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A B S T R A C T

Tetracyclines accumulation in soil environment potentially threatens agroecosystem safety. Interestingly, bio-
char could clean up organic pollutants, but to what extent biochar affects the removal of tetracyclines is un-
known. To investigate it, five types of biochars derived from cow manure (CMB) and other four plant materials
were respectively added into soils contaminated with a mixture of tetracycline, oxytetracycline, and chlorte-
tracycline for 60-day incubation in the dark. Three parent tetracyclines and their corresponding intermediates
(epitetracycline, anhydrotetracycline, epianhydrotetracycline, epioxytetracycline, epichlortetracycline, and de-
methylchlortetracycline) were respectively determined and named as TTCs, OTCs and CTCs. Obtained results
showed biochar especially CMB could effectively remove the antibiotics (P<0.05). Compared to control, the
removal rate of TTCs, OTCs and CTCs respectively increased by up to 10.86%, 10.29% and 10.12% in CMB-
added soil. The increased removal rate of the antibiotics after biochar addition was due to the increasing ac-
cessibilities for degrading microorganisms via the elevating electrical conductivity. Moreover, biochar addition
might stimulate these microbial activities through the increase of C and N supplement. Our results indicate
biochar accelerates the removal of tetracyclines and their intermediates by altering soil properties and thus
increasing the antibiotics accessibilities, which provide insights into how biochar accelerates the removal for
these antibiotics.

1. Introduction

Appropriate antibiotic additives can not only treat bacterial infec-
tions but also promote animal growth in livestock and poultry breeding
(Peiris et al., 2017). However, the overuse of antibiotics is quite ubi-
quitous due to a pursuit for bigger economic benefits (Qiao et al.,
2018). As reported, approximately 25–90% of the antibiotics are ex-
creted in the form of their parent compounds or metabolites via urine
and feces (Tasho and Cho, 2016); and over half of the excreted anti-
biotics are discharged into soil environment with the application of
manure as fertilizers (Zhang et al., 2015). Nowadays, no authoritative
regulation has been performed to limit the emission of the antibiotics
into arable land (Albero et al., 2018). Thus, antibiotics may unceasingly
accumulate in arable soils due to the repeated agricultural application
of antibiotic-containing manure, which directly poses a potential risk to
soil ecosystem and crop growth, and finally may threaten human health
(Liang et al., 2017).

Tetracyclines such as tetracycline (TTC), oxytetracycline (OTC) and

chlortetracycline (CTC) are extensively used in animal husbandry be-
cause of their high efficiency, low cost, and broad-spectrum characters
(Lv et al., 2017). Most notably, tetracyclines are often unstable and can
decay into intermediates such as epitetracyclines or anhydrote-
tracyclines with potential bioavailabilities (Palmer et al., 2010). Fur-
thermore, the toxicity of the intermediates is generally higher than their
parent compounds (Gómez-Pacheco et al., 2012). Therefore, effective
action should be taken to decrease the concentrations of parent tetra-
cyclines, and their intermediates in various environmental matrices
including soil.

So far, few studies are available to remove the parent tetracyclines
and their intermediates. Some efforts have been taken to remove parent
tetracyclines from wastewater or sludge, such as oxidation via ozone (Li
et al., 2017; Wang et al., 2018) or hydrogen peroxide (Chen et al.,
2017), adsorption (Li et al., 2017), anaerobic biodegradation (Ma et al.,
2018), photocatalytic degradation (Ma et al., 2018; Nasseh et al.,
2018), and microwave degradation (Lv et al., 2017). However, the
large-scale application of these approaches was restricted by some
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disadvantages including high cost, low efficiency, and long life cycle
(Aghababaei et al., 2017). Furthermore, the application of these
methods in soil was also limited by the complex soil environment
conditions (Topal et al., 2016). Given the increasing accumulation of
tetracyclines and their toxic intermediates in soils, seeking economic
and efficient approaches to removing the tetracycline antibiotics is
imperative to reduce their potential ecological and environmental risks
(Liang et al., 2017; Duan et al., 2017).

