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The use of biochar as an adsorbent for environmental remediation has been attracting increasing interest.
However, biochar can contain contaminants such as polycyclic aromatic hydrocarbons (PAHs) and metals (e.g.,
Cu, Pb, and Zn). We prepared Phyllostachys pubescens biochars at temperatures between 400 and 700 °C. The
biochars were used in bioassays using Vibrio qinghaiensis Q67, Daphnia magna, Pseudokirchneriella sub-
capitata, and Limnodrilus hoffmeisteri to characterize the toxicities and effects of the biochars. The PAH, Cu, Pb,
and Zn contents of the biochars were 8.59–14.67, 1.82–3.26, 1.17–3.53, and 8.76–16.47mg/kg, respectively.
The biochars gave maximum P. subcapitata, D. magna, and V. qinghaiensis Q67 inhibition rates of 6.47%,
6.70%, and 29.87%, respectively. The biochars produced at high pyrolysis temperatures (≥600 °C) had low
acute biotoxicities to L. hoffmeisteri and barely affected L. hoffmeisteri biomass, reproduction, and lipid content.
The biochars may therefore be suitable for sediment remediation.

1. Introduction

Biochar has been successfully used to immobilize organic and in-
organic contaminants to remediate environmental media [1,2]. Adding

biochar to sediment or soil can effectively decrease the bioavailable
fractions of metals and prevent metals bioaccumulating [3,4]. Heavy
metals can be removed by biochar through various mechanisms, in-
cluding precipitation with minerals, surface complexation with oxygen-
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containing functional groups, and coordination with π-electrons [5,6].
Biochar is inexpensive, ˜0.2 USD/kg, approximately a tenth of the price
of activated carbon (AC) [7]. Using biochar to remediate sediment in
conjunction with carbon sequestration is therefore economically at-
tractive. The effects of biochar on aquatic organisms should be eval-
uated before biochar is used to remediate sediment in the field.

Biochar can be produced from various feedstocks at different pyr-
olysis temperatures, and may contain potentially toxic species such as
metals and polycyclic aromatic hydrocarbons (PAHs) [8]. Sewage
sludge biochar contains large amounts of metals that are poorly mobile,
whereas wood-based biochar contains small amounts of metals with
large weakly bound fractions [9]. The pyrolysis temperature affects the
adsorption capacity, porosity, and specific surface area of biochar and
can affect the PAH and trace metal contents [10]. Most metals in wood
biochar produced at 700 °C are in non-residual fractions, suggesting
they will have low biotoxicities and be poorly bioaccessible [9]. The
pyrolysis temperature strongly affects the PAH content of biochar. The
PAH yield first increases and then decreases as the pyrolysis tempera-
ture increases from 200 to 700 °C [11,12]. The PAH contents of bio-
chars prepared from different raw materials at pyrolysis temperatures
of 200–900 °C vary widely, from<0.1 to> 10,000mg/kg [13]. The
International Biochar Initiative has established threshold values of
6–20mg/kg for 16 PAHs selected by the US Environmental Protection
Agency (EPA) (Σ16 EPA PAHs) [14]. The European Biochar Certificate
requires the Σ16 EPA PAH contents of premium and basic grade biochar
to be<4 and< 12mg/kg, respectively [15]. Therefore, the adsorption
capability and safety for use in environmental applications should be
taken into consideration when preparing biochar.

Toxicological assessments of biochar using Daphnia magna and lu-
minescent bacteria have shown that PAHs in biochar may threaten
organisms when biochar is used to remediate soil [16]. AC used to re-
mediate sediment can negatively affect Lumbriculus variegatus growth,
lipid content, and reproduction [17] and cause behavioral changes and
negatively affect growth, lipid content, and survival in various benthic
invertebrates [18]. Biochar and AC are similar in being carbon-negative
materials derived from biomass thermally treated under oxygen-limited
conditions. There have been few studies of biochar toxicity to benthic
invertebrates.

Biochar may degrade through physical and biological processes, but
has an estimated half-life of hundreds of years, and can release con-
taminants to the environment [19]. Using biochar to remediate aquatic
environments requires the ecological safety to be studied adequately.
The main aim of this study was to evaluate the effect of the pyrolysis
temperature on the Σ16 EPA PAH and trace metal contents of biochar
derived from the bamboo Phyllostachys pubescens (PP). The biochar
toxicity was assessed by performing bioassays using the aquatic or-
ganisms Vibrio qinghaiensis Q67, D. magna, and Pseudokirchneriella
subcapitata. The effects of biochar on sediment properties and the
toxicity of biochar to Limnodrilus hoffmeisteri (including effects on
growth, lipid content, and reproduction) were also investigated.

