resource utilization and cost factors, a ratio of 1:30 was selected
as the optimal immobilization ratio for further research.

The immobilization efficiency was also affected to some extent by the
immobilization time. The relationship between the immobilization efficiency and time
(within the range of 0-48 h) at an immobilization ratio of 1:20 was investigated (Fig.
2). According to the nidA gene abundance data, the biomags ¢ the immobilized bacteria
significantly increased with increasing immobilizaticn ¢inic for most biochars in the
first 24 h, except for RS, which reached the highest yiouiass in the first 18 h (P < 0.05).
In the latter 24 h of the immobilization process, the biomass of BB and RS was stable,
whereas that of PM and SS was significarniiz iower (P < 0.05). The DH activity results
suggested that the activity of the PM -, kS and SS-immobilized bacteria reached a
maximum at 18 h, and the peak .ctivity of BB was observed at 24 h. After the activity
reached its highest level, the «ctivities of all immobilized cells were stable at later times.
Based on the above result’, f.ao.optimal immobilization time was 24 h.

Moreover, both t* e ini:mobilization ratio and time analysis suggested that the order
of the immobilizatio..capacity for the different biochars was RS >SS > PM > BB under

the optimal cendaiticas.

2.2 Physico_hemical characteristics of the biochars

Images of the biochars and immobilized samples were observed via SEM (Fig. 3).
Fig. 3a1-d1 showed that all the biochars were full of pores, indicating good potential
for immobilizing bacteria. The pore structures of BB, RS and SS were clear, varied and
aligned, while the surface of PM was rough with granular and unsharp pore structures.
After 24 h of immobilization, the adsorption of ZL7 cells on the different biochars was
observed (Fig. 3a2-d2). The cells were immobilized on the surface or inside the pores
of all the immobilized materials. In addition, the surface of the PM was obviously
covered by biofilms, indicating that the PM might promote the secretion of biofilms by

bacteria.



To analyze the factors affecting the immobilization of the four biochars, their basic
physicochemical properties were evaluated (Table 2). The pH, C and N
contents, %WHC, SSA and pore structure of the four biochars produced from different
feedstocks exhibited high variability. All the biochars used in this study were alkaline,
with pH values between 9.76 and 10.67. The C and N contents were significantly
affected by the biochar feedstocks (P < 0.05). The C content of BB (78.1 = 0.5 %) was
greater than that of the other three biochars (17.3 = 0.8 %-67.6 £ 0.6 %), and its C:N
ratio (110.64) was also significantly greater than that of the other biochars (21.72-65.26).
The biochar samples contained a small amount of N, which varied from 0.71 % to
1.47 %, and the RS sample had the highest N content among all the biochar samples in
this study. The %WHC of the four biochars clearly varied f:om 288.18 to 915.10 (P <
0.05), and the RS had the highest %WHC among the four hiochars. The SSA of the
studied biochars increased from 1.17 to 22.33 m%/g, #inG tual of PM was significantly
greater than that of the other biochars. The pore sti':ctuiC of the different biochars also
varied greatly, with pore volumes ranging fron. 8.1.x10™ to 3.50x102 cm?/g and pore
sizes ranging from 2.80 to 8.59 nm. Ameu all the biochars, PM had the largest pore
volume, whereas RS had the largest pare uizineter.

The relationships between e »nysicochemical properties of the biochars and their
immobilization capacity werc furthei revealed via principal component analysis (PCA)
(Fig. 4). The results show :d .. 2t the N content, pore size, and %WHC were positively
related to the immob:izaiion capacity of the biochars and that the C:N ratio and pH
were negatively cortalated with the immobilization capacity, which explained why the
immobilizatien can-cities of the RS and SS were greater than those of the other types
of biocha: The C content, pore volume and SSA did not play decisive roles in the

differences ~f immobilization capacity of the four biochars.

