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a b s t r a c t 

With increasing environmental application, biochar (BC) will inevitably interact with and 

impact environmental behaviors of widely distributed extracellular DNA (eDNA), which 

however still remains to be studied. Herein, the adsorption/desorption and the degrada- 

tion by nucleases of eDNA on three aromatized BCs pyrolyzed at 700 °C were firstly investi- 

gated. The results show that the eDNA was irreversibly adsorbed by aromatized BCs and the 

pseudo-second-order and Freundlich models accurately described the adsorption process. 

Increasing solution ionic strength or decreasing pH below 5.0 significantly increased the 

eDNA adsorption on BCs. However, increasing pH from 5.0 to 10.0 faintly decreased eDNA 

adsorption. Electrostatic interaction, Ca ion bridge interaction, and π- π interaction between 

eDNA and BC could dominate the eDNA adsorption, while ligand exchange and hydrophobic 

interactions were minor contributors. The presence of BCs provided a certain protection to 

eDNA against degradation by DNase I. BC-bound eDNA could be partly degraded by nuclease, 

while BC-bound nuclease completely lost its degradability. These findings are of fundamen- 

tal significance for the potential application of biochar in eDNA dissemination management 

and evaluating the environmental fate of eDNA. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Extracellular deoxyribonucleic acid (eDNA) excreted by mi- 
croorganisms, plants, and animals including dying cells 
plays an important role in biological heredity and varia- 
tion, ecological and genetic diversity, and biological evolution 

∗ Corresponding author. 
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( Ochman et al., 2000 ). eDNA is widely distributed in the en- 
vironment, reaching 0.03–200 μg/g in soil and 0.2–44 μg/L in 

aquatic environments ( Pietramellara et al., 2009 ). Moreover, 
eDNA is recognized to be a carrier of antibiotic resistance 
genes (ARGs) that are classified as a type of emerging pollu- 
tant and pose threat to public health ( WHO, 2015 ). Investiga- 
tions show that the concentration of ARGs in eDNA (eARGs) 
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in sediments and effluents of sewage treatment plants is 
significantly higher than that of ARGs in intracellular DNA 

( Mao et al., 2014 ; Zhang et al., 2018a ). eDNA can be taken 

by various bacteria for genetic recombination and genetic 
transformation in horizontal gene transfer (HGT), which may 
contribute to the dissemination of ARGs in the environment 
( Zhang et al., 2018a ). Therefore, it is essential to explore the 
environmental behavior of eDNA. 

Biochar (BC), a type of carbon material obtained from 

biomass pyrolysis under anaerobic or anoxic conditions, has 
been increasingly applied in agricultural and environmental 
remediation domains ( Ahmad et al., 2014 ; Wang et al., 2013 ; 
Lian and Xing, 2017 ). With increasing amount of BC added 

into the environment, predicting the magnitude of eDNA sorp- 
tion onto BC and identifying the controlling sorption do- 
mains became important and urgent for assessing the fate 
and risk associated with eDNA. However, our current infor- 
mation on the sorption of eDNA with BC are rather limited. 
Wang et al. (2014) observed that eDNA adsorption capacity 
of willow wood BC generally increased with pyrolysis tem- 
perature (300–600 °C), and the specific surface area and mi- 
cropore surface area were considered as the main factors 
influencing eDNA adsorption. But the underlying sorption 

mechanisms were not specifically addressed. Other stud- 
ies have investigated the effect of BC on the extraction of 
eDNA from soil using PowerSoil® DNA Isolation Kit ( Jin, 2010 ; 
Hale and Crowley, 2015 ; Dai et al., 2017 ). Hale and Crow- 
ley (2015) found addition of four types of BCs (from palm 

fronds, pinewood, coconut, and pistachio nut shells) did not 
reduce the efficiency of DNA extraction compared to una- 
mended soils. In contrast, the eDNA extraction rate from 

soil significantly decreased in the presence of corn-stover 
BC ( Jin, 2010 ) and high-ash BC from autoclaved swine ma- 
nure ( Dai et al., 2017 ). These contradictory results are prob- 
ably attributed to complex properties of BCs. It is well- 
known that the composition and functional groups of BCs are 
highly dependent on the feedstock and pyrolytic temperature 
( Keiluweit et al., 2010 ). With increasing pyrolysis temperature 
to higher than 700 °C, the amorphous aliphatic domain in 

BC evolves into the condensed aromatic moiety comprised of 
graphitic sheets and rich in pores during pyrolysis, and finally 
generates aromatized BC ( Keiluweit et al., 2010 ; Zhang et al., 
2018b ). It has been reported that aromatized BC has higher ad- 
sorption affinity than those of non-aromatized BC to organic 
pollutants containing aromatic structures ( Chen et al., 2008 , 
2012 ; Rajapaksha et al., 2014 ; Uchimiya et al., 2010 ; Yang et al., 
2018 ; Zhang et al., 2018b ). Several mechanisms may contribute 
to sorption of eDNA onto BC, including electrostatic inter- 
action, hydrophobic interactions, ligand exchange between 

eDNA and hydroxyl (-OH) groups of BCs, cation bridging be- 
tween eDNA and negatively charged functional groups of BCs, 
and π- π interaction between eDNA and the aromatic sur- 
face of BC. The exact mechanism and its impacting factors of 
eDNA-BC interaction warrant more investigation. 

Many studies confirmed that the adsorption of eDNA 

on solid particles resulted in the protection of eDNA 

against enzymatic degradation, but the protection mecha- 
nism still remains controversial ( Khanna and Stotzky, 1992 ; 
Demaneche et al., 2001 ; Cai et al., 2006a ,b , 2008 ; Yang et al., 
2012 ). Some studies proposed that the binding of eDNA on 

adsorbents altered the conformation and electron distribution 

of eDNA, which prevented nuclease from recognizing or inter- 
acting with appropriate cleavage sites ( Stotzky, 2000 ; Cai et al., 
2008 ). In contrast, other studies reported that the protection of 
eDNA against nuclease degradation by clay minerals and soil 
colloids was apparently not controlled by the adsorption affin- 
ity of eDNA molecules and the conformation change of bound 

eDNA, but correlated to the adsorption affinity of nucleases on 

adsorbents due to inactivation of enzyme activity ( Cai et al., 
2006a , 2007 ; Khanna and Stotzky, 1992 ). These contradictory 
results indicate the protection of eDNA by adsorption behav- 
ior varied significantly with the adsorbents. However, infor- 
mation on the protection of eDNA by BC and the mechanisms 
is still lack by so far. Such information is essential to under- 
stand the persistence of eDNA in BC amended soils. 

Therefore, the objectives of the current research were to: (1) 
investigate the adsorption/desorption behaviors and mecha- 
nisms of eDNA on three aromatized BCs pyrolyzed at 700 °C 

from three types of high yield agricultural waste biomass in- 
cluding wood chips, wheat straw, and peanut shells; (2) exam- 
ine the level of protection of eDNA by BCs against nuclease 
degradation and the protection mechanisms. The adsorption 

kinetics, adsorption/desorption isotherms, and the effects of 
solution chemistry, i.e., ionic strength (IS), ion composition 

(Na + or Ca 2 + ), and pH, on the adsorption of eDNA by BCs 
were systematically investigated. The protection mechanisms 
of eDNA by BCs from nuclease degradation were discussed 

from two aspects, i.e., whether the BC-bound eDNA could be 
degraded by free nuclease and whether the free eDNA could 

be degraded by BC-bound nuclease. This work will be helpful 
for better understanding the potential interactions between 

eDNA and BC in the environment. 