2. Materials and methods

2.1. Preparation of materials

Biochar was produced from PP, which is mainly (85% of PP in the
world) found south of the Yangtze River in China. PP was collected
from bamboo forests at 30°41ʹ24.52ʺ N, 118°35ʹ13.58ʺ E in Jingxian
District, Anhui Province. The PP had been growing for 4–6 y. The area
the PP was collected from has no industry, so has good quality water,
soil, and air. The PP was washed with ultrapure water three times to
remove dust, then dried at 80 °C for> 24 h. PP biochars were prepared
at 400, 500, 600, and 700 °C in an OTF-1200X-80 laboratory-scale
quartz-tube furnace (Hefei Kejing, Hefei, China). The flowing atmo-
sphere during pyrolysis was nitrogen containing 4% oxygen, and the
flow rate was 0.4 L/min. The temperature was increased at 20 °C/min.

The biochar preparation method has been described in detail previously
[5]. Commercial AC was purchased from Zhejiang Rong Xing Carbon
Industry (Lishui, China).

2.2. Biochar and AC properties

The specific surface area was determined using a Quantachrome
Nova 3200e instrument (Anton Paar, Graz, Austria) using a N2 ad-
sorption–desorption isotherm and the Brunauer–Emmett–Teller
method. A suspension of each biochar (a 1:20 w/v mixture of biochar
and deionized water) was prepared and the pH determined using a 3-
Star combination electrode (Thermo Fisher Scientific, Waltham, MA,
USA). The total carbon, hydrogen, nitrogen, and sulfur contents of the
biochar and AC samples were determined using a Vario EL III elemental
analyzer (Elementar, Hanau, Germany).

A 0.1000 g aliquot of biochar or AC was digested in 5mL of a 5:1 v/
v mixture of HF and HClO4 in a MARS Xpress microwave digestion
system (CEM, Matthews, NC, USA) using the conditions shown in Table
S1. The metal concentrations in the biochar and AC digests were de-
termined using an Optima 2000DV inductively coupled plasma optical
emission spectrometer (PerkinElmer, Waltham, MA, USA). The detec-
tion limits were 0.003–0.050mg/L. Standard reference material
GBW07436 (National Institute of Metrology, Beijing, China) was ana-
lyzed to assess the accuracy of the method. The metal recoveries were
95%–108%, and the relative standard deviations were< 5%. Each
analysis was performed in triplicate, and blanks were analyzed. A
modified three-stage Community Bureau of Reference sequential ex-
traction procedure (see Table S2) was used to determine the chemical
fractions of the metals in the biochar samples [20]. The metal re-
coveries in all the fractions were 91%–107%, and the relative standard
deviations were<5%.

The International Biochar Initiative and European Biochar
Certificate recommend that PAHs are extracted from biochar by Soxhlet
extraction using toluene. Each sample was baked at 105 °C for 4 h to
determine the dry weight. PAHs were extracted from each biochar and
AC sample (1 g) by Soxhlet extraction with hexane for 36 h [21]. The
extracts were qualitatively and quantitatively analyzed for PAHs using
a 7890A GC-5975C MSD gas chromatograph mass spectrometer (Agi-
lent Technologies, Santa Clara, CA, USA). Each sample was analyzed in
triplicate. Analytical blanks were analyzed following the same proce-
dure. The isotope-labeled internal standard recoveries were
71%–108%.

2.3. Biochar biotoxicity assessment

2.3.1. Biochar leachate and toxicity tests
Biochar and AC may release heavy metals into water under various

conditions. The toxicity characteristic leaching procedure (TCLP) was
performed, following US EPA Method 1311, to determine metal
leachability from the biochar. TCLP extraction solution 1 was 5.7mL
CH3COOH diluted to 1000mL with deionized water and adjusted to pH
2.88 ± 0.05 by adding 1.0 mol/L HNO3 and 1.0 mol/L NaOH [22].
TCLP extraction solution 2 was 5.7mL CH3COOH and 64.3mL 1mol/L
NaOH diluted to 1000mL with ultrapure water and adjusted to pH
4.93 ± 0.05 by adding 1mol/L HNO3 [23]. TCLP extraction solution 3
was deionized water at pH 7.85 ± 0.05. The metals leached from the
biochar and AC by the TCLP extractants were determined using an
Optima 8300 inductively coupled plasma emission spectrometer (Per-
kinElmer).