Biochar, a carbon-rich solid product obtained by heating biomass in
an oxygen-limited environment at a moderate temperature, is catching
increased attention as a sustainable and environment-friendly means to
improve soil fertility, promote crop growth, sequestrate carbon and
mitigate greenhouse gas emissions (Cernansky, 2015; Oliveira et al.,
2017). Recent studies have shown that biochar can remediate soils
contaminated with heavy metals, polycyclic aromatic hydrocarbons
(PAHs), and polychlorinated biphenyls (PCBs) (Oliveira et al., 2017).
However, little is known about how biochar influences the removal of
parent tetracyclines and their toxic intermediates in soil environment.

The removal of tetracyclines is closely related to the environmental
conditions (Gómez-Pacheco et al., 2012; Topal et al., 2016). For ex-
ample, Lv et al. observed that the removal amount of TTC decreased
with the increase of solution pH owing to the reduced electrostatic
attraction (Lv et al., 2017). Other environmental factors, such as natural
organic matter, nitrogen, and minerals may also modulate the removal
of tetracyclines through the change of sorption effects or ionic strength
(Leal et al., 2016; Xu et al., 2018). Moreover, soil microorganisms can
produce superoxide dismutase that directly or indirectly affects the
removal of tetracyclines (Leng et al., 2017). Interestingly, emerging
data have shown that biochar can be used as a soil conditioner to in-
crease soil pH, enhance soil nutrients and reshape microbial community
structure (Cernansky, 2015). So, biochar additive might be possibly
used to alter the removal of tetracyclines by changing soil chemical and
biological properties. However, the inherent properties of biochars due
to different feedstocks might imply a high variability of effects on soil
properties and thus on antibiotics removal. Hence, selecting one ap-
propriate biochar to accelerate the removals of tetracyclines and their
toxic intermediates, and clarifying the related mechanism to control the
process will help to develop an economic and efficient removal ap-
proach to soil tetracycline antibiotics.

Considering the huge difference of biochars derived from cow
manure and plant materials, and a wide distribution of these feedstocks
in Bashang area, five typical feedstocks including cow manure, peanut
shell, Salsola collina Pall., Firmiana platanifolia sawdust and Suaeda salsa
Pall. were respectively pyrolyzed at 500 ºC for 2 h to make biochars
named as CMB, PSB, SCB, SDB and SSB (Yue et al., 2016, 2017). To
furtherly explore how biochar affects the removal of parent tetra-
cyclines and their toxic intermediates, a mass ratio of 2% of CMB, PSB,
SCB, SDB or SSB was respectively added to soils contaminated with
parent tetracyclines including TTC, OTC, and CTC for a 60-day in-
cubation. We hypothesized that (i) the increase of soil pH and electrical
conductivity (EC) after biochar addition might change tetracycline
antibiotics removal due to the change of their accessibilities, (ii) a
higher level of soil total organic carbon after biochar addition might
inhibit tetracycline antibiotics removal because of carbon source com-
petition from soil microorganisms, (iii) an elevated total nitrogen after
biochar addition in soil might contribute to the tetracyclines and their
intermediates removal for N source supplement, (iv) an increased soil
microbial biomass after biochar addition might facilitate parent tetra-
cyclines and their toxic intermediates removal because of the growth of
the resistant microbes.

2. Materials and methods

2.1. Chemicals

United States Pharmacopeia (USP) grade of tetracycline

hydrochloride (TTC·HCl), oxytetracycline hydrochloride
(OTC·HCl, > 99%) and chlortetracycline hydrochloride
(CTC·HCl,> 95%) were purchased from the Solarbio Biotechnology
Co., Ltd., China. Nine tetracycline antibiotics, including TTC (> 94%),
epitetracycline (ETC), anhydrotetracycline (ATC,> 97%), epianhy-
drotetracycline (EATC,> 86%), OTC, epioxytetracycline
(EOTC,> 97%), CTC (> 93%), epichlortetercycline (ECTC,> 90%)
and demethylchlortetracycline (DMCTC,> 98%), were obtained from
Dr. Ehrestorfer Co., Germany. Citric acid monohydrate, NaH2PO4·2H2O,
and Na2EDTA were analytical reagents. Acetonitrile (ACN) as one of
organic extractants or mobile phases, acetone as one of organic ex-
tractants, methanol as one of organic extractants or eluents, and formic
acid as one of eluents were high-performance liquid chromatography
(HPLC) grade. Ultrapure water was used throughout the experiment.