1. Materials and methods 

1.1. eDNA and DNase I 

Salmon sperm eDNA was purchased from Sigma Chemical 
(Co., St. Louis, MO, USA). The purity of eDNA was assessed 

by the UV light absorbance at 260 and 280 nm (A 260 /A 280 ra- 
tio > 1.8) ( Wang et al., 2014 ). Bovine pancreas DNase I was ob- 
tained from Roche Diagnostics GmbH Mannheim, Germany. 
Other chemicals including Tris buffer (NH 2 C(CH 2 OH) 3 ), NaCl, 
CaCl 2 , NaH 2 (PO 4 ) 3 , and NaOH with reagent grade were pur- 
chased from Sigma. 

1.2. Preparation and characterization of BCs 

The pre-washed and pre-dried (80 °C) local wood chip, wheat 
straw, and peanut shell were carbonized under anoxic con- 
ditions in a muffle furnace (SX2-12-10, Jinan Precision Scien- 
tific Instruments Co., China) with a heating rate of 5 °C/min 

to the target pyrolysis temperature of 700 °C which was then 

maintained for 6 hr. The resultant BCs from wood chip, wheat 
straw, and peanut shell were labeled as WC700, WS700, and 

PS700, respectively. The BCs were ground and sieved (75 μm). 
All obtained BC samples were stored in air tight containers in 

a desiccator prior to use. 
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Multiple instruments were used to characterize physico- 
chemical properties of the three BC samples. The pH of BCs 
in ultrapure water (1:50, M/V ) was measured with a pH me- 
ter. Total C, H, and N contents were measured using an ele- 
mental analyzer (MicroCube, Elementar, Germany) and the O 

content was determined by the mass balance calculation as 
previously reported ( Chen et al., 2008 ). The ash content was 
determined by a thermogravimetric analyzer (TGA, SDTA851, 
Swrtzer Land, America). The Brunauer–Emmett–Teller (BET) 
surface area analysis was conducted on a Quantachrome, 
AUTO-SORB AS-1 surface area analyzer (Micromeritics Instru- 
ment Co. Ltd., USA). The surface functional groups were ana- 
lyzed by Fourier transform infrared spectroscopy (FTIR, Tensor 
27, Bruker Optics, Germany). The zeta potentials of BCs in vari- 
ous solutions were measured by using a Zetasizer (Nano ZS90, 
Malvern Instrument Ltd., UK). 

1.3. Batch experiments for eDNA adsorption and 

desorption 

Kinetic adsorption experiments were carried out at 25 ±1 °C. 
Fifty milligrams of BCs were mixed into 10 mL of Tris buffer 
(10 mmol/L) containing 50 mg/L eDNA and 100 mmol/L NaCl in 

10-mL polyethylene centrifuge tubes. The mixture was shaken 

on a vertical motion (KS 130 B S25, IKA, German) at 720 r/min 

for different time (5 min, 10 min, 20 min, 40 min, 90 min, 4 hr, 
8 hr, 1 day, 2 day, 3 day, 4 day, 5 day, or 6 day), followed by cen- 
trifugation at 13,000 r/min for 5 min. The eDNA concentra- 
tion in the supernatants was determined by the absorbance 
at 260 nm (Wang et al., 2014). Control reactors, prepared iden- 
tically but containing no eDNA, were simultaneously run to 
assess the effect of dissolved organic carbon (DOC) from BC 

on the determination of eDNA at 260 nm. The preliminary ex- 
periment showed that the absorbances at 260 nm of filtrates 
from WC700, WS700, and PS700 were all lower than 0.03 and 

the absorbance of 50 mg/L eDNA was around 0.82, indicating 
the effect of DOC from BCs on eDNA detection could be rea- 
sonably deducted. The preliminary experiments also showed 

that the microbial degradation or uptake to the glass walls 
of eDNA were negligible during 10 days’ incubation. Adsorp- 
tion and desorption isotherm experiments were the same as 
kinetic experiments except that different concentrations of 
eDNA were used and the equilibration time was 4 days. The 
effect of solution IS on eDNA adsorption was investigated in 

the presence of 10–100 mmol/L Na + (NaCl) or 5–25 mmol/L 
Ca 2 + (CaCl 2 ). To evaluate the influence of pH, an experiment 
with 80 mg/L eDNA in 100 mmol/L NaCl solution was con- 
ducted at pH 3–10 adjusted by 0.01 mol/L HCl or 0.01 mol/L 
NaOH. Desorption experiments of eDNA were conducted in 

sequential decant-refill steps immediately following the com- 
pletion of the adsorption experiments. Supernatant (8 mL) 
was removed by a pipette and immediately replaced by the 
same volume of corresponding background solution and the 
vials were resealed and shaken for an additional 4 days. Af- 
ter 4 days’ equilibration, eDNA in the supernatant was deter- 
mined and the amount of eDNA desorbed was calculated by 
the mass difference. Hysteresis index (HI) was calculated to 
evaluate the irreversibility of adsorption ( Sander et al., 2005 ). 
The desorption of eDNA from BCs was also conducted by us- 
ing 0.1 mol/L sodium phosphate buffer (pH 6.0) or 1% sodium 

dodecyl sulfate (SDS) solution at an initial eDNA concentra- 
tion of 100 mg/L. All experiments were conducted in dupli- 
cate. In addition, the adsorption kinetics of eDNA on BCs were 
fitted by pseudo-second-order kinetic model ( Azizian, 2004 ; 
Önal, 2006 ). The adsorption isotherms were fitted by both 

Langmuir and Freundlich isotherm models ( Allen et al., 2004 ). 
The pseudo-second-order kinetic model, Langmuir and Fre- 
undlich isotherm models, and the calculation method of HI 
are detailed in Appendix A (Text S1-S3). 

1.4. Spectral measurements 

FT-IR spectra of eDNA, BCs, and eDNA-BC complexes were 
obtained on a FT-IR spectroscopy (Tensor 27, Bruker Optics, 
Germany). Solid salmon sperm eDNA and BCs were used di- 
rectly to obtain FT-IR spectra. The eDNA-BC complexes were 
prepared by reacting 2 mg of eDNA with 50 mg of BC par- 
ticles in 10 mL of 10 mmol/L Tris buffer. After the shaking 
and centrifugation processes, the precipitate was washed four 
times with 1 mL of 10 mmol/L Tris buffer (pH 7.0) to remove 
any weakly associated eDNA. After being freezingly dried, the 
eDNA-BC complexes were used for the FT-IR analysis. Circu- 
lar dichroism (CD) spectra of the pristine eDNA dissolved in 

10 mmol/L Tris buffer, the pristine eDNA in 100 mmol/L NaOH, 
and the eDNA desorbed with 100 mmol/L NaOH from BCs were 
recorded with a J-810 spectropolarimeter (Jasco Japan) and 

subtracted from the spectrum of buffer alone. NaOH may facil- 
itate the desorption of eDNA that was hard to be desorbed by 
background adsorption solution ( Hou et al., 2014 ). Each mea- 
surement included three repeated scans, and the average CD 

signal was converted to ellipticity. 