2.3 Removal of PYR from solution by biochars and immobilized materials

To evaluate the ability of the four immobilized materials to remove PAHs, the
removal rates of PYR in solution were examined (Fig. 5). The results showed that the
free strain could efficiently remove 60.43 + 3.0 % PYR in solution. Biochar alone also
effectively removed PYR, and the removal rates of PB, BB, RS and SS were 71.19 +
1.5 %, 47.63 £ 1.9 %, 58.99 + 4.7 % and 70.78 £ 3.7 %, respectively, indicating that
the adsorption capacity of the biochars contributed to PYR removal. Among them, PB
and SS exhibited high adsorption capacities for PAHs. Significantly greater removal



rates of PYR were detected in solution after 8 days of incubation when the biochars
were used as carriers for ZL7 than the corresponding biochars were added directly (P
<0.05). The removal rates of PYR by immobilized materials, IMPB, IMBB, IMRS and
IMSS, were 100 %, 72.12 £2.9 %, 96.78 = 5.6 % and 97.58 = 4.2 %, respectively, and
the removal rates of all the immobilized materials were significantly higher than those
of the free strains and biochars (P < 0.05). The above results revealed the positive
impact of the immobilized materials on the removal of PYR in solution compared with

that of the biochar alone and free strains.

2.4 Immobilized material combined technology to remove PAHs from
contaminated soil

To confirm the effect of immobilized materials ¢ purifying the actual PAH
contaminated soil, an orthogonal experiment was “caiiled out in historically
contaminated soil and optimized the removal effect. K5 and PM, which significantly
differ in their immobilization effects but have °YL removal effects exceeding 90 %,
were selected. And IMRS and IMPM havetavle inimobilization effects, indicating that
they can be used for long-term soil nurificetion (Appendix A Fig. S2).

The results of the orthogeiial design experiment indicate that different
combinations significantly =nhancc¢d the removal efficiency of the soil PAHs,
demonstrating effective r¢mo 2l for both low molecular weight (LMW, two to three
aromatic rings) and k' gh molecular weight (HMW, four and above aromatic rings)
PAHs. After 24 days «f incubation, R9 exhibited the highest removal efficiency of PAHs
(56.70 % £ 11.35.%, among the RS treatments, which was more than double that of the
lowest R=.(25 05 % + 3.47 %) (Fig. 6a). The removal rates of LMW and HMW PAHs
by R9 reach.d 62.70 % = 8.51 % and 55.54 % + 11.89 %, respectively (Fig. 6b). Among
all the PM treatments, P3, P6, P8 and P9 showed relatively high removal rates ((34.78
+ 6.19) %-(43.89 + 1.53) %), which were significantly higher than those of the other
treatments ((25.05 = 3.47) %-(28.69 + 4.56) %) (P < 0.05) (Fig. 6¢). P9 had the highest
removal rates of LMW and HMW PAHSs, which were 53.88 % + 2.24 % and 41.95 % =+
1.97 %, respectively (Fig. 6d). Compared with the PM treatments, the RS treatments
resulted in better removal efficiency, suggesting that biochar with excellent
immobilization effect was more conducive to purifying PAHs in soil.

Four factors affecting the removal of total PAHs in the soil were analyzed (Table

S4-S6). For both RS and PM treatment groups, the inoculation method was the most



important factor in soil PAH removal (P < 0.0001), and the immobilized strains were
more efficient than free strains in purifying soil PAHs, which was also consistent with
the removal effect of soil total PAHs (Fig. 6a and c). The other three factors strongly
differed between the two biochar treatment groups. In the RS treatments, the soil-water
ratio (P=0.1949), salicylic acid (P=0.0546) and surfactant (P=0.0598) had little effect
on PAH removal. The increasing moisture content aided in the removal of PAHs, as did
the appropriate addition of salicylic acid, while the increase in the concentration of the
surfactant Brij 30 played an inhibiting role. In the PM treatments, the soil-water ratio
(P=0.0018) and salicylic acid (P=0.0104) had significant effects on the removal of
PAHs, and Brij 30 (P=0.4748) had little effect on PAH removal. With the increase of
moisture content, the removal of PAHs was significantly e banced, but salicylic acid
markedly reduced the PAH removal. However, increasing u.2 concentration of Brij30
had a positive effect on the removal of PAHs. Thesees it showed that the effect of
biochar-immobilized bacteria in purifying PAH-C ntaiiinated soil was significantly
better than that of free bacteria, and the biochai. fro n different feedstocks would affect
the adaptability of bacteria to other enharced remediation measures.