2.2. Biochar

Cow manure, peanut shell, Salsola collina Pall., Firmiana platanifolia
sawdust, and Suaeda salsa Pall. were respectively pyrolyzed at 500 °C
for 2 h with a heating rate of 10 °C min−1 in a muffle furnace. Then, the
obtained biochars were ground to< 0.25mm for a uniform particle
size and used to measure pH, electrical conductivity (EC), K, Na, Ca,
Mg, C, N, and C/N ratio. Portions of the biochars were washed with
hydrochloric acid (HCl) to determine photomicrograph, specific surface
area, and pore size distribution.

2.3. Soil

Surface soils (0–20 cm depth) were collected from the grassland of
Bashang region (41°34’44″ N, 114°59’8″ E), air-dried, gently crushed to
pass through a 2mm sieve, thoroughly mixed, and stored in closed
containers at room temperature prior to use. The soil had a pH of 8.73,
EC of 91.08 μS cm−1, with 7.20 g kg−1 of soil organic carbon (SOC),
0.86 g kg−1 of total nitrogen (TN), 174.13mg kg−1 of available N,
46.67mg kg−1 of Olsen-P and 469.82mg kg−1 of available K. No tet-
racycline antibiotics were detected in the soil sample.

2.4. Incubation experiment

The well-prepared soils were adjusted to nearly 40% of water-
holding capacity (WHC) and pre-incubated in the dark at 25 °C for 10
days to reactive soil microorganisms. Then water-soluble tetracyclines
hydrochloride were evenly sprayed on the soil samples and thoroughly
mixed to keep tetracyclines at a level of 150mg kg−1 dry soil. Portions
of soil samples were respectively mixed with the aforementioned bio-
chars in a mass ratio of 2% for an observed abatement of antibiotics in
biochar-added soil (Liang et al., 2017). Soils without biochars were
used as control (CK). Finally, the soil samples were transferred to a
series of plastic pots (7 cm diameter, and 15.5 cm height) covered with
a breathable membrane to decrease evaporation and prevent airborne
microbial invasion.

Soil samples in plastic pots were incubated at 25 °C in the dark for
60 days. Initial soil water content was adjusted to 40% of water-holding
capacity, and sterile deionized water was added to maintain the soil
water content every 2 days. Pots were destructively sampled at 1, 5, 10,
20, 30, 45 and 60 d with four replicates per treatment and sampling
time. On the sampling day, a portion of fresh soil sample was used to
measure substrate induced respiration (SIR), and a soil subsample was
freeze-dried and stored in a −40 °C freezer for tetracycline antibiotics
analysis. The remaining soils were then air dried, passed through a
1mm sieve, and analyzed for pH and EC, and a subsample was pul-
verized and analyzed for total organic carbon (TOC), total nitrogen
(TN), and C/N ratio after removing CaCO3.

Y. Yue, et al. Journal of Hazardous Materials 380 (2019) 120821

2



2.5. Analytical methods

2.5.1. Biochar assays
The pH and EC values of the biochar were measured in a mixture

with 1:10 ratio of biochar to water (w/v) by a glass electrode (FE 20,
Mettler Toledo, Zurich, Switzerland) and conductivity meter (Orion
Star A212, Thermo Fisher, Massachusetts, USA), respectively. The
content of K, Na, Ca and Mg in the biochar-water mixture was detected
with an inductively coupled plasma optical emission spectrometer (ICP-
OES, Leeman, Hudson, USA). Elemental C, N, and C/N ratio were de-
termined by an elemental analyzer (Vario TOC, Elementar, Frankfurt,
Germany). The photomicrograph examination of the biochar was
monitored via a scanning electron microscope (S-3000 N, Hitachi,
Tokyo, Japan). The Brunauer-Emmett-Teller (BET) specific surface area
(SSA) and pore size distribution was assayed by N2 adsorption at -196
°C using a Micromeritics ASAP 2460 (Micromeritics, Norcross, Georgia,
USA) after degassing at 200 °C for a minimum of 4 h.

2.5.2. Soil properties
The pH and EC values of the soil (1:5 of soil to water, w/v) were

estimated with a glass electrode (Mettler Toledo FE 20) and con-
ductivity meter (Orion Star A212), respectively. Total organic C, total
N, and C/N ratio were determined by an elemental analyzer (Vario
TOC). Substrate induced respiration, based on CO2 production, was
determined by a method similar to that described by (Ge et al. (2016)).
Briefly, approximately 10 g fresh soil was mixed with 10mL of sterile
yeast extract solution (1.2%, w/w) in a 250mL plastic bottle and in-
cubated at 25 °C for 4 h. The accumulated CO2 was measured using a Li-
820 CO2 analyzer (LI-COR, Nebraska, USA).