1.5. Degradation of eDNA in the absence and presence of 
BCs 

The degradation behavior of eDNA by DNase I was investi- 
gated in three scenarios: (1) simple multiple mixture of BCs, 
eDNA, and DNase I; (2) binary mixture of BC-bound eDNA and 

free DNase I; (3) binary mixture of free eDNA and BC-bound 

DNase I. For scenario (1), 25 or 50 mg of BCs were mixed with 

5 mL of 10 mmol/L Tris buffer (pH 7.0) containing 500 μg of 
eDNA in a centrifuge tube. The mixture was gently shaken (at 
150 r/min) at 25 °C for 1 hr, and 1 mL of DNase I solution was 
then added to the suspension to yield final nuclease concen- 
trations ranging from 0 to 6.4 μg/mL. The mixture was incu- 
bated at 25 °C for 1 h, and then 5 μL of the suspension was 
analyzed using 1% agarose gel electrophoresis which was run 

for 35 min at 110 V at 25 °C. The gels were photographed with 

an UVP gel scanner. For scenario (2), both UV–vis and agarose 
electrophoresis analyses were conducted for the degradation 

of BC-bound eDNA by pristine DNase I. To obtain BC-bound 

eDNA, 25 mg of BCs were mixed with 5 mL of 10 mmol/L Tris 
buffer (pH 7.0) containing 500 μg of eDNA in a centrifuge tube. 
Then the mixture was gently shaken (at 150 r/min) at 25 °C for 
2 hr and centrifuged at 13,000 r/min for 5 min. Then the su- 
pernatant was removed and 5 mL of 6.4 μg/mL DNase I were 
added in the precipitated mixture and incubated at 25 °C for 
1 hr. Finally, the suspension was tested by the UV–vis and 

agarose electrophoresis analyses with the same steps as above 
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Table 1 – Selected physicochemical properties of the three BCs. 

BC types pH Ash (%) C (%) H (%) O (%) N (%) H/C O/C (O + N)/C SSA (m 

2 /g) A micro (m 

2 /g) A exter (m 

2 /g) A micro % D (nm) 

WC700 6.8 2.0 76.8 2.5 18.5 0.2 0.39 0.18 0.183 493 338 155 68.6 28 
WS700 10.7 18.7 67.3 1.5 11.8 0.7 0.27 0.13 0.140 341 262 78.7 76.9 21 
PS700 10.3 6.4 81.7 2.3 8.7 0.8 0.34 0.08 0.088 241 184 57.2 76.3 20 

WC700, WS700 and PS700 represents the biochar from wood chip, wheat straw and peanut shell at pyrolysis temperature of 700 °C, respectively. 
SSA denotes specific surface area, A micro denotes micropore area, A exter denotes external surface area, A micro % denotes the percentage of A micro 

in SSA, and D denotes average pore size of biochar. 

to monitor eDNA. Preliminary experiment showed that the ab- 
sorbance of 6.4 μg/mL DNase I was lower than 0.001 at 260 nm, 
indicating the effect of DNase I on eDNA determination was 
negligible. For scenario (3), agarose electrophoresis analysis 
was conducted for the degradation of free eDNA by BC-bound 

DNase I. To obtain BC-bound DNase I, 25 mg of BCs were mixed 

with 5 mL of 6.4 μg/mL DNase I in a centrifuge tube, then the 
mixture was gently shaken at 25 °C for 2 hr and centrifuged 

at 13,000 r/min for 5 min. Then the supernatant was removed 

and 5 mL of 10 mmol/L Tris buffer (pH 7.0) containing 500 μg of 
eDNA were added in the precipitated mixture and incubated 

at 25 °C for 1 hr. Finally, the suspension was tested by agarose 
electrophoresis with the same steps as above. The degradation 

of pristine eDNA in the absence of BCs was also measured as 
the control. 

The adsorption of DNase I on BCs was also conducted. Five 
milligrams of BCs were mixed with 3.5 mL of deionized water 
containing 200 μg/mL DNase I. The mixture was gently shaken 

(at 150 r/min) at 25 °C for 1 hr and centrifuged at 13,000 r/min 

for 5 min. DNase I in the supernatant was determined at 280 
nm ( Cai et al., 2006a ). The amount of DNase I adsorbed was 
calculated by the mass difference. 

1.6. Statistical analysis 

All experimental data were expressed as the mean of two 
independent determinations. The significance of differences 
was analyzed using a one-way ANOVA with a least significant 
difference test ( p < 0.05). 

2. Results and discussion 

2.1. Characteristics of BC 

The pHs, elemental compositions, atomic ratios, and specific 
surface areas of BCs are listed in Table 1 . The pHs of WC700, 
WS700, and PS700 were 6.8, 10.7, and 10.3, respectively. The 
ash contents deceased in the order of WS700 (18.7%) > PS700 
(6.4%) > WC700 (2.0%), consistent with previous studies that 
ash content was higher in BC from agriculture straw than 

those from wood ( Han et al., 2018 ; Song et al., 2019 ). The spe- 
cific surface areas decreased in the order of WC700 (493 m 

2 /g) 
> WS700 (341 m 

2 /g) > PS700 (241 m 

2 /g), the same as the order 
of their micropore areas and external surface areas ( Table 1 ). 
High content of carbon ( > 67%) was fixed in BCs with pyrol- 
ysis temperature of 700 °C in this study, reflecting the highly 

condensed and thermally stable C components. WC700 had 

the highest molar ratio of H/C (0.39), followed by PS700 (0.34) 
and WS700 (0.27), indicating the condensation degree of aro- 
matic carbon in BCs increased in turn. A H/C ratio of 0.3 rep- 
resents substances having a very highly condensed aromatic 
ring system ( Hammes et al., 2006 ; Qian et al., 2016 ). The po- 
larity indexes of O/C and (O + N)/C are commonly used to in- 
dicate the abundance of polar functional groups ( Chen et al., 
2008 ; Lin et al., 2007 ). PS700 had the lowest ratios of O/C and 

(O + N)/C, indicating the lowest content of oxygen functional 
groups, while WC700 had the highest polar functional groups 
with the highest O/C ratio. 

The FTIR spectra of BCs are illustrated in Fig. 1 . All BCs 
exhibited peaks at 1145–1100 cm 

−1 and 885 cm 

−1 , which are 
assigned to the C–O–C and C–C stretching in aromatic cores 
( Chen et al., 2008 ) and to the C–H stretching of aromatic rings 
( Keiluweit et al., 2010 ), respectively. This result confirmed that 
BC pyrolyzed at 700 °C had high aromatic surface. Remarkably, 
the sharp peaks at around 1400 cm 

−1 and 1573 cm 

−1 , attribut- 
ing to the C–OH ( Peng et al., 2016 ) and aromatic C 

= C stretch- 
ing ( Li et al., 2014 ; Lin et al., 2007 ), respectively, were found 

in the three BCs, indicating the presence of phenolic hydroxyl 
groups. In addition, WC700 had a peak at around 1700 cm 

−1 , 
indicating the presence of C 

= O ( Nguyen and Lehmann, 2009 ), 
which was not observed for WS700 and PS700. WS700 had a 
peak at 467 cm 

−1 representing Si–O–Si stretching ( Xiao et al., 
2014 ). Wheat is a typical silicon-accumulating plant ( Ma and 

Takahashi, 2002 ), thus resulting in the accumulation of Si in 

WS700. 