Overall, the optimal conditions fe * theparification of soil PAHs by RS carrier was
a 1:10 (w/V) soil-water ratio, .mriobilized bacteria, 2 g/kg salicylic acid, and no
surfactant Brij 30. The optima! combination of PM carriers was a 1:10 (w/V) soil-water

ratio, immobilized bacterii, 7. 2ddition of salicylic acid, and 10 g/L surfactant Brij 30.

2.5 Changes in functional gene abundance and enzyme activity in soil

The effects. o biochar combined with regulatory measures on functional
microorgcnioms were further investigated. The abundance of the 16S rRNA gene could
indirectlye.lect the number of microorganisms in the soil. After 24 days of incubation,
the abundance of the 16S rRNA gene in the RS treatment group ranged from (9.32 +
1.03) to (143.14 + 17.43) copies/gsoil, and that in the PM treatment group ranged from
(9.32+1.03) to (129.40 + 15.87) copies/gsoil (Fig. 7a and b). The abundance of the 16S
rRNA gene in the combined biochar treatments was markedly higher than that in the
treatments without biochar, indicating that the addition of biochar could increase total
bacteria number in the contaminated soil. Moreover, a significantly positive correlation
between the abundance of the 16S rRNA gene and the removal rate of total PAHs was
detected in the two treatment groups (RS: R*=0.4671, P < 0.0001; PM: R’>=0.5025, P <
0.0001) (Appendix A Fig. S3), suggesting that the number of microorganisms played



an important role in purifying soil PAHs.

The abundance of functional bacteria was characterized by the representative
PAH-catabolic gene nidA of gram-positive bacteria. RS treatment group showed that
the highest abundance of the nidA4 gene in R9 was (8.96 = 2.10) x 10® copies/gsoi1, which
was remarkably higher than that in the other RS treatments (P < 0.05) (Fig. 7a).
Similarly, P9 soil showed the highest abundance of the nid4 gene ((8.05 + 1.75) x108
copies/gsoil) that was markedly higher than the others (p < 0.05) (Fig. 7b). These results
suggested that in addition to biochar, other regulatory factors also had important
impacts on the survival of immobilized functional bacteria in contaminated soil. The
abundance of the nid4 gene was significantly positively correlated with the removal
rate of total PAHs in soil (RS: R?>=0.4119, P=0.0003; P:4: R?=0.4490, P=0.0001)
(Appendix A Fig. S3), indicating that the number or it:mobilized functional
microorganisms is an important factor in purifying so’t rA1is.

The activity of soil DH is an important indi ato:“1or evaluating soil biological
activity. The DH activity of R9 was the highes .in the RS treatment, at (13.29 + 6.18)
ng/(gsoit-h), which was significantly highe:*han that in the other treatments. Similarly,
the highest DH activity of P9 was (7.23 £1:55) pg/(gsi-h) (Fig. 7¢ and d). The trend
of DH activity was consister. »ith the nid4 gene abundance, indicating that
immobilized bacteria may be2 majoi contributor to soil enzyme activity. PPO has been
reported to be involved in thc decomposition of aromatic compounds. Compared with
that in the treatments wit., tree bacteria alone, the PPO activity in the RS treatment
group increased by 24.78 %-115.55 %, and that in the PM treatment group increased
by 34.88.5 %-11R.25 % (Fig. 7¢ and d). However, compared with that of DH, the
variabilit,; 0. PPO was relatively stable. In addition, R2 and R3 also showed high PPO
activities;n. v hich were (0.670 £ 0.13) pumol/(gswi-10 min) and (0.798 = 0.09)
umol/(gsoii- 10 min), respectively, indicating that they may be among the reasons for
higher removal effects of R2 and R3. There was also a certain correlation between soil
enzyme activity and PAH removal efficiency (Appendix A Fig. S4). Therefore,
increased soil biological activity played a role in PAH biodegradation.