2.5.3. Quantification of parent tetracyclines and their intermediates in soil
Extraction of tetracycline antibiotics from the soil samples was ac-

cording to the modified method of (Wang et al. (2014)). Briefly, the
freeze-dried samples were sieved through a 60-mesh sieve before fur-
ther handling. After transferring 1.0 g of soil into a centrifuge tube,
5mL McIlvaine-Na2EDTA extraction buffer, and 5mL organic ex-
tractant including ACN, methanol, and acetone (2:2:1, v/v/v) was re-
spectively added into each tube, and the centrifuge tubes were mixed
with a vortex for 30 s. The samples were sonicated in an ultrasonic bath
for 20min and then centrifuged at 3556 × g for 4 min. The supernatant
was decanted into a new centrifuge tube, and the same extraction was
repeated twice. The extracts were combined and filtered through
0.45 μm membrane. Then the samples were concentrated and purified
by solid phase extraction (SPE) cartridges (Oasis HLB, 6 cc/500mg)
(Waters, Massachusetts, USA). The HLB cartridges were preconditioned
with 6mL dichloromethane, 6mL of methanol, and 6mL of 0.5 g L−1

Na2EDTA. After the extracts were loaded, the cartridges were rinsed
with 6mL of ultrapure water, and then with 6mL of 5% methanol (v/

v), and finally eluted with 10mL methanol and 10mL 1% formic acid-
methanol (v/v). The eluates were filtered with 0.22 μm membrane and
kept at -40 °C freezer for subsequent analysis. The tetracycline anti-
biotics were analyzed by liquid chromatography equipped with tandem
mass spectrometry (LC–MS/MS) (Agilent 1260–6460, Agilent, Cali-
fornia, USA). The determination method was optimized according to
(Jia et al. (2009)), and detailed information on the instrumental con-
ditions of tetracycline antibiotics was listed in Supporting Information
(Table S1). The detection column was a ZORBA Eclipse Plus C18
(2.1× 100mm, 1.8 μm) (Agilent, California, USA). Liquid chromato-
graphy conditions were as follows: sample volume of 3 μL, flow speed of
0.3 mL min−1, column temperature of 30 °C, and detection time of
12min. The mobile phases of tetracycline antibiotics were (A) water +
0.1% formic acid (v/v), and (B) acetonitrile. The detection was con-
ducted with electrospray ionization (ESI) source in the mode of mul-
tiple reaction monitoring (MRM). Recoveries were determined by
spiking a mixture of standards into the soil sample at the concentrations
of 200 μg kg−1 tetracyclines and their intermediates followed by the
same extraction procedure described above. The recoveries of tetra-
cycline antibiotics were presented in Table S2.

2.6. Statistical analysis

The concentration of TTCs was a sum of the residual TTC, ETC, ATC
and EATC, the removal rate (RR) of TTCs was calculated by eq1:

= − ×C C CRR (%) ( )/ 100TTCs0 0 (1). C0 is the initial concentration of
tetracycline (mg kg−1), and CTTCs is the concentration of TTCs (mg
kg−1) on the sampling day. Analogously, the above-mentioned equa-
tion was suitable for both OTCs and CTCs as well.

All data were expressed as the mean of three replicates for biochars
and four replicates for soils on an oven-dried basis. The significant
differences (P < 0.05) of the properties of biochars and soils were
compared by one-way analysis of variance (ANOVA). Pearson's corre-
lations between the removal rate of tetracycline antibiotics (TTCs,
OTCs, and CTCs) and environmental factors were calculated by Past
v2.16 (http://folk.uio.no/ohammer/past/). Random forest (RF) ana-
lysis was used to calculate the contribution of various environmental
factors controlling the removals of TTCs, OTCs, and CTCs. The RF
model was implemented using the package randomforest in R studio
(https://www.rstudio.com/products/rstudio/).

3. Results and discussion

3.1. Biochar characterization

The physicochemical properties of biochars such as specific surface
area (SSA), pH, electrical conductivity (EC), K, Na, Ca, Mg, C, N, and C/
N ratio presented significant differences due to the feedstocks (Table 1).