2.3.2. Acute toxicity tests using Vibrio qinghaiensis Q67
A suspension of each PP biochar in 25mL ultrapure water was

prepared in a 50mL centrifuge tube. Suspension concentrations of
0–12.8 g L−1 were used in tests using V. qinghaiensis Q67. Each sus-
pension was shaken for 1 h, then centrifuged at 4000×g for 15min, and
the supernatant was used in acute toxicity tests.
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A luminescent bacteria V. qinghaiensis Q67 kit was used to test the
acute toxicity of each supernatant (leachate). Q67 were added to re-
covery buffer and mixed for 2min at room temperature. The salinity of
each sample was adjusted following the Q67 kit instructions. A test
solution containing 1.8 mL biochar supernatant and 0.2 mL Q67 solu-
tion was placed in each well of a white 96-well plate. Each toxicity test
was repeated five times. The cells were cultivated for 15min in a
shaking incubator, then the Q67 luminescence was measured using an
Infinite M200 microplate reader (Tecan, Männedorf, Switzerland). The
relative luminescence was used to evaluate the biochar leachate toxi-
city. The luminescence of Q67 in recovery buffer was used as the
control blank (100% luminescence).

2.3.3. Daphnia magna immobilization tests
Acute toxicity to D. magna was assessed by performing 48 h im-

mobilization tests following US EPA guidelines [24]. D. magna<24 h
old and from the third to fifth broods were used. In each test, 10 D.
magna were cultured in a 100mL Erlenmeyer flask containing 50mL
biochar leachate from a suspension containing biochar at a concentra-
tion between 0 and 51.2 g L−1. Each test was performed in triplicate,
and appropriate controls (without biochar leachate) were performed.
The D. magna were cultivated for 48 h without feeding and then
counted.

2.3.4. Pseudokirchneriella subcapitata toxicity tests
Green algae P. subcapitata (FACHB-271) were obtained from the

Institute of Hydrobiology, Chinese Academy of Sciences. The D. magna
acute toxicity test method GB/T 16125-2012 was used but with P.
subcapitata instead of D. magna. Leachate from suspensions containing
biochar at concentrations of 0–12.8 g L−1 were used. The cells were
cultured at 25 ± 2 °C illuminated with 3000–4000 lx for 6–10 h under
continuous culture conditions and excluding direct sunlight. The initial
cell density (determined using a Neubauer hemocytometer) was
1× 104 cells/mL. The suspension was shaken every 8 h to prevent cell
aggregation. The yield in a test was defined as the difference between
the cell densities at the end and beginning of the test. The mean yield
and the variance were calculated for each test concentration and con-
trol [25]. The percentage yield inhibition Iy was calculated for each
treatment using the equation

=
−l Yc Yt
Ycy (1)

where Iy is the percentage yield inhibition, YC is the mean yield in the
control group, and YT is the yield for the treatment.

2.3.5. Limnodrilus hoffmeisteri toxicity tests
Sediment/water microcosms were prepared to allow the effects of

the biochar and AC on sediment properties and the biotoxicities of the
biochar and AC to L. hoffmeisteri to be assessed. The experimental
design was described in detail previously [26]. About 150 g of natural
uncontaminated sediment was placed in a 1 L glass flask. PP biochar
prepared at 600 °C and separated into particle sizes of 20–63, 63–425,
and 425–1700 μm were mixed with sediment samples under a nitrogen
atmosphere, then a sediment/biochar mixture was added to each flask
and ˜0.6 L water was added.

The growth, lipid content, and reproduction of L. hoffmeisteri in
each test microcosm were measured over 28 d cultivation [27]. The
microcosms were kept at 20 ± 1 °C and subjected to a 16 h light, 8 h
dark cycle. The microcosms were prepared and allowed to settle for 2 d
before 30 L. hoffmeisteri (each 5–9mg wet weight) were added to each
microcosm. The L. hoffmeisteri were removed with a sieve after 28 d.
The change in biomass was determined from the L. hoffmeisteri wet
weights at the start and end of each test. The change in biomass Cb (%)
was calculated using the equation

=
−

×C We Ws
Ws

100%,b (2)

where Cb is the change in biomass, We is the L. hoffmeisteri wet
weight at the end of the test, and Ws is the L. hoffmeisteri starting
biomass.

The reproduction factor was defined as the number of L. hoffmeis-
teri at the end of a test divided by the number at the beginning. The
lipid content was determined using a previously established gravimetric
method but using isopropanol rather than chloroform to extract the
lipid [17]. Morphological changes in L. hoffmeisteri were observed
using an SZX-BI45 stereomicroscope (Olympus, Tokyo, Japan) after
soaking the cells in water for 1 d to remove sediment.

2.4. Statistical analyses

Differences between treatment and control results and between
treatment results were assessed by performing one-way analyses of
variance and Dunnett’s tests. Statistical analyses were performed using
Origin Pro 8.0 software (OriginLab, Northampton, MA, USA) and SPSS
20.0 for Windows software (IBM, Armonk, NY, USA). The data were
subjected to analyses of variance procedures, and significant differences
between mean values were identified using the protected least sig-
nificant difference test at the 0.05 probability level.