In general, the combined remediation technology of immobilized materials is
capable of enriching functional microorganisms, stimulating the activities of soil
dehydrogenase and polyphenol oxidase, thereby promoting the purification of PAH-

contaminated soil.



3. Discussion
3.1 Factors influencing biochar immobilization capacity

Previous studies have utilized immobilization methods for PAH removal, but
further details about the immobilization conditions have rarely been mentioned (Chen
et al., 2021; Xu et al., 2019). Here, the optimal immobilization ratio of biochar dosage
to cell suspension was 1:30 for all the tested biochar types. This suggests that with
increasing cell density, the immobilization efficiency increased because of increasing
contact opportunities for binding sites and cells. When the binding sites of cells reached
saturation, the excess cells competed for oxygen and nutrients, which limited the growth
space and inhibited bacterial activity. Within a few hours of immobilization, the initial
adsorption of ZL7 by the carriers was complete. Wita. increasing numbers of
immobilized cells, the biochar reaches saturation within 2 'ccitaia period. According to
our results, the immobilization of PM and SS tendec v accrease after 24 h, possibly
because the biomass of the immobilized strains ex¢. eded the adsorption capacity of the
biochars, resulting in the shedding of some bac eria (Zhang and Wang, 2021).

All the biochars tested here were skewvn to ve useful carriers for immobilizing
strain ZL7, but their efficiencies varied (k2> SS > PM > BB). This difference was due
to the different physicochemica:’ vroperties of the various biochars. PM had a much
larger SSA and pore volume than the other biochars did, which may be the reason why
PM still has a high PYR re'nevlrate despite its low immobilization efficiency. A proper
pore size distributior. provides mass transfer pathways for PAHs, and a large SSA
provides more active sites for PAH adsorption, thereby increasing the adsorption
capacity (Li et.a1.,2120). The SSA, pore size, and pore volume of BB were much lower
than thos» (€ tlie other biochars, resulting in the lowest immobilization and PAH
adsorption._capacity, further leading to the lowest PYR removal rate. RS and SS
exhibited high levels of immobilization, and both had a high N content, large pore size,
and high %WHC, suggesting their promoting role in bacterial immobilization.

N content was the key property affecting the immobilization efficiency of the four
biochars in this study. Studies have revealed that some elements, most notably N,
possess the remarkable ability to foster microbial growth and could promote a greater
bacterial density (Wei et al., 2022; Wu et al., 2021). A larger pore size could provide
bacteria access to the internal structure of the support, thus improving the mass transfer
process and improving the immobilization yield (Pandey et al., 2020). In addition to

nutrients and porosity, the features that favor microbial habitation include high %WHC



(Wu et al., 2021) (Adhikari et al., 2023), which is similar to our findings. These results
demonstrated that the physicochemical properties promoting bacterial colonization and
survival play more important roles in bacterial immobilization than SSA does,
suggesting that more factors contributing to bacterial growth in the selection of biochar
should be considered.

Other variables associated with immobilization efficiency were the C:N ratio and
pH (Fig. 4). Jindo et al. reported a negative correlation between the C:N ratio and
bacterial biomass in biochar-compost mixtures, which is in agreement with our findings
(Jindo et al., 2012). However, another study demonstrated a positive relationship
between the C:N ratio of biochar and its immobilization efficiency (Muhammad et al.,
2014). These findings indicated that variations in the C:N rat'c might have an important
effect on bacteria but this effect may be inconsister. across different kinds of
environments. A relatively high pH had a negative effeCt ¢n e immobilization capacity
of the biochars. Studies have shown that biochar pi' is viten neutral to slightly alkaline
and plays an important role in supporting the s rvival of microorganisms by buffering
pH levels (Shi et al., 2018; Shi et al., 2219; Zhawg et al., 2022a). This finding also
indicates that lowering the high pH of‘he -“Uiochars can further improve the microbial

immobilization capacity (Appewndi> A Fig. S5).