Table 1
Physicochemical properties of biochars derived from cow manure, peanut shell, Salsola collina Pall., Firmiana platanifolia sawdust and Suaeda salsa Pall. pyrolyzed at
500 °C for 2 h. Different letters behind the data in the same column represented significant difference among biochars (n=3, P<0.05).

Biocharsa SSAb

(m2 g−1)
pH ECc

(μS cm−1)
Kd

(g kg−1)
Nad

(g kg−1)
Cad

(mg kg−1)
Mgd

(mg kg−1)
Ce

(%)
Ne

(%)
C/Ne

CMB 185.32c 10.37bc 1096.33c 2.17a 0.78c 115.04a 93.60b 26.31e 1.48a 17.75e
PSB 391.91a 10.20c 889.23c 0.77c 0.25d 8.20c 15.10c 74.27b 1.25c 59.40c
SCB 358.73b 11.03a 2290.00b 1.58b 2.73b 35.33b 264.50a 73.90c 1.39b 53.23d
SDB 380.21a 10.50b 623.87d 0.70c 0.19d 8.07c 13.53c 77.64a 0.28e 281.38a
SSB 383.51a 10.86a 3559.00a 1.86ab 3.84a 12.67c 76.89b 73.64d 0.94d 78.14b

a CMB, PSB, SCB, SDB, and SSB are biochars pyrolyzed from cow manure, peanut shell, Salsola collina Pall., Firmiana platanifolia sawdust, and Suaeda salsa Pall.,
respectively.

b SSA is the specific surface area calculated by the Brunauer-Emmett-Teller model.
c EC is the electrical conductivity measured via a conductivity meter.
d K, Na, Ca and Mg in biochar was detected with an inductively coupled plasma optical emission spectrometer.
e C and N are the total carbon and total nitrogen in biochar obtained via dry combustion; C/N is the ratio of total carbon to total nitrogen.
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As seen, CMB had a lower SSA of 185.32 g m−2. However, other bio-
chars derived from plant materials had higher SSA ranging from 358.73
to 391.91 g m−2, which was attributed to the pore structure on the
surface of the biochars (Figs. 1 and S1). All biochars had high pH values
being between 10.20 and 11.03, suggesting a higher alkalinity of the
biochars (Table1). The EC of the biochars followed the order of
SSB > SCB > CMB > PSB > SDB. Obviously, biochars from halo-
phyte grass (Salsola collina Pall. and Suaeda salsa Pall.) had the highest
EC, and then biochar from cow manure, and biochars obtained from
other plant materials had the lowest EC, indicating the difference of
minerals such as K, Na, Ca and Mg in these biochars (Table1). As re-
ported, wood biochar had the highest C content and the lowest N
content, accordingly SDB had the maximum C/N ratio. On the contrary,
cow manure biochar had the minimum value of C/N ratio (Table1).

3.2. Biochar elevated soil pH, EC, TOC, TN, and C/N ratio

Soil properties greatly changed after biochar addition, and the soil
samples could be divided into four groups according to the changes
(Fig. 2) (G0: CK, G1: soil amended with CMB, G2: soils amended with
PSB and SDB, and G3: soils amended with SCB and SSB). Comparable
results were also obtained by other researchers, which was mainly
brought about the biochar-itself characters (Gul et al., 2015; Günala

et al., 2018).
Biochar addition remarkably enhanced soil pH, EC, TOC, TN, and C/

N ratio (P < 0.05 for all), however the increased magnitude of these
soil chemical properties varied with biochar types (Figs. 3 and S2). For
example, soil pH was between 7.72 and 8.25 in G0 during the in-
cubation period (Fig. 3). However, biochar addition significantly lifted
soil pH by 0.13–1.22 units (Fig. S2, P < 0.05). Moreover, the higher
pH of the biochar, the larger magnitude of soil pH could obtain, as
reflected by the significantly positive correlation between biochar pH
and soil pH (R = 0.72, P < 0.05). Similarly, soil EC was averagely
raised by 28.93% in G1, 5.30% in G2 and 47.33% in G3, respectively
(Fig. S2). Total organic carbon (TOC) and total nitrogen (TN) in soil
without biochar respectively ranged from 7.16 and 0.83 g kg−1 to 7.66
and 0.95 g kg−1 (Fig. 3). Compared to those in G0, TOC and TN re-
spectively increased by 67.66–210.61% and 23.66–72.29% in biochar-
added soils, and the higher C and N contents of the biochar, the higher
nutrient contents soil could acquire (Fig. S2, P < 0.05). Correspond-
ingly, C/N ratio was averagely enhanced by 19.39% in G1, 134.92% in
G2 and 118.78% in G3, respectively (Fig. S2). The addition of biochar
with various surface charges, rich minerals, high CN, and C/N ratio
could increase the corresponding soil parameters, and many previous
studies also achieved comparable results (Gul et al., 2015; El-Naggar
et al., 2018).