3. Results and discussion

3.1. General biochar properties

The properties of the PP biochars produced at different pyrolysis
temperatures and of the commercial AC are shown in Table 1. The PP
biochar pH increased markedly, from 7.96 to 10.74, as the pyrolysis
temperature increased from 400 to 700 °C. The biochars produced at
400–700 °C had specific surface areas of 98.3–312.3 m2/g. The H/C
molar ratio was used to assess aromaticity, and the O/C and O+(N/C)
molar ratios were used to assess the polarity. H/C molar ratios< 0.3
generally indicate highly condensed aromatic ring systems, whereas H/
C molar ratios> 0.7 suggest non-condensed structures [28]. The results
indicated that aromaticity increased and polarity decreased as the
pyrolysis temperature increases. The properties of the PP used to pro-
duce the biochar are also shown in Table 1. The Cu, Pb, and Zn contents
of the raw PP were 0.62, 0.66, and 1.37mg kg−1, respectively.

The biochar samples were characterized by Fourier-transform in-
frared spectroscopy, and the spectra are shown in Fig. S1. The pyrolysis
temperature affected the functional groups on the biochar. The fatty
hydrocarbon peaks at 2853 and 2923 cm−1 and other aliphatic func-
tional group peaks at 1210–1560 cm−1 were weaker for the biochar
produced at 600 °C than for the biochar produced at 400 and 500 °C.
Increasing the pyrolysis temperature increased the aromatic structure
(caused by the dehydrogenation of carbohydrates) content.

3.2. Trace metal contents and fractions

The metal contents were clearly related to the pyrolysis tempera-
ture. The biochar had high alkaline earth contents and trace contents of
the toxic metals Cu (1.82–3.26mg/kg), Pb (1.17–3.53mg/kg), and Zn
(8.76–16.47mg/kg). The dominant metals in the biochar were K
(3366–4489mg/kg), Ca (519.8–549.6 mg/kg), and Mg
(135.06–506.09mg/kg). Few heavy metals were found in the biochar,
and the contents were low. The heavy metal contents of the commercial
AC were similar.

The chemical forms of the metals in the biochar produced at dif-
ferent pyrolysis temperatures were also studied. Four metal fractions
were determined, and they were defined as the water- and acid-soluble
fraction (F1), reducible fraction (F2), oxidizable fraction (F3), and re-
sidual fraction (F4). Al, Cu, Fe, Mn, Pb, and Zn were predominantly in
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the residual fractions of the biochars and AC (Fig
. 1), indicating that these metals were bound in mineral lattices or

recalcitrant organic compounds and were not liberated by hydrogen
peroxide [9]. The next most dominant fraction for the biochar produced
at 400 and 500 °C and the AC was the reducible fraction. For biochar
produced at 400 °C, the non-residual (F1, F2, and F3) Pb fractions
contributed almost 71% of the total Pb contents, i.e., more than the
residual Pb fraction. Increasing the pyrolysis temperature gradually
increased the Pb content, but the non-residual Pb fraction decreased
and the residual Pb fraction increased (Table 1 and Fig. 1). The con-
centrations of metals leached from the biochar and AC at pH 2.88 and
4.93 were much lower than the D. manga EC50 s for the metals
(Table 2). Maximum ecotoxicities of metals in biochar have been de-
termined in acidic media [29]. The results indicated that heavy metals
in the PP biochar and AC have low potential biotoxicities.

3.3. Polycyclic aromatic hydrocarbon contents

It has previously been found that biochar usually contains PAHs
[13]. We determined 16 EPA PAHs in the biochar samples, and the
results are shown in Fig. 2. The dominant PAHs had four rings and
together contributed 32.1%–41.2% of the Σ16 EPA PAH contents. The
dominant four-ring PAHs were fluoranthene (452–2712 μg/kg) and
chrysene (618–2511 μg/kg).

The PAH content and composition clearly depended on the pyrolysis
temperature. The highest PAH content (14668 μg/kg) was found in
biochar produced at 400 °C. Increasing the pyrolysis temperature from
400 to 700 °C caused the Σ16 EPA PAH content to decrease because the
fluoranthene, chrysene, and benzo[b]fluoranthene contents decreased
markedly. Higher PAH contents have recently been found in biochar
produced at 400 and 500 °C than in biochar produced at other tem-
peratures [11,12]. The PAH content may decrease as the pyrolysis
temperature increases because of the volatilization of amorphous
phases and nuclear condensation into a large non-extractable sheet
[11]. We found that the pyrolysis temperature affected both the Σ16
EPA PAH content and the PAH composition. Biochar produced at 400 or
500 °C had high four- and five-ring PAH contents. The benzo[a]pyrene

and benzo[a]anthracene (which are toxic) contents were lower for
biochar produced at ≥500 °C than for biochar produced at 400 °C. This
is promising in terms of using PP biochar in environmental remediation
applications. However, using PP biochar to remediate sediment would
require the biotoxicity of the biochar to be studied to allow potential
risks to be avoided.