2.2. Adsorption kinetics of eDNA on BCs 

The adsorption kinetics plots of eDNA on BCs and their ki- 
netic modelling plots are depicted in Fig. 2 . The related kinetic 
parameters and correlation coefficients ( R 

2 ) are presented in 

Appendix A Table S1. Depending on BC types, eDNA adsorp- 
tion reached an equilibrium within 1 to 3 days at 25 °C, which 

is much longer than the equilibrium time of eDNA on soils, 
minerals, and humic acids (1-3 hr) ( Cai et al., 2006a , 2007 ; Saeki 
et al., 2011 ). As shown in Fig. 2 b and Appendix A Table S1, the 
pseudo-second-order model well fitted the eDNA adsorption 

kinetics on BCs with high R 

2 (0.999). The rate constant ( k 2 ) of 
WC700 (64.0 g/mg/day) was more than 18 times higher than 

that of WS700 (3.5 g/mg/day) and PS700 (2.9 g/mg/day), sug- 
gesting that WC700 had the fastest adsorption. Similar trend 

was also found in the early stage of the adsorption as inferred 

from the initial rate of adsorption parameter ( h ). 
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Fig. 1 – Fourier transform infrared spectroscopy (FTIR) and circular dichroism (CD) spectra analysis for BCs and eDNA. a–c: 
FTIR spectra of eDNA, BCs, and BCs bound eDNA complexes in NaCl and CaCl 2 solutions. d–f: CD spectra of pristine eDNA, 
free eDNA in 100 mmol/L NaOH, eDNA desorbed by 100 mmol/L NaOH solutions from BCs. 

Fig. 2 – Sorption kinetics of eDNA on BCs (a) and the corresponding modelling plots by pseudo-second-order kinetic model 
(b) under IS = 100 mmol/L NaCl. 

In general, the adsorption process involves multisteps, 
mainly including the external surface mass transfer (bound- 
ary layer diffusion) and the subsequent intraparticle diffusion 

( Porkodi and Vasanth Kumar, 2007 ; Cáceres-Jensen et al., 2013 ). 
The highest adsorption rate of WC700 indicated that WC700 
surface had the weakest resistance to mass transfer of eDNA 

in the external liquid and the fastest intraparticle diffusion, 
probably due to the largest external surface area and pore 
size ( Table 1 ). Following the external surface mass transfer 
step, the intraparticle diffusion, i.e., eDNA molecules diffus- 
ing slowly into pores of BC starts controlling the rate of ad- 
sorption until the equilibrium plateau is reached. The larger 
percentage of micropore areas in SSA of WS700 (76.9%) and 

PS700 (76.3%) could be responsible for their slower adsorption 

kinetic rates. 

2.3. Adsorption and desorption of eDNA on BCs 

2.3.1. Adsorption isotherms of eDNA on BCs 
The adsorption isotherms of eDNA on BCs are presented in 

Fig. 3 a–c (solid labels) and the fitted parameters of Langmuir 
and Freundlich models are listed in Table 2 . The Freundlich 

model generally fitted the adsorption data better than the 
Langmuir model as indicated by the higher R 

2 of the former fit- 
ting ( Table 2 ). Both the Freundlich affinity coefficient ( K F ) and a 
single-point adsorption coefficient K d values (at C e = 10 mg/L) 
were in the order of WS700 > PS700 > WC700 at a same so- 
lution chemistry. The values of nonlinearity indicator N were 
less than 0.3, indicating a wider adsorption site energy distri- 
bution on BC ( Fang et al., 2008 ). Formation of aromatic and 

condensed structures in BCs at high pyrolysis temperature 
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Fig. 3 – Sorption and desorption isotherms of eDNA on (a) WC700, (b) WS700, and (c) PS700) under different solution IS; (d) 
the adsorption of eDNA on BCs at various solution pHs and 50 mg/L eDNA (IS = 100 mmol/L NaCl). Solid labels are adsorption 

data, and hollow labels with the same shape are the corresponding desorption data. 

would generate significant heterogeneous surface energy dis- 
tribution of BC ( Zheng et al., 2013 ). Fig. 3 shows that the ad- 
sorption of eDNA on BCs increased markedly with increasing 
NaCl concentration from 10 mmol/L to 100 mmol/L. The K d 

values (at C e = 10 mg/L) of WC700, WS700, and PS700 increased 

by 3.75, 1.91, and 1.94 times, respectively, when NaCl increased 

from 10 to 100 mmol/L ( Table 2 ). The adsorption of eDNA on in- 
organic clay and kaolinite also increased with increasing NaCl 
concentration ( Cai et al., 2006a , Saeki et al., 2010 ). However, 
Wang et al. (2014) found the addition of NaCl (0.2–60 mmol/L) 
had no significant effect ( p > 0.05) or even inhibited the adsorp- 
tion of eDNA on willow wood BC, due to the replacement of 
BC surface-attached Ca 2 + and Mg 2 + ions by Na + . Considering 
the isoelectric point of eDNA at pH 5.0 ( Wang et al., 2014 ) and 

the negative zeta potential values of BCs (Appendix A Fig. S2a), 
both eDNA molecules and BCs had negative charges in the ad- 
sorptive systems (pH > 6.7) in this study. Cations can neutral- 
ize negative charges on the surfaces of BCs and thus increase 
the eDNA adsorption. The zeta potentials of BCs significantly 
decreased with increasing Na + or Ca 2 + concentrations (Ap- 
pendix A Fig. S2a), indicating the electrostatic repulsion be- 
tween eDNA and BC decreased and thus the eDNA adsorp- 
tion increased correspondingly. The charge screening effect of 
Ca 2 + could be much stronger than that of Na + as indicated 

by the surface electronegativity in Ca 2 + solutions (Appendix 
A Fig. S2a), which may explain the much greater adsorption of 

eDNA in the presence of Ca 2 + than Na + ( Fig. 3 ). Furthermore, 
in comparison with Na + , Ca 2 + could likely form ion bridge 
between the phosphate groups of eDNA and acidic groups 
(e.g., carboxyl and phenolic groups) on the adsorbent surfaces 
( Cai et al., 2006a ; Nguyen and Chen, 2007 ), and thereby also 
increase the adsorption. The Ca 2 + bridge between the phos- 
phate groups of eDNA and BC surfaces was evidenced by FTIR 

analysis ( Fig. 1 a–c). The band at around 1400 cm 

−1 represent- 
ing the C-OH stretching in BCs ( Peng et al., 2016 ) became wider 
in Ca 2 + systems, which may prove the existence of Ca 2 + bridge 
between C–O 

− and the phosphate groups of eDNA. 
The influence of pH on eDNA adsorption by BCs was also 

investigated. As shown in Fig. 3 d, the amounts of eDNA ad- 
sorbed by WC700, WS700, and PS700 deceased from 15.6 to 
7.7, 13.4 to 7.6, and 17.1 to 5.9 mg/g, respectively, with increas- 
ing pH from 3.0 to 5.0. The eDNA molecule was protonated 

and positively charged at pH 3.0 (below the isoelectric point 
of eDNA, i.e., 5.0) ( Cai et al., 2006a ; Wang et al., 2014 ), while 
BC surfaces were still negatively charged at this pH (Appendix 
A Fig. S2b). Electrostatic attraction could thus occur and con- 
tribute to the high adsorption of eDNA at pH 3.0. The elec- 
tronegativity of BC significantly increased with increasing pH 

from 5.0 to 10.0 (Appendix A Fig. S2b), and thus the electro- 
static repulsion between eDNA and BCs would increase. How- 
ever, the eDNA adsorption on aromatized BC kept largely un- 
changed within pH 5.0–10.0 ( Fig. 3 d), suggesting that other 
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Table 2 – Langmuir and Freundlich models-fitted parameters for eDNA adsorption on BCs. 