Substrate induced respiration (SIR), an indicator of soil microbial
biomass, was also measured in the soil samples. Overall, soil SIR pro-
minently reduced in G3 than that in G0 (P < 0.05), but it had no
significant changes in both G1 and G2 during the 60-day incubation
(Fig. 3, P = 0.44 in G1, and P = 0.99 in G2). Furthermore, the changes
of soil SIR in different biochar-added soils greatly depended on the
incubation period: SIR remarkably increased in G2 at the beginning
stage of the incubation (P < 0.05), and then observably decreased in
the following 10 or 20 days (P < 0.05), and then gradually restored
and even surpassed the reference level in G2 and G3 (Fig. S2, P <
0.05). Biochar carried a small amount of bioavailable nutrients that soil
microorganisms could use, which stimulated soil microbial biomass in a
short initial time (Farrell et al., 2013; Luo et al., 2013). However,
biochar with aromatic structure and volatile organic compounds
harmed soil microorganisms and declined their biomass in the late in-
cubation period (Khadem and Raiesi, 2017). Finally, soil microorgan-
isms adapted the new environment and accommodated on the biochar
surface or in its pores, and the soil microbial biomass revived (Luo
et al., 2018). Therefore, no significant changes were observed in both
G1 and G2 due to the internal diversity (P = 0.44 in G1, and P = 0.99
in G2), but an evident reduction was detected in G3 due to the toxicity
of biochar (P < 0.05). These results were consistent with some re-
ported studies as well (Zimmerman et al., 2011; Zhan et al., 2018).

Fig. 1. Scanning electron microscopic (SEM) images (×1.0 k) of the biochars derived from cow manure (CMB), peanut shell (PSB), Salsola collina Pall. (SCB),
Firmiana platanifolia sawdust (SDB) and Suaeda salsa Pall. (SSB) pyrolyzed at 500 °C for 2 h.

Fig. 2. Principal component analysis (PCA) of soil properties in CK (soil without
biochar) or soils amended with biochars derived from cow manure (CMB),
peanut shell (PSB), Salsola collina Pall. (SCB), Firmiana platanifolia sawdust
(SDB) and Suaeda salsa Pall. (SSB).
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3.3. Biochar increased removals of TTCs, OTCs and CTCs via the increased
accessibilities of these antibiotics

Biochar additive significantly promoted the removals of all the
TTCs, OTCs, and CTCs examined in this study (Fig. 4, P<0.05 for all).
Compared to G0, the removal rates of TTCs, OTCs, and CTCs increased
by 4.72–10.86%, 2.13–10.29%, and 3.40–10.12% in biochar-added
soils during the 60-day incubation, respectively. Notably, the removals
of these antibiotics greatly varied with biochar types: the removal rate
of TTCs was respectively 21.49–72.81% in G1, 15.53–67.83% in G2,
and 15.13–69.43% in G3 during the incubation period (Fig. 4). Ac-
cordingly, the order of residual TTCs after biochar addition was
G2 > G3>G1. Similar results also obtained for both OTCs and CTCs.