3.4. Biochar effects in aquatic environments

3.4.1. Biochar and activated carbon effects on sediment properties
The effects of adding PP biochar and AC to sediment on the prop-

erties of the sediment and overlying water were studied, and the results
are shown in Table S3. In the L. hoffmeisteri toxicity test sediment/
water microcosms, the sediment pH increased slightly when biochar or
AC was added. The sediment containing 0.5%–15% (by dry weight)
biochar and AC were at pH 7.07–7.52 and 7.12–7.42, respectively. The
biochar and AC little affected the sediment dissolved oxygen con-
centration or oxidation–reduction potential. Increasing the amount of
biochar added decreased the turbidity of the overlying water (Table
S3). The turbidity was 2.31 when the sediment contained 15% biochar
(by dry weight). Adding biochar or AC decreased the overlying water
electrical conductivity and total dissolved solid concentration. The
electrical conductivities of the overlying water in the sediment/water
microcosms with biochar and AC added were 624.1–737.2 and
631.0–733.9 μS, respectively.

3.4.2. Acute biological responses to aqueous biochar extracts
Acute toxicity bioassays provide a comprehensive battery of tests for

evaluating the potential negative effects of biochar on aquatic organ-
isms [30]. We used P. subcapitata, D. magna, and V. qinghaiensis Q67
to assess the toxicities of PP biochar leachates, and the results are
shown in Fig. 3. The maximum inhibition or lethality rates of the bio-
char extracts for P. subcapitata, D. magna, and V. qinghaiensis Q67
were 6.47%, 6.70%, and 29.87%, respectively. The lethality and in-
hibition rates of the biochar leachates at various concentrations and
temperatures for D. magna and P. subcapitata were all< 10%, and no
significant differences were found for biochar produced at different

Table 1
Physico-chemical properties of the raw Phyllostachys pubescens (PP) and biochar produced at different pyrolysis temperatures and of commercial activated carbon
(AC).

Analysis index unit PP BC4001 BC500 BC600 BC700 AC

pH 7.11a 7.96b2 8.76c 10.45d 10.74d 7.21a
C % 59.87a 77.24b 77.53b 87.43c 93.61d 97.11f
H % 6.92f 5.48e 4.34d 3.32c 2.87b 1.67a
N % 0.34a 0.72d 0.78f 0.71d 0.59b 0.65c
O % 33.91f 15.78d 17.28f 8.48c 2.89b 0.54a
S % / 0.769c 0.074c 0.060b 0.032a 0.031a
H/C(atom) 0.10 0.851 0.672 0.455 0.368 0.206
O/C(atom) 0.53 0.153 0.167 0.073 0.023 0.004
(O+N)/C(atom) 0.53 0.161 0.176 0.08 0.029 0.01
SSA3 m2 g−1 0.23a 98.3b 122.5c 276.2d 312.3e 923.2f
K4 mg kg−1 1254.32b 3366.00c 3622.00c 4489.00f 4254.00d 216.00a
Na mg kg−1 23.3a 44.70c 60.90f 38.10b 39.47b 58.67d
Ca mg kg−1 192.3b 519.80c 549.60d 531.30d 537.97d 68.50a
Mg mg kg−1 75.32b 135.06c 283.36d 489.06e 506.09f 36.36a
Al mg kg−1 13.42a 62.30c 56.42b 58.23b 61.27c 15.50a
Fe mg kg−1 10.27a 50.25c 50.52c 78.92d 39.03b 9.42a
Mn mg kg−1 11.32b 53.21d 73.81f 44.01c 66.28de 1.12a
Cu mg kg−1 0.62a 2.08c 2.79d 3.26f 1.82c 1.37b
Pb mg kg−1 0.66b 1.17c 1.56d 3.53e 3.49e 0.21a
Zn mg kg−1 1.37a 16.47d 13.62d 11.26c 8.76b 6.58b
No. of analysis5 3 5 5 5 5 3