BC types Solution IS Langmuir model Freundlich model 

Q max (mg/g) K L (L/mg) R 2 K F (mg/g)/(mg/L) N N R 2 K d (L/g) 

WC700 10 mmol/L Na + 1.67 0.42 0.90 0.86 0.16 0.97 0.13 
50 mmol/L Na + 4.15 0.77 0.80 2.64 0.12 0.98 0.35 
100 mmol/L Na + 5.01 9.44 0.66 4.00 0.07 0.95 0.47 
5 mmol/L Ca 2 + 7.13 1.53 0.72 5.01 0.10 0.95 0.64 
25 mmol/L Ca 2 + 15.7 0.25 0.99 5.18 0.28 0.94 0.10 

WS700 10 mmol/L Na + 4.37 1.10 0.83 3.07 0.09 0.88 0.38 
50 mmol/L Na + 6.75 0.51 0.90 4.70 0.08 0.97 0.57 
100 mmol/L Na + 8.60 0.71 0.77 5.90 0.09 0.95 0.73 
5 mmol/L Ca 2 + 10.1 3.09 0.63 7.45 0.09 0.96 0.91 
25 mmol/L Ca 2 + 14.2 5.84 0.90 9.54 0.11 0.87 1.23 

PS700 10 mmol/L Na + 3.97 0.33 0.88 2.04 0.16 0.98 0.30 
50 mmol/L Na + 4.60 4.06 0.75 3.62 0.07 0.94 0.42 
100 mmol/L Na + — — — 5.05 0.06 0.92 0.57 
5 mmol/L Ca 2 + 8.58 0.32 0.77 4.84 0.13 0.89 0.66 
25 mmol/L Ca 2 + — — — 10.1 0.11 0.95 1.29 

WC700, WS700 and PS700 represents the biochar from wood chip, wheat straw and peanut shell at pyrolysis temperature of 700 °C, respectively. 
“—” denotes failed fitting; the single-point adsorption coefficient K d was calculated at C e = 10 mg/L according to the Freundlich model. 

mechanisms besides the electrostatic interaction could domi- 
nate the interactions between eDNA and aromatized BC at pH 

> 5.0. 

2.3.2. π- π interactions between eDNA and aromatized BCs 
Many studies suggest that eDNA could adsorb on carbon- 
based nanoparticles (e.g., graphene, carbon nanotubes, and 

C 60 ) through π- π interactions between eDNA bases and the 
sp2-hybridised carbon rings of aromatic carbon in aqueous 
environments ( Zhao, 2011 ; Roxbury et al., 2010 ; Ahmed et al., 
2012 ; Zeng et al., 2015 ; Sun et al., 2017 ). Similar as graphitic 
materials, e.g., graphene and carbon nanotubes, aromatized 

BCs in this study had high aromatic domains with low H/C 

( Table 1 ). Therefore, the existence of strong π- π interactions 
between eDNA and aromatic carbon of BC is expected. This 
speculation was confirmed by the FTIR analysis. As shown 

in Fig. 1 a–c, The main absorption bands of salmon sperm 

eDNA included: 1236 cm 

−1 corresponding to the antisymmet- 
ric stretching vibration of the phosphate group, 1400 cm 

−1 

of base moieties, 1485 cm 

−1 of cytosine, 1531 cm 

−1 of im- 
idazole ring, 1649 cm 

−1 of C 

= C and C 

= N stretching in the 
base planes, and 1691 cm 

−1 of the C 

= O stretching in gua- 
nine ( Cai et al., 2006a ; Oliveira et al., 2019 ; Sheng et al., 2019 ). 
The antisymmetric PO 2 

−1 stretching band is a characteris- 
tic marker for eDNA backbone conformation and the band at 
1236 cm 

−1 suggests the eDNA remained in a B-conformation 

( Mady et al., 2011 ). No new peaks were observed for BC- 
eDNA complexes, probably due to the low amount ( < 16 mg/g, 
Fig. 3 a–c) of adsorbed eDNA that could not be detected. How- 
ever, the peak corresponding to skeletal vibration of aromatic 
C 

= C of BCs bonds (around 1573 cm 

−1 ) decreased in intensity 
and upshifted after eDNA adsorption (i.e. from 1573 cm 

−1 to 
1618 cm 

−1 on WS700 in NaCl solution), indicating the presence 
of π- π interactions between BC and eDNA bases. This is in 

good agreement with the observation of Tran et al. (2017) . They 
concluded that π- π interactions existed between the benzene 
rings of methylene green and aromatic carbon of activated 

charcoal after observing an upshift of the C 

= C bond peak from 

1537 cm 

−1 to 1561 cm 

−1 upon methylene green adsorption on 

activated charcoal. 

2.3.3. Desorption of eDNA from BCs 
The desorption isotherms of eDNA from BCs under different 
solution chemistry are presented in Fig. 3 a–c (hollow labels). 
Remarkably, the desorption isotherm of eDNA on BC is sig- 
nificantly above the adsorption isotherm, indicating the ir- 
reversible adsorption. Desorption hysteresis is conceptually 
considered to be a result of pollutant irreversibly bound to 
sorbents ( Fang et al., 2008 ; Adamson, 1990 ; Rojas et al., 2001 ; 
Wu et al., 2013 ). Hysteresis index (HI) can be used to deter- 
mine the irreversibility of adsorption, which is based on the 
difference in free energy between the real desorption state 
and the hypothetical fully reversible state ( Sander et al. 2005 ). 
The HI is 0 for completely reversible systems and approaches 1 
as the process tends toward complete irreversibility. The des- 
orption of eDNA from aromatized BC in the Tris-NaCl solu- 
tion (sorption background electrolyte solution) was negligible 
with HI values close to 1 (Appendix A Table S2), indicating the 
completely irreversible adsorption of eDNA on the aromatized 

BCs. In order to better understand mechanisms involved in 

the eDNA adsorption by BCs, the desorption of eDNA by 0.1 
mol/L NaH 2 PO 4 or 1% SDS was also conducted, which indi- 
cated the ligand exchange and hydrophobic interactions, re- 
spectively (Saeki et al., 2011). As shown in Appendix A Table 
S3, the desorption rates by either NaH 2 PO 4 or SDS were all 
very low ( < 2%), indicating that few eDNA molecules on aro- 
matized BC were bound by ligand exchange or hydrophobic 
interactions. 

2.3.4. Conformational changes of eDNA before and after ad- 
sorption 

CD spectra can be used to analyze conformation transition of 
eDNA ( Zhou et al., 2004 ; Banyay et al., 2002 ; Cai et al., 2006a ). 
Fig. 1 d–f and Appendix A Fig. S3 show the CD spectra of the 
pristine eDNA and the desorbed eDNA from BC by NaOH. The 
CD spectrum of pristine eDNA was observed a typical B-form 
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Fig. 4 – Agarose electrophoresis of the degradation of free eDNA (a) and eDNA with kaolinite (a), WC700 (b), PS700 (c), and 

WS700 (d) by various concentrations of DNase I. Lane1:Trans2K 

R © Plus II DNA Marker; Lanes 2–5: 0.8, 1.6, 3.2, and 6.4 μg of 
DNase I/mL at the solid to liquid ratio of 1: 200; Lanes 6–9: 0.8, 1.6, 3.2, and 6.4 μg of DNase I/mL at the solid to liquid ratio of 
1: 100; and Lanes 10–14 in (a): 0.8, 1.6, 3.2, 6.4, and 0 μg of DNase I/mL in the absence of solid adsorbents. 