3.2 Effect of biochar con bi. A with bioremediation technology on PAH removal

Our results indie’ tea that four types of biochar enhanced the removal efficiency
of PYR in aqueous salution. The adsorption and accumulation of PAHs on the surface
of biochars faciiita.e their transport and increase the contact between PAHs and
microorgcnioms (Zhang et al., 2022b). Meanwhile, microorganisms play a key role in
the purificat.on process. Compared with biochar alone, biochar with NaN3 inhibited
microbial activity in soil leading to a 30 % reduction in PAH degradation (Kong et al.,
2018). The combination of these two methods could simultaneously achieve the
adsorption and degradation of PAHs and increase processing efficiency through their
interaction.

Orthogonal experiments revealed the effects of different regulatory methods on
the purification of PAH-contaminated soil. It has been reported that improving the
water-to-soil ratio to some extent could increase the mineralization level of PAHs
(Doick and Semple, 2003). For example, the maximum degradation rate achievable by

PAHs occurs at 60 %-80 % moisture content in aged coal tar-contaminated soil



(Antizar-Ladislao et al., 2006). Other reports have suggested that soil microbial counts
and PAH degradation were lower in submerged soil (Teng et al., 2010). Here, the results
indicated that increasing the moisture content enhanced PAH removal, and biochars
may improve the biodegradation of PAHs under submerged conditions.

The biodegradation rate of PAHs could be enhanced by adding intermediate
catabolites, as they can stimulate growth and improve enzyme expression (Gottfried et
al., 2010). Salicylic acid is often used as a pathway inducer to increase the initial rate
of PAH removal (Ahmad et al., 2021; Xie et al., 2023). In this study, salicylic acid had
some extent of facilitating effect only in the RS treatments, which may be due to the
competitive effect. Salicylic acid might compete with PAHs for binding sites on
biochars, resulting in reduced microbial utilization of PAlls, thereby affecting PAH
degradation.

Surfactant is another measure to promote (egracation by increasing the
bioavailability of PAHs (Subashchandrabose et al:; 2017). Some research have shown
that Brij 30 is particularly effective in enhanci. ¢ th > biodegradation of four- and five-
ring PAHs (Adrion et al., 2016). However; 22r1j 30 uas also been reported to inhibit the
adsorption of organic pollutants to bic tha.-“ecause of its high solubility (Xiong et al.,
2017). Brij 30 had completely a.“feent effects on the removal of PAHs in RS and PM
treatments, which may be rciated to the mass transfer capacity of the biochar and the
solubility of Brij 30. PM inu Brij 30 mutually promoted on removal, suggesting that
the interaction betwee: them 1n a certain concentration range could improve the transfer
between PAHs and vacteria. These findings suggested that further investigation of the
interaction of hicchur with stimulants and surfactants is essential to optimize biochar
enhancea mi2robial purification.

The ¢35 rRNA gene, nid4 gene, DH activity, and PPO activity were positively
correlated with the removal of soil PAHs, which is similar to previous reports (Cao et
al., 2016; Guo et al., 2021; Lu et al., 2019; Zhou et al., 2024). However, the correlation
between each indicator and PAH removal was not extremely strong, indicating that the
removal of PAHs was the result of a combination of factors. Here, the correlation
between soil enzyme activity and PAH removal was not as pronounced as the
abundance of the 16S rRNA and nid4 genes, which seems to suggest that they are not
as specific as functional genes as indicators of PAH removal capacity. However, owing
to the wide variety of PAH degradation genes, a typical PAH degrading gene may not

represent the full degradation potential of a sample. Therefore, the combined analysis



of multiple genes can be considered when evaluating the potential of soil microbial

decontamination of PAHs.

4. Conclusions

The use of bioengineered biochars via cell immobilization can improve the
likelihood of success of bioaugmentation strategies, especially for recalcitrant PAHs.
The immobilization conditions and properties of the carriers had significant effects on
the immobilization of bacteria. Considering efficiency and cost, the optimized condition
was immobilization at a ratio of 1:30 (w/v) for 24 h in this study. Among the
immobilized biochars used, the immobilization capacity of the biochars under the
optimal conditions was as follows: RS >SS > PM > BB. Bio hars with high N contents,
large pore sizes and high %WHCs were more suitable suppoits for immobilization.
Compared with biochar alone or free strains, bacteria-“ini:;0oviiized materials were more
efficient at removing PAHs due to simultaneous soi,tioi'and biodegradation processes.
IMRS and IMPM, combined with the higi. mcisture content and the moderate
biostimulant salicylic acid or surfactant B<y; 50, cai effectively increase the functional
microbial abundance and soil enzyme ¢ ctivitics in aged PAH-contaminated soil, thereby
enhancing the removal effect. 1. AR5, with higher immobilization efficiency showed,
resulted in better removal ot :0il PAids than IMPM did, with a maximum removal rate