1. BCx, biochar produced by pyrolyzing Phyllostachys pubescens at x °C.
2. In each column, mean values followed by the same lowercase letter were not significantly different at the 5% level.
3. SSA, specific surface area determined using sorption isotherms.
4. Ag, As, Be, Bi, Cd, Ce, Co, Cr, Hg, Se, Ni, Sb, Sn, and U were not detected. The detection limit was 0.01mg/kg.
5. Numbers in parentheses indicate standard deviations of n replicates.
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pyrolysis temperatures.
The biochar leachate toxicity to V. qinghaiensis Q67 increased

markedly as the biochar dose increased (Fig. 3a), but no significant

relationship between the dose and toxicity was found for doses> 0.8 g/
L. The inhibition rates for V. qinghaiensis Q67 were 9.52%–28.78% and
were not related to the pyrolysis temperature. The inhibition rate for
the blank sample was 12.8 g/L. The biochar leachates were much less
toxic than found for surface river water and contaminated sediment in
previous studies [31,32]. Biochar may negatively affect aquatic or-
ganisms, but a biochar–sediment mixture for remediating contaminated
sediment may be much less toxic than pure biochar [4].

At PP biochar concentrations< 51.2 g/L, the leachate of biochar
produced at ≥600 °C was less acutely toxic than leachate from biochar
produced at lower temperatures to D. magna (Fig. 3). However, the D.
magna inhibition rates for leachates of biochar prepared at ≤500 °C
were only 3.33%–6.67%. The P. subcapitata inhibition rate remained
stable (at 5.84%–6.25%) at biochar produced at 400 °C concentra-
tions> 3.2 g/L. The P. subcapitata cells agglomerated and sedimented
at high biochar concentrations.

3.4.3. Responses of L. hoffmeisteri to biochar and activated carbon
3.4.3.1. Biomass. The survival rates were high andthe number of L.
hoffmeisteri remained stable or increased in all the microcosms for 28

Fig. 1. Fraction distributions of metals in Phyllostachys pubescens biochar and commercial activated carbon (AC). BCx= biochar produced by pyrolyzing P.
pubescens at x °C; F1, exchangeable and acid-soluble fraction; F2, reducible fraction; F3, oxidizable fraction; F4, residual fraction.

Table 2
Metal concentrations (mg/L) leached from the biochar by three different ex-
tractants.

Elements a Concentration of metal elements D. magna 48-h EC50

A leachate b B leachate c C leachate d

Al – 0.01 0.07 3.9
Fe 1.2 2.4 2.6 9.6
Mn 0.03 0.11 0.14 9.8
Cu – – 0.02 0.06
Pb – – – 0.45
Zn – 0.02 0.08 0.28

a Ag, Be, Bi, Cd, Ce, Co, Cr, Se, Ni, Sb, Sn, U detection limits< 0.01mg/L.
b deionized water at pH 7.85 ± 0.05.
c toxicity characteristic leaching procedure solution 1 at pH 2.88 ± 0.05.
d toxicity characteristic leaching procedure solution 2 at pH 4.93 ± 0.05.
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d. L. hoffmeisteri biomass increases were not affected by the biochar or
AC at doses< 0.5% (Fig. 4). Low AC doses slowed the biomass increase,
and the effect were more evident for finer than coarser particles.
Particles with diameters 20–63, 63− 425, and 425–1700 μm
significantly decreased the biomass at doses of 0.5%, 3%, and 5%,
respectively. The L. hoffmeisteri biomass decreased significantly as the
biochar content increased, but the L. hoffmeisteri biomass was affected
less by biochar than AC. A biochar content of 15% in the sediment (by
dry weight) decreased the L. hoffmeisteri biomass by 4.57%, 2.95%,
and 11.57% when the biochar particle diameters were 20–63, 63–425,
and 425–1700 μm, respectively.

An AC concentration>3% in the sediment (by dry weight) sig-
nificantly decreased L. hoffmeisteri biomass growth. In contrast, 3%
biochar did not significantly affect biomass growth. Biochar with par-
ticle diameters 20− 63 μm at concentrations> 5% decreased L. hoff-
meisteri biomass growth by 14.64% relative to the control sample. The
bioavailability of organic matter and nutrients in sediment could affect
organism growth (lipid content and biomass increases). It has been
suggested that adding carbon-based materials may affect L. hoffmeisteri
by affecting food acquisition or strongly binding nutrients [17]. In one
study, the L. variegatus biomass decreased at low doses of fine AC in
unpolluted sediment, probably because of decreased feeding [17].