Fig. 5 – The UV–vis and agarose electrophoresis analyses for the degradation of BC-bounded eDNA by DNase I and free 
eDNA by BC-bounded DNase I. (a) the UV–vis absorbance of the degradation solution at 260 nm for BC-bounded eDNA and 

free eDNA (the same amount to corresponding adsorbed eDNA on BC) by various concentrations of DNase I. (b) agarose 
electrophoresis of the degradation of free eDNA (100 mg/L) by BC-bounded DNase I (Lanes 2–7) and the degradation of 
BC-bounded eDNA by free DNase I (6.4 μg/mL) (Lanes 8–13) in the presence of BCs with a solid to liquid ratio of 1:200. Lane1: 
Trans2K®Plus II DNA Marker; Lanes 2–3 and 8–9: with WC700; Lanes 4–5 and 10–11: with WS700; Lanes 6–7 and 12–13: with 

PS700. 
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( Sun et al., 2002 ), exhibiting a positive band at 276 nm and a 
negative band at 244 nm in the Tris-NaCl solution or a pos- 
itive band at 278 nm and a negative band at 245 nm in the 
Tris-CaCl 2 solution. The typical C-form, A-form, and Z-form 

of DNA have positive bands at 296 nm, 260 nm, and 260 nm, 
and corresponding negative bands at 248 nm, 210 nm, and 

290 nm, respectively ( Heller et al., 2006 ; Kypr et al., 2009 ). Al- 
though both the positive and negative bands of the CD spec- 
trum of free eDNA in NaOH solution were red shifted, the vari- 
ation range was less than 5 nm, indicating eDNA conforma- 
tion was not affected by the desorption agent (NaOH) in this 
work. In NaCl systems, the eDNA molecules desorbed from 

WC700, WS700, and PS700 had CD peaks at 277 nm, 279 nm, 
and 280 nm, and the corresponding negative valleys at 250, 
245, and 249 nm, respectively, which were similar to the pris- 
tine eDNA and free eDNA in NaOH solution, suggesting that 
eDNA desorbed from BC retained most of its original B-form 

structure. Similar results were also observed in CaCl 2 sys- 
tems (Appendix A Fig. S3). The eDNA conformation of B-form 

did not changed by the sorption on aromatized BC in this 
study. 

2.4. Degradation of eDNA by DNase I with and without 
BCs 

Electrophoresis of free eDNA and eDNA in the simple multi- 
ple mixture of BC, eDNA, and DNase I (scenario 1) are shown in 

Fig. 4 . The pristine eDNA mainly contained fragments within 

1000–8000 bp in the absence of DNase I ( Fig. 4 a, lane 14), and 

it was degraded to smaller than 250 bp segments in the pres- 
ence of 0.8 μg/mL DNase I ( Fig. 4 a, lane 10). When the con- 
centration of DNase I increased to 1.6 μg/mL or higher, the 
pristine eDNA was entirely degraded (no eDNA band) ( Fig. 4 a, 
lane 11). Compared with the free eDNA, no obvious change 
was observed in the electrophoresis pattern of eDNA in sus- 
pensions of BC in the absence of DNase I (Appendix A Fig. 
S4), indicating that the structure of eDNA was not affected by 
the presence of BC. As shown in Fig. 4 b and c, in systems of 
WC700 and PS700 with a solid to water ratio of 1:100, eDNA 

was degraded to < 1000 bp and < 250 bp segments by 1.6 μg/mL 
DNase I (lane 7), respectively. When increasing DNase I to 
3.2 μg/mL, eDNA was degraded to around 100 bp segments 
in the presence of WC700 ( Fig. 4 b, lane 8), while it was com- 
pletely degraded with PS700 ( Fig. 4 c, lane 8). These results in- 
dicate that both WC700 and PS700 could provide a certain 

protection for eDNA from degradation by the nuclease, and 

WC700 could provide more protection than that of PS700. 
However, such a protection role was also dependent on BC 

concentration, the higher of which, the stronger the protec- 
tive effect. For examples, the eDNA segments in BC systems 
with a solid/water ratio of 1:100 ( Fig. 4 b and c, lanes 6 and 7) 
were much larger than that with a solid/water ratio of 1:200 
( Fig. 4 b and c, lanes 2 and 3). In order to further understand 

the protection effect of BCs, we compared BCs with kaolinite 
since kaolinite could protect eDNA from DNase I effectively 
( Cai et al., 2006a ). As shown in Fig. 4 a, in the system of kaolinite 
with a solid/water ratio of 1:100, the electrophoresis pattern 

of eDNA with 1.6 μg/mL DNase I (lane 7) is almost the same 
as that of pristine eDNA (lane 14), indicating the eDNA was 
not degraded due to the protection from kaolinite, whereas 

the eDNA was degraded into much smaller segments in the 
presence of WC700 and PS700 at the same condition as kaoli- 
nite. This indicated that the protection effect of WC700 and 

PS700 was much lower than that of kaolinite. WS700 could 

not provide any protection for eDNA because eDNA was com- 
pletely degraded by DNase I even at a concentration 0.8 μg/mL 
( Fig. 4 d). 

Among the three types of BCs, WC700 having the lowest 
adsorption of eDNA had the highest capability of protecting 
eDNA against degradation by DNase I. This suggests that the 
degradation of eDNA in BC system could not be governed by 
the adsorption of eDNA on BCs. Previous studies proposed 

that the configuration change of eDNA on adsorbents might 
be responsible for the protection of eDNA against enzymatic 
degradation, because it may prevent nuclease from recogniz- 
ing or interacting with appropriate binding sites on the eDNA 

( Stotzky, 2000 ). However, Cai et al. (2006a) found that changes 
in eDNA structure after binding on soil colloids and minerals 
had a minor influence on its resistance to enzymatic degrada- 
tion. In the present study, the resistance to nuclease degra- 
dation was independent of eDNA configuration, because it 
did not change after the adsorption on BCs. In order to iden- 
tify whether the BC-bound eDNA can be degraded by nucle- 
ase or not, the degradation of BC-bound eDNA by free DNase 
I was conducted (scenarios 2). As shown in Fig. 5 a, the ab- 
sorbance at 260 nm of supernatant after the degradation by 
free DNase I was significantly higher than that of the con- 
trol (background solution), but lower than that of the free 
eDNA at the same concentration. This means the concen- 
tration of eDNA segments in the supernatant of degradation 

system with BC-bound eDNA was lower than that in the ab- 
sence of BCs; the BC-bound eDNA was partly degraded by 
DNase I. It is possible that the BC adsorption lowered the 
availability of eDNA to DNase I. The result of electrophore- 
sis showed that the size of degraded eDNA fragments was 
smaller than 100 bp, as indicated by the absence of eDNA 

bands on electrophoresis tap ( Fig. 5 b). Furthermore, the ab- 
sorbance of degradation supernatant (the supernatant of mix- 
ture of BC-bound eDNA and DNase I) decreased in the order 
of WS700 > PS700 > WC700 ( Fig. 5 a), suggesting the WC700 
bound eDNA was degraded the least by DNase I. Consequently, 
it confirmed that WC700 provided the strongest protection 

for eDNA against enzymatic degradation among the three 
tested BCs. 