The gradual reduced tetracyclines and their intermediates in G0 was
mainly attributed to the physicochemical and biological transforma-
tions of these antibiotics in soil environment during the 60-day in-
cubation (Palmer et al., 2010; Li et al., 2017; Leng et al., 2017). Ob-
viously, biochar additives could accelerate the aforementioned removal
processes in our findings (Fig. 4). Many studies reported that the huge
surface area of biochar could adsorb organic pollutants in water and
then decrease contaminants concentration, however these biochar ad-
ditives did not have similar removal efficiency for tetracycline anti-
biotics due to the complex nature of soil systems compared to aquatic
system (Ahmad et al., 2014). Our results also proved that the residual
TTCs, OTCs and CTCs increased with the increased SSA of biochar in
the present study (P < 0.05 for all), which indicated that huge SSA of
biochar could not explain the decrease of these tetracycline antibiotics.
Moreover, the recoveries of tetracycline antibiotics had no significant
difference in CK and biochar-added soils, which also verified the neg-
ligible effect of biochar adsorption (Table S2, P > 0.13). Therefore, we
deduced that biochar addition might accelerate the chemical or mi-
crobial removal of tetracycline antibiotics via changing the environ-
mental conditions. Previous studies also summarized that numerous
factors such as soil pH, soil mineralogy, organic matter, and microbial
community could affect the removals of tetracycline antibiotics (Bao
et al., 2009; Pollard and Morra, 2018; Ezzariai et al., 2018). Con-
sidering that, Pearson's correlation analysis was performed to study the
relationships between the removal rates of tetracycline antibiotics and
environmental factors. Results showed that the removal rate of tetra-
cycline antibiotics had a significantly positive correlation with TN
(P < 0.05), and negative correlations with TOC, C/N ratio, and SIR
(Fig. 5, P < 0.05 for all). However, pH and EC had inverse impacts on
these removals depending on types of tetracycline antibiotics. For

example, pH negatively correlated with the removal rates of TTCs and
CTCs (P < 0.05 for both), and it had no impact on that of OTCs (Fig. 5,
P= 0.36). However, EC had a positive relationship with the removal
rate of OTCs (Fig. 5, P < 0.05).

Tetracyclines are amphoteric compounds with three acid-base dis-
sociation constants (pKa): pKa1 of 3.2–3.3 for tricarbonyl, pKa2 of
7.3–7.7 for phenolic β-diketone, and pKa3 of 9.1–9.7 for dimethylamine
(Pollard and Morra, 2018). As pKa2< pH < pKa3, tetracycline mole-
cules deprotonated mainly exist in the form of monovalent anions,
however the fraction of divalent anions would elevate with the increase
of soil pH (Conde-Cid et al., 2018). For instance, the fraction of OTC2−

could reach to 50% of the total species for the lowest values of pKa2 and
pKa3 of OTC, which was far higher than TTC2− or CTC2− (Conde-Cid
et al., 2018). It was thus that the increased soil pH after biochar ad-
dition reduced the amount of biochar-enriched tetracyclines due to the
electrostatic repulsion (Pollard and Morra, 2018; Conde-Cid et al.,
2018). Despite the rapid increasing fraction of OTC2−, these anions
could be instantly bound with Ca2+ and Mg2+ by a surface-bridging
mechanism for a higher sorption coefficient, which were more acces-
sible to soil microbes (Pulicharla et al., 2017; Adrien and Rees, 1956;
Figueroa et al., 2004). Notably, microbes colonized on biochar could
use tetracyclines enriching on its surface or in its pores (Taheran et al.,
2017; Zhang et al., 2018a). Moreover, the Ca/Mg-tetracyclines would
be easier to pass through Ca2+/Mg2+ channels, and were readily me-
tabolized by microbes (Pulicharla et al., 2017). Therefore, the lower
removal rates of both TTCs and CTCs at higher pH, but a higher removal
rate of OTCs at higher EC environmental conditions were observed in
our study. Taken together, EC could cover the effect of pH on the re-
moval of OTCs, which was consistent with the study of Liu (Liu et al.,
2015).

Great difference to alkaline soils, both tetracycline molecules for
their amphoteric properties and the surface charge of biochar for their
high pHpzc carried positive charges in the acidic environment (Ahmad
et al., 2014; Pollard and Morra, 2018; Chen et al., 2018). It was thus
that the low soil pH reduced the amount of biochar-enriched tetra-
cyclines due to the electrostatic repulsion in acidic soils (Chen et al.,
2018). Meanwhile, Ca/Mg-tetracyclines would decrease due to the
electrical repulsion between Ca2+/Mg2+ and cationic tetracyclines in
the acid soils (Adrien and Rees, 1956; Fu et al., 2018). Therefore, the
metabolized tetracyclines by microbes colonized on the biochar surface
through Ca2+/Mg2+ channels would decrease, and correspondingly
observed increases of residual tetracycline antibiotics due to the change
of the tetracyclines characters and soil properties could be obtained in