3.4.3.2. Reproduction. Minor effects on reproduction were observed
when AC was added to the sediment. The reproduction factor for
sediment without carbon added was 1.433, and this was not affected by
adding biochar. In contrast, dose-related effects were found in the
microcosm containing AC with diameters 20− 63 μm (Fig. 4). This
indicated that L. hoffmeisteri larvae are more sensitive to AC than PP
biochar. A biochar dose of 15% slightly decreased the L. hoffmeisteri
reproduction rate (to 1.21–1.32). However, AC (20–63 μm) doses> 5%
significantly inhibited L. hoffmeisteri larvae reproduction. The
reproduction rates were 1.22–1.32 and 1.087–1.35 for sediment
containing 15% biochar and AC, respectively. In a previous study it
was found that L. variegatus reproduction may be inhibited by exposure
to high fluoranthene concentrations [33]. However, the fluoranthene
content of the PP biochar was higher than the fluoranthene content of
the AC, suggesting that other factors contributed to the decrease in L.
hoffmeisteri reproduction. The reproduction effect may have been
caused by stress, but the mechanism involved is unknown [17].

3.4.3.3. Lipid. The lipid content is usually used as a biomarker for
energy in exposure studies. Negative dose responses were found at
biochar and AC doses of 1%. The L. hoffmeisteri lipid content was more
sensitive to AC than PP biochar (Fig. 4). The relative lipid contents of L.
hoffmeisteri were 74.01% and 61.44% when the sediment contained
15% biochar and AC, respectively (Fig. 4g). Fine biochar and AC (with
particle diameters 20− 63 μm) had higher negative effects than the
other test materials on the L. hoffmeisteri lipid content. The highest
lipid content was found for sediment without biochar or AC added, and
the lipid content decreased as the biochar or AC dose increased. AC
doses> 1% gave statistically significant responses, consistent with the
results of a previous study [17].

The effects of PP biochar prepared at different pyrolysis tempera-
tures on L. hoffmeisteri are shown in Fig. 5. Biochar added to the se-
diment microcosms changed the L. hoffmeisteri biomasses by
22.65%–29.73%, whereas adding AC changed the biomass by only
8.44%. Biochar produced at different pyrolysis temperatures and AC
did not significantly affect reproduction. The L. hoffmeisteri lipid
content decreased markedly as the biochar pyrolysis temperature in-
creased. In conclusion, L. hoffmeisteri biomass, reproduction, and lipid
content were affected less by biochar than AC. Moreover, the smaller
the AC or biochar particle size the stronger the negative effects on L.
hoffmeisteri. PP biochar produced at an appropriate pyrolysis tem-
perature and with an appropriate particle size therefore needs to be
used to remediate sediment.

Fig. 2. Polycyclic aromatic hydrocarbon (PAH) contents of the Phyllostachys
pubescens biochar (BCx, where x is the pyrolysis temperature) and activated
carbon (AC) samples. The PAH abbreviations are: NaP (naphthalene), Acy
(acenaphthylene), Ace (acenaphthene), Fluo (fluorene), Phe (phenanthrene),
Ant (anthracene), Flua (fluoranthene), Pyr (pyrene), BaA (benzo[a]anthra-
cene), Chry (chrysene), BbF (benzo[b]fluoranthene), BkF (benzo[k]fluor-
anthene), BaP (benzo[a]pyrene), DBA (dibenz[a,h]anthracene), IncdP (indeno
[1,2,3-cd]pyrene), BghiP (benzo[ghi]perylene), and Σ16 EPA PAHs (sum of the
16 EPA PAH contents).

Fig. 3. Inhibition rates and lethality percentages for (a) Vibrio qinghaiensis
Q67, (b) Daphnia magna, and (c) Pseudokirchneriella subcapitata exposed to
different concentrations of leachates of biochar produced at different pyrolysis
temperatures.
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Phyllostachys pubescens at x °C.
Morphological changes in L. hoffmeisteri in a microcosm with bio-

char with particle diameters 20–63 μm added are shown in Fig. 6. A
biochar dose of 3% of the sediment dry weight caused obvious accu-
mulation of black material in the L. hoffmeisteri. The black material
could have been biochar. This was consistent with the decrease in the L.
hoffmeisteri lipid content (Fig. 4). Biochar is very stable, and the carbon
in biochar has a mean residence time of hundreds of years [34]. Some
benthic organisms, such as L. hoffmeisteri, use small biochar particles
as food, meaning metals and PAHs in biochar may enter the food chain.