Adsorption of nucleases on solid particles could result in 

inactivation of enzyme activity and a reduction in biodegra- 
dation ( Cai et al., 2006a ; Khanna and Stotzky, 1992 ). The degra- 
dation of free eDNA by BC-bound DNase I was also conducted 

(scenario 3). As shown in Fig. 5 b (lane 2–7), the eDNA bands 
in the system of BCs-bound DNase I are almost the same as 
that of the free eDNA, indicating that the BCs-bound nucle- 
ase had almost lost its degradability to eDNA. Consequently, in 

the coexistence system of BC, eDNA, and DNase I, the adsorp- 
tion of DNase I by BC would directly affect the degradability 
of DNase I to eDNA, the higher the adsorption on DNase I, the 
higher the inhibition of degradation. The adsorption results 
of DNase I on BCs supported this hypothesis (Appendix A Fig. 
S5). The adsorption of DNase I on BCs decreased in the order 
WC700 > PS700 > WS700, consistent with the order of their 
capabilities of protecting eDNA against degradation. These re- 
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sults confirmed that the protection of eDNA by BCs against 
enzymatic degradation was related to the adsorption of the 
nuclease. 

3. Conclusions 

The current research advances our understanding of the 
interaction between eDNA and aromatized BCs. The eDNA 

was irreversibly adsorbed by aromatized BC. Electrostatic in- 
teraction, Ca ion bridge interactions, and π- π interactions 
between eDNA and BCs could dominate the adsorption, while 
ligand exchange and hydrophobic interactions were not the 
main driving force. Aromatized BCs could protect eDNA from 

DNase I degradation to a certain extent, which was governed 

by the adsorption of nuclease on BCs rather than by the ad- 
sorption of eDNA on BCs. BC-bound eDNA could be partly 
degraded by nuclease, while BC-bound nuclease completely 
lost its degradability. These results highlight that the fate of 
eDNA in soil and aquatic environments can be significantly 
affected by BC. In the future, the effect of BC colloids on the 
mobility eDNA need to be further explored because the strong 
and irreversible adsorption of eDNA on BC provides the pos- 
sibility for the co-transport of eDNA with BC colloids in the 
environment. 
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dichroism and conformational polymorphism of DNA. Nucleic 
Acids Res. 37, 1713–1725 .

Li, F.Y., Cao, X.D., Zhao, L., Wang, J.F., Ding, Z.L , 2014. Effects of 
mineral additives on biochar formation: carbon retention, 
stability, and properties. Environ. Sci. Technol. 48, 
11211–11217 .

https://doi.org/10.1016/j.jes.2020.08.017
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0001
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0001
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0002
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0003
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0003
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0003
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0003
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0003
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0003
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0003
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0004
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0004
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0004
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0004
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0005
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0005
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0006
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0006
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0006
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0007
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0007
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0007
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0007
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0007
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0007
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0007
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0008
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0009
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0009
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0009
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0009
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0009
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0010
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0010
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0010
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0010
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0011
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0011
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0011
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0011
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0011
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0012
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0012
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0012
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0012
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0013
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0013
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0013
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0013
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0014
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0015
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0015
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0015
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0015
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0015
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0016
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0017
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0017
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0017
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0018
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0018
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0018
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0018
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0018
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0018
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0018
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0019
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0020
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0021
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0021
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0021
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0021
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0021
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0021
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0021
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0022
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0022
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0023
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0023
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0023
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0023
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0023
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0024
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0024
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0024
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0025
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0025
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0025
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0025
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0025
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0026
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0026
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0026
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0026
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0026
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0026


journal of environmental sciences 101 (2021) 205–216 215 

Lian, F., Xing, B.S., 2017. Black carbon (biochar) in water/soil 
environments: molecular structure, sorption, stability, and 

potential risk. Environ. Sci. Technol. 51, 13517–13532 .
Lin, D.H., Pan, B., Zhu, L.Z., Xing, B.S., 2007. Characterization and 

phenanthrene sorption of tea leaf powders. J. Agric. Food 

Chem. 55, 5718–5724 .
Ma, J.F., Takahashi, E., 2002. Soil, fertilizer, and plant silicon 

research in Japan. In: Chapter 5: Silicon-accumulating Plants 
in the Plant Kingdom. Elsevier B.V., pp. 63–67. 
doi: 10.1016/B978- 044451166- 9/50005- 1 .

Mady, M.M., Mohammed, W.A., El-Guendy, N.M., Elsayed, A.A., 
2011. Interaction of DNA and polyethylenimine: Fourier 
transform infrared (FTIR) and differential scanning 
calorimetry (DSC) studies. Int. J. Phys. Sci. 6, 7328–7334 .

Mao, D., Luo, Y., Mathieu, J., Wan, Q., Feng, L., Mu, Q., et al., 2014. 
Persistence of extracellular DNA in river sediment facilitates 
antibiotic resistance gene propagation. Environ. Sci. Technol. 
48, 71–78 .

Nguyen, B.T., Lehmann, J., 2009. Black carbon decomposition 

under varying water regimes. 2009. Org. Geochem. 40, 846–
853 .

Nguyen, T.H., Chen, K.L., 2007. Role of divalent cations in plasmid 

DNA adsorption to natural organic matter-coated silica 
surface. Environ. Sci. Technol. 41, 5370–5375 .

Ochman, H., Lawrence, J.G., Grosiman, E.A., 2000. Lateral gene 
drugs and a double-stranded oligonucleotide studied by 
electransfer and the nature of bacterial innovation. Nature 
405, 299–304 .

Oliveira, R., Amaro, F., Azevedo, M., Vale, N., Gonçalves, H.,
Antunes, C., et al., 2019. New voltammetric and spectroscopic 
studies to quinacrine-DNA-Cdots interaction. Electrochim. 
Acta 306, 122–131 .

Önal, Y., 2006. Kinetics of adsorption of dyes from aqueous 
solution using activated carbon prepared from waste apricot. 
J. Hazard. Mater. 137, 1719–1728 .

Peng, B., Chen, L., Que, C., Yang, K., Deng, F., Deng, X., et al., 2016. 
Adsorption of antibiotics on graphene and biochar in aqueous 
solutions induced by π- π interactions. Sci. Rep. 6, 
31920–31929. doi: 10.1038/srep31920 .

Pietramellara, G., Ascher, J., Borgogni, F., Ceccherini, M.T.,
Guerri, G., Nannipieri, P., 2009. Extra cellular DNA in soil and 

sediment: fate and ecological relevance. Biol. Fert. Soils 45, 
219–235 .

Porkodi, K., Vasanth Kumar, K., 2007. Equilibrium, kinetics and 

mechanism modeling and simulation of basic and acid dyes 
sorption onto jute fiber carbon: eosin yellow, malachite green 

and crystal violet single component systems. J. Hazard. Mater. 
143, 311–327 .

Qian, L., Zhang, W., Yan, J., Han, L., Gao, W., Liu, R., et al., 2016. 
Effective removal of heavy metal by biochar colloids under 
different pyrolysis temperatures. Bioresour. Technol. 206, 
217–224 .

Rajapaksha, A.U., Vithanage, M., Zhang, M., Ahmad, M., Mohan, D.,
Chang, S.X., et al., 2014. Pyrolysis condition affected 

sulfamethazine sorption by tea waste biochars. Bioresour. 
Technol. 166, 303–308 .

Rojas, F., Kornhauser, I., Felipe, C., Cordero, S., 2001. Everett’s 
sorption hysteresis domain theory revisited from the point of 
view of the dual site-bond model of disordered media. J. Mol. 
Catal. – Chem. 167, 141–155 .

Roxbury, D., Manohar, S., Jagota, A., 2010. Molecular simulation of 
DNA B-sheet and B-barrel structures on graphite and carbon 

nanotubes. J. Phys. Chem. C 114, 13267–13276 .
Saeki, K., Ihyo, Y., Sakai, M., Kunito, T., 2011. Strong adsorption of 

DNA molecules on humic acids.. Environ. Chem. Lett. 9, 
505–509 .