of 56.7 £ 11.33 % within 74 40vs.
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Table 1 Code and level of variables of four factors in Orthogonal Experiment Design

(A) Soil-water ratios (B) (C) Salicylic (D) Surfactant
Factor ' .
w/V) Inoculation acid (g/kg) Brij 30 (g/L)
Level 1 2:5 FS 0 0
Level 2 1:5 FS+RS/PM 2 5
Level 3 1:10 ™M 5 10
FS: Free strain; IM: Immobilized material.
Table 2 Physicochemical properties of the *‘iochars
Biochar PM BB NS SS
pH 9.76 £0.10 10.67 £0.04 10.03 £0.03 10.42 £0.03
C (%) 17.30 £0.80 78.13 £0.91 47.62 £0.23 67.57 £0.62
N (%) 0.80 +0.03 071 =005 1.47 £0.00 1.04 £0.01
C/N 21.72 110.64 32.29 65.26
%WHC (w/w) 288.18 +11..7 651.44 +6.81 915.1 £83.17 727.41 £7.01
BET surface
22.52 1.17 2.98 2.04
area (m%/g)
pore volume
) 3.50x1072 8.18x10* 6.41x1073 3.30x1073
(cmi'e)
pore diame‘er
6.27 2.80 8.59 6.47
(nm)

PM, BB, RS and SS represent pig manure biochar, bamboo biochar, rice straw biochar and soybean
straw biochar, respectively
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Fig. 1 Effects of the biochar dosage to cell suspension ratio (w/v) on the immobilization

capacity of different biochars. (a) pig manure biochar (PM);.(») bamboo biochar (BB);
(c) rice straw biochar (RS); (d) soybean straw biochir (.'S). The lowercase and
uppercase letters in the figure show the differences ir the abundance of nidA4 gene and

dehydrogenase activity, respectively (P < 0.05).
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Fig. 2 Effers o1 mmobilization time on the immobilization capacity of different

biochars. (. pig manure biochar (PM); (b) bamboo biochar (BB); (¢) rice straw biochar
(RS); (d) suybean straw biochar (SS). The lowercase and uppercase letters in the figure
show the differences in the abundance of nid4 gene and dehydrogenase activity,

respectively (P < 0.05).



Fig. 3 SEM images of different biochars (al-d1) and immobilized samples collected
after incubation for 24 h (a2-d2). IMPM, PM for immobilized bacteria; IMBB, BB for

immobilized bacteria; IMRS, RS for immobilized bacteria; :*SS, SS for immobilized

bacteria.
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Fig. 4 Principal component aralysis of the physicochemical properties of the biochars

and their immobilizitica capacity.

Fig. 5 Removal rates of PYR by the free strain, different biochars and immobilized

materials in solution. The different letters indicate significant differences between

treatments (P < 0.05).



Fig. 6 Removal rates of (a) total PAHs and (b) LMW and HMW PAHs in soil after 24
d of various RS treatments. Removal rates of (c) total PAHs and (d) LMW and HMW
PAHs in soil after 24 d of various PM treatments. The lowercase and uppercase letters

show significant differences between treatments (P < 0.05).
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Fig. 7 Effects of all the treatments on the function genes and enzyme activities in soil.
(a) the abundance of the nid4 and 16S rRNA genes in the RS treatments; (b) the
abundance of nid4A and 16S rRNA gene in the PM treatments; (c) the polyphenol
oxidase (PPO) and dehydrogenase (DH) activities in the RS treatments; (d) the PPO
and DH activities in the PM treatments. The lowercase and uppercase letters indicate

significant differences between treatments for different indicators (P < 0.05).
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