3.5. Relationships between contaminants, specific surface area of biochar,
and biotoxicity

Biological tests make it possible to identify the potential risks posed
by using various materials to remediate aquatic environments. The ef-
fects of biochars produced at different pyrolysis temperatures and AC
on toxicity to the test organisms varied but were closely related to the
contents of certain PAHs and Zn and the specific surface area of the
biochar (Fig. 7). In a previous study, L. variegatus growth and re-
production decreased as the AC concentration increased and as the AC
particle diameter decreased, and even the lowest AC dose (0.25%)

Fig. 4. Effects of three particle size fractions of biochar (BC) and activated carbon (AC) on the Limnodrilus hoffmeisteri (a, b, and c) biomass, (d, e, and f)
reproduction factor, and (g, h, and i) relative lipid content over 28 d. The biochar was prepared at 600 °C. * indicates the value was significantly different from the
value for the blank (p < 0.05). The dotted lines show the number of Limnodrilus hoffmeisteri present at the beginning of the experiment. (a, d, and g) Fine BC and
AC (20–63 μm, (b, e, and h) medium BC and AC (63–425 μm, (c, f, and i) granular BC and AC (425–1700 μm).

Fig. 5. Effects of biochar (BC) prepared at different pyrolysis temperatures and activated carbon (AC) on the Limnodrilus hoffmeisteri (a) biomass, (b) reproduction
factor, and (c) relative lipid content. The BC particle diameters were 20–425 μm, the dose was 3% of the sediment dry weight, and the treatment time was 28 d. BCx
means biochar produced from.
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decreased the lipid content [17]. In this study, V. qinghaiensis Q67 was
m

ore sensitive than the other organisms to the biochar (Fig. 3). The
biochars gave maximum growth inhibition rates for D. magna and P.
subcapitata of 6.7% and 6.47%, respectively. Little information on the
biotoxicity of biochar to various organisms is available in previous
publications. We performed correlation analyses to evaluate the effects
of the contaminants and specific surface area of the biochar and AC on
toxicity, and the results are shown in Fig. 7.

The suitability of a material for remediation is often assessed by
performing chemical analyses. However, biological tests make it

possible to determine the potential toxicity of a material used to re-
mediate environmental media [35]. The Σ16 EPA PAH and Zn contents
and the rate of V. qinghaiensis Q67 inhibition correlated significantly
(Fig. 7), indicating that PAHs and Zn may control biochar toxicity. In a
previous study, the effects of biochars on toxicity to test organisms
varied but were closely related to the contents of certain PAHs [16].
Biochar produced at low pyrolysis temperatures (400 and 500 °C)
contained more Σ16 EPA PAHs and Zn and was more toxic than biochar
prepared at higher pyrolysis temperatures. The specific surface area of
the biochar significantly negatively correlated with the L. hoffmeisteri
lipid content and biomass. The adsorption capacity of the biochar

Fig. 6. Morphological changes in Limnodrilus hoffmeisteri exposed to different concentrations (0%–15% of the sediment dry weight) of biochar with particle
diameters of 20–63 μm.

Fig. 7. Correlations between biological responses and the (a and b) specific surface area, (c) polycyclic aromatic hydrocarbon (PAH) content, and (d) Zn content of
the biochar. BCx means biochar produced by pyrolyzing Phyllostachys pubescens at x °C.
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increased as the specific surface area increased. When remediating se-
diment, increasing the specific surface area of the adsorbent could
markedly increase the amounts of organic pollutants sorbed and im-
prove the remediation effect. However, sorbents can also sorb dissolved
organic substances in pore water and decrease nutrient intake by
benthic organisms.

Small amounts of metals and PAHs leaching from the biochars may
not have been the main reason for the biochar toxicity, and more effort
needs to be made to identify the main cause(s) of biochar toxicity. In a
previous study, biochar was found to have very low heavy metal and
PAH contents, and biochar little affected fruit fly viability [36]. In
summary, toxic substances in biochar little affect large organisms but
may negatively affect microorganisms such as luminescent bacteria.

4. Conclusions

The behaviors of biochars produced at different pyrolysis tempera-
tures and their effects on aquatic organisms were studied. The toxicities
of the biochars in sediment were assessed using a representative
bioassay to allow the aquatic ecological effects to be evaluated. Three
main conclusions were drawn. 1) The biochars had low heavy metal
contents but PAH contents that could pose risks to aquatic environ-
ments. The bioavailable fractions of the heavy metals and Σ16 EPA
PAHs in the biochars decreased as the pyrolysis temperature increased.
2) The heavy metals and Σ16 EPA PAHs had low potential to leach from
the biochars, meaning these species may not be the main causes of the
negative effects of the biochars on L. hoffmeisteri. Small biochar par-
ticles with high specific surface areas may pose risks to the benthos, and
this was confirmed in toxicological tests. 3) The low toxicity of the
biochars suggested that biochar could safely be used at doses of< 3%
of the sediment dry matter. Biochar is very stable, has a high degree of
aromaticity, and is rich in carbon, and the mechanisms involved in the
toxic effects of biochar in aquatic environments need to be studied
further.
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