Saeki, K., Sakai, M., Wada, S.I., 2010b. DNA adsorption on 

synthetic and natural allophones. Appl. Clay Sci. 50, 493–497 .

Sander, M., Lu, Y.F., Pignatello, J.J., 2005. A thermodynamically 
based method to quantify true sorption hysteresis. J. Environ. 
Qual. 34, 1063–1072 .

Sheng, X., Qin, C., Yang, B., Hua, X.J., Liu, C., Waigia, M.G., et al., 
2019. Metal cation saturation on montmorillonites facilitates 
the adsorption of DNA via cation bridging. Chemosphere 235, 
670–678 .

Song, B., Chen, M., Zhao, L., Qiu, H., Cao, X., 2019. Physicochemical 
property and colloidal stability of micron- and nano-particle 
biochar derived from a variety of feedstock sources. Sci. Total 
Environ. 661, 685–695 .

Stotzky, G., 2000. Persistence and biological activity in soil of 
insecticidal proteins from Bacillus thuringiensis and of 
bacterial DNA bound on clays and humic acids. J. Environ. 
Qual. 29, 691–705 .

Sun, J.X., Li, Y., Lin, J.P., 2017. Studying the adsorption of DNA 

nanostructures on graphene in the aqueous phase using 
molecular dynamic simulations. J. Mol. Graph. Model. 74, 
16–23 .

Sun, X.G., Cao, E.H., Zhang, X.Y., Liu, D.G., Bai, C.L., 2002. The 
divalent cation-induced DNA condensation studied by atomic 
force microscopy and spectral analysis. Inorg. Chem. 
Commun. 5, 181–186 .

Tran, H.N., Wang, Y.F., You, S.J , Chao, H.P., 2017. Insights into the 
mechanism of cationic dye adsorption on activated charcoal: 
the importance of π- π interactions. Process. Saf. Environ. 107, 
168–180 .

Uchimiya, M., Wartelle, L.H., Lima, I.M., Klasson, K.T., 2010. 
Sorption of deisopropylatrazine on Broiler litter biochars. J. 
Agric. Food Chem. 58, 12350–12356 .

Wang, C.Y., Wang, T., Li, W.B., Yan, J.F., Li, Z.B., Ahmad, R., et al., 
2014. Adsorption of deoxyribonucleic acid (DNA) by willow 

wood biochars produced at different pyrolysis temperatures. 
Biol. Fert. Soils 50, 87–94 .

Wang, D., Zhang, W., Hao, X., Zhou, D., 2013. Transport of biochar 
particles in saturated granular media: effects of pyrolysis 
temperature and particle size. Environ. Sci. Technol. 47 (2), 
821–828 .

WHO, 2015. Global Action Plan on Antimicrobial Resistance.
Wu, W.H., Jiang, W., Zhang, W.D., Lin, D.H., Yang, K., 2013. 

Influence of functional groups on desorption of organic 
compounds from carbon nanotubes into water: insight into 
desorption hysteresis. Environ. Sci. Technol. 47, 8373–8382 .

Xiao, X., Chen, B., Zhu, L., 2014. Transformation, morphology, and 

dissolution of silicon and carbon in rice straw-derived 
biochars under different pyrolytic temperatures. Environ. Sci. 
Technol. 48, 3411–3419 .

Yang, H., Zheng, K., Zhang, Z.M., Shi, W., Jing, S.B., Wang, L., et al., 
2012. Adsorption and protection of plasmid DNA on 

mesoporous silica nanoparticles modified with various 
amounts of organosilane. J. Colloid Interface Sci. 369, 317–322 .

Yang, K., Jiang, Y., Yang, J.J., Lin, D.H., 2018. Correlations and 

adsorption mechanisms of aromatic compounds on biochars 
produced from various biomass at 700 °C. Environ. Pollut. 233, 
64–70 .

Zeng, S., Chen, L., Wang, Y., Chen, J., 2015. Exploration on the 
mechanism of DNA adsorption on graphene and graphene 
oxide via molecular simulations. J. Phys. D: Appl. Phys. 48, 
275402. doi: 10.1088/0022-3727/48/27/275402 .

Zhang, Y., Li, A., Dai, T., Li, F., Xie, H., Chen, L., et al., 2018a. Cell-free 
DNA: a neglected source for antibiotic resistance genes 
spreading from WWTPs. Environ. Sci. Technol. 52, 248–257 .

Zhang, K., Chen, B., Mao, J., Zhu, L., Xing, B., 2018b. Water clusters 
contributed to molecular interactions of ionizable organic 
pollutants with aromatized biochar via p-PAHB: sorption 

experiments and DFT calculations. Environ. Pollut. 240, 
342–352 .

http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0027
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0027
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0027
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0028
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0028
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0028
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0028
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0028
https://doi.org/10.1016/B978-044451166-9/50005-1
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0030
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0030
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0030
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0030
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0030
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0031
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0032
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0032
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0032
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0033
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0033
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0033
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0034
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0034
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0034
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0034
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0035
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0036
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0036
https://doi.org/10.1038/srep31920
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0038
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0038
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0038
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0038
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0038
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0038
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0038
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0039
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0039
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0039
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0040
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0041
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0042
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0042
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0042
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0042
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0042
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0043
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0043
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0043
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0043
http://refhub.elsevier.com/S1001-0742(20)30356-9/optePGwdrueZT
http://refhub.elsevier.com/S1001-0742(20)30356-9/optePGwdrueZT
http://refhub.elsevier.com/S1001-0742(20)30356-9/optePGwdrueZT
http://refhub.elsevier.com/S1001-0742(20)30356-9/optePGwdrueZT
http://refhub.elsevier.com/S1001-0742(20)30356-9/optePGwdrueZT
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0044
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0044
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0044
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0044
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0045
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0045
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0045
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0045
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0046
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0047
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0047
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0047
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0047
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0047
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0047
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0048
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0048
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0049
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0049
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0049
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0049
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0050
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0050
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0050
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0050
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0050
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0050
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0051
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0051
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0051
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0051
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0051
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0052
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0052
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0052
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0052
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0052
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0053
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0054
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0054
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0054
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0054
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0054
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0056
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0056
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0056
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0056
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0056
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0056
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0057
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0057
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0057
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0057
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0058
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0059
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0059
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0059
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0059
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0059
https://doi.org/10.1088/0022-3727/48/27/275402
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0061
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0062
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0062
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0062
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0062
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0062
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0062


216 journal of environmental sciences 101 (2021) 205–216 

Zhao, X., 2011. Self-assembly of DNA segments on graphene and 

carbon nanotube arrays in aqueous solution: a molecular 
simulation study. J. Phys. Chem. C 115, 6181–6189 .

Zheng, H., Wang, Z., Zhao, J., Herbert, S., Xing, B.S., 2013. Sorption 

of antibiotic sulfamethoxazole varies with biochars produced 

at different temperatures. Environ. Pollut. 181, 60–67 .

Zhou, Y.L., Li, Y.Z., 2004. Studies of interaction between poly 
(allylamine hydrochloride) and double helix DNA by spectral 
methods. Biophys. Chem. 107, 273–281 .

http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0063
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0063
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0064
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0064
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0064
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0064
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0064
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0064
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0065
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0065
http://refhub.elsevier.com/S1001-0742(20)30356-9/sbref0065