Fig. 3. Soil pH, electrical conductivity (EC), total organic carbon (TOC), total nitrogen (TN), C/N ratio and substrate induced respiration (SIR) in soils without
biochar (G0) or amended with biochars from G1 (soil amended with CMB), G2 (soils amended with PSB and SDB) and G3 (soils amended with SCB and SSB). Bars
indicated standard error among the replications in the same treatment. Different marks represented significant difference among the treatments (P < 0.05).
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the acidic soils.
In addition to the indirect microbial removal of tetracycline anti-

biotics resulting from the chemical effects, microbial removal would
occur during the incubation period, which was closely related to the
nutrients in the environment (Leng et al., 2016). As reported, anti-
biotics could be used as carbon sources for soil microorganisms
(Schofield, 2018; Wright, 2010), while biochar addition enhanced soil
bioavailable carbon, leading to a reduced microbial preferential prob-
ability for antibiotics (Leng et al., 2017). Consequently, a negative re-
lationship between the removal rate of tetracycline antibiotics and TOC
could be observed. With an exception of C source, nitrogen was an
important nutrient element for soil microorganisms. Biochar mainly
contained heterocyclic nitrogen, but this N could be slowly transferred
into a bioavailable form from N-rich pyrogenic organic matter (de la
Rosa and Knicker, 2011). It was thus that the increased soil N after
biochar addition might accelerate the removal of tetracycline anti-
biotics. However, a high C/N ratio over 10 inhibited microbial meta-
bolisms, which might also decrease the removal of tetracycline anti-
biotics (Bao et al., 2009; Fujii et al., 2018).

Although biochar amendment decreased soil microbial biomass

during the incubation period, soil still existed bacterial strains toler-
ating both biochar and tetracycline antibiotics (Chait et al., 2012; Crofts
et al., 2017; Wang et al., 2017). The activities of these microbes might
increase due to the reduced niche competition, which further led to an
accelerated removal of tetracycline antibiotics (Zhang et al., 2018b). On
this account, a negative relationship between the removal rate of tet-
racycline antibiotics and SIR might be observed in the study.

Random forest analysis explained 60.19%, 69.70% and 73.98% of
the environmental variance for the removals of TTCs, OTCs, and CTCs,
respectively. Therefore, pH, EC, TOC, TN, C/N ratio, and SIR partially
explained the effect of environmental factors on the removals of tet-
racycline antibiotics. From the existing data, various environmental
factors had great different importance on the removals of TTCs, OTCs,
and CTCs (Fig. 6). The relative importance of environmental factors on
the removal of TTCs followed by the order: C/N ratio > pH >
TN > TOC > SIR (Fig. 6A). However, EC was the dominant en-
vironmental factor influencing the removal rate of OTCs, and then C/N
ratio, TOC, SIR, and TN (Fig. 6B). The removal of CTCs was also af-
fected by pH (13.30%), C/N ratio (13.28%), TOC (11.64%), TN
(10.12%), and SIR (8.79%) (Fig. 6C). Thus, it would be reasonable to
accelerate the removal of tetracycline antibiotics by altering environ-
mental conditions. Notably, the most suitable environmental condition
for the highest removal of tetracycline antibiotics need furtherly in-
vestigating in the future study.

4. Conclusions and environmental significance

In summary, this study examined how biochars obtained from dif-
ferent feedstocks affected the removals of tetracycline antibiotics in-
cluding TTCs, OTCs, and CTCs in soil environment. Our findings pro-
vide insights into the possibility of biochar to remediate soils
contaminated with tetracyclines. The mechanism of biochar accel-
erating the removals of tetracycline antibiotics might be related to the
indirect effect of biochar on changing soil properties. Therefore, it is
feasible to make modified biochar or optimize environmental

Fig. 4. Residual concentration of TTCs, OTCs, and CTCs in soils without biochar
(G0) or amended with biochars from G1 (soil amended with CMB), G2 (soils
amended with PSB and SDB), and G3 (soils amended with SCB and SSB). Bars
indicated standard error among the replications in the same treatment.
Different marks represented significant difference among the treatments at the
same sampling day (P < 0.05).

Fig. 5. Correlation matrices between environmental factors and the removal
rate of tetracycline antibiotics across all the treatments as revealed by Pearson's
rank correlation analysis. Black asterisk represented P < 0.05, red asterisk
represented P<0.01, and blue asterisk represented P<0.001. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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conditions to promote tetracyclines’ removal. Meanwhile, this work
would facilitate the development of using biochar to restore water or
soils polluted with other antibiotics.
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