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Abstract
Biochar (BC) colloids attract increasing interest due to their unique environmental behavior and potential risks. However, the
interaction between BC colloids and organic contaminants that may affect their fates in the environment has not been substan-
tially studied. Herein, adsorption and desorption of phenanthrene (PHN), atrazine (ATZ), and oxytetracycline (OTC) by a series
of BC colloids derived from bulk rice straw BC samples with 6 pyrolysis temperatures (200–700 °C), and 3 particle sizes
(250 nm, 500 nm, and 1 μm) were investigated. Regardless of pyrolysis temperature, BC colloids from a given sized bulk BC
had a comparable size, being 30 ± 6, 70 ± 18, and 140 ± 15 nm corresponding to the three sized bulk BCs, respectively. The
adsorption kinetics curves were well explained by the pseudo-second-order model, and pore diffusion was the primary rate-
determining step. Both Freundlich and Langmuir models well fitted the adsorption isotherms. With increasing pyrolysis tem-
perature or decreasing particle size of bulk BC, the specific surface area and pore volumes of the derived BC colloids increased,
the kinetics model fitted adsorption rates (k2) of the three organics by the BC colloids all largely decreased, and the Langmuir
model fitted adsorption capacities (Qmax) increased. The highest Qmax was obtained by BC colloids from the smallest (250 nm)
bulk BC with the highest pyrolysis temperature (700 °C), being 212 μmol g−1 for PHN, 815 μmol g−1 for ATZ, and
72.4 μmol g−1 for OTC. The adsorption was reversible for PHN and ATZ, while significant desorption hysteresis was observed
for OTC on BC colloids with middle pyrolysis temperatures (300–500 °C). The underlying mechanisms including hydrophobic
interaction, π–π electron donor-acceptor interaction, molecular size effect, and irreversible reactions were discussed to explain
the difference in the adsorption and desorption behaviors. The findings increased our understanding of the environmental fate and
risk of BC.
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Introduction

Biochar (BC) has gained significant attention due to its great
application potential for environmental remediation, carbon

sequestration, agriculture improvement, and energy produc-
tion (Lehmann and Joseph 2009; Ahmad et al. 2014). Bulk
BC particles can be physically degraded into microscale or
nanoscale colloids in the environment (Spokas et al. 2014).
Distinguished from bulk BC, BC colloids present excellent
mobility in the environment (Zhang et al. 2010; Major et al.
2010). Besides, owing to the large specific surface area and
extensive functional groups inherited from bulk BC, BC col-
loids are anticipated to have superior adsorption capacity to
various inorganic and organic contaminants (Major et al.
2010). Thus, BC colloids can likely act as a carrier for organic
and inorganic contaminants (Wang et al. 2013) and may bring
threats to the environment. It is thus urgent to understand the
interaction between BC colloids and contaminants.

There is no doubt that the properties of BC colloids can
play a vital role in the interaction between BC colloids and
contaminants. BC colloids mainly come from pyrolysis-
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induced pore collapse, matrix fracture during BC prepara-
tion, and the physical breakup of BC by grinding (Liu
et al. 2018). Hence, the properties of BC colloids are
inherited from the bulk BC. It was observed that BC colloids
released from a hardwood bulk BC (pyrolyzed at 500 °C) by
water erosion showed no detectable alteration in O/C atomic
ratio relative to the bulk BC (Spokas et al. 2014).
Conversely, different results have also been reported. For
example, BC fractions below 0.45 μm contained more polar
groups and less aromatic clusters than the larger BCs (1–
150 μm) produced from rice straw and bamboo at 400 °C
(Qu et al. 2016); BC colloids from a peanut shell BC
contained more oxygen and fewer aromatic structures than
the bulk BC (Liu et al. 2018); BC colloids from the bulk BC
with lower pyrolysis temperature had more carboxyl and
hydroxyl groups and thereby exhibited higher removal of
heavy metal ions (Qian et al. 2016). These studies filled in
the gap of fundamental knowledge about the property and
behavior of BC colloids. However, more studies are still
needed to address the interaction between BC colloids and
organic contaminants, especially the effects of pyrolysis tem-
perature and particle size of bulk BC.

In addition to the inherent properties of BC colloids, their
interactions with organic contaminants and the involved
mechanisms can vary with the molecular structure and prop-
erty of organics. Various mechanisms including hydropho-
bic, electrostatic, π–π electron donor and accept, and hydro-
gen bonding interactions have been reported to regulate the
adsorption of organic contaminants, such as phenanthrene
(PHN) (Xie et al. 2014; Zhu and Pignatello 2005), oxytetra-
cycline (OTC) (Ji et al. 2009; Oleszczuk et al. 2009), and
atrazine (ATZ) (Zhao et al. 2013a, b) by bulk BCs. However,
BC colloids with more or less different properties (e.g., size,
pore structure, and/or surface chemistry) from their bulk ones
can likely have different adsorption behaviors, and this dif-
ference may be organics-dependent. Moreover, knowledge
on the desorption of organics from BC colloids is still
waiting to be filled in. It has been implied that the occurrence
of desorption hysteresis would greatly affect the fate and
toxicity of organics associated with BC colloids
(Mukherjee et al. 2016). Thus, it is crucial to elucidate the
relationship between the properties of organics and the
adsorption-desorption behaviors of BC colloids.

Herein, we systematically investigated the adsorption-
desorption behaviors of PHN, OTC, and ATZ on BC colloids
from rice straw bulk BCs with different pyrolysis tempera-
tures and particle sizes. The main objectives were (a) to
illustrate the effect of pyrolysis temperature and particle size
of bulk BCs on the adsorption behavior of the derived BC
colloids; (b) to address the effect of organics properties on
the adsorption; and (c) to explore the desorption hysteresis
and its relationship with the properties of BC colloids and
organics.

Material and methods

Preparation and characterization of BC colloids

Bulk BC samples had been prepared and used in our previous
study (Hameed et al. 2019). Briefly, cleaned and dried rice
straw biomass was charred in a muffle furnace (SX2-12-10,
Ningbo Hinotek Technology Co., China) under the oxygen-
limited condition at 200, 300, 400, 500, 600, and 700 °C for
6 h to obtain BC samples with various pyrolysis temperatures.
The BC samples were then ground, sieved through 2 mm
mesh, and labeled as BC200, BC300, BC400, BC500,
BC600, and BC700, respectively. A portion of the sieved
BC samples were further milled by a high energy planetary
ball mill (QM-3SP2, T-Bota Scitech, Nanjing, China) at 40 Hz
for 1, 6, and 18 h to obtain the target sizes of 1 μm (BC1 μm),
500 nm (BC500 nm), and 250 nm (BC250 nm), respectively.

BC colloids were obtained from the above bulk BC sam-
ples with different pyrolysis temperatures and particle sizes
following the study of Qian et al. (2016). Briefly, 2 g of bulk
BC were added in 200 mL of ultrapure water, sonicated
(100 W, 45 kHz, KQ-800VDB sonicator, Kunshan, China)
for 30 min, and followed by settling for 24 h to extract BC
colloids. Afterwards, BC colloids in the supernatant were col-
lected by centrifugation (1000g, 30 min) and drying in an
oven (105 °C, 24 h) for subsequent characterization and ad-
sorption experiments.

The size and morphology of BC colloids were analyzed by
transmission electron microscopy (TEM, JEM-2010, JEOL,
Japan). The elemental contents of C, H, and N were measured
by an elemental analyzer (MicroCube, Elementar, Germany),
and the O content was determined by mass balance (Chen
et al. 2008). The atomic ratios of H/C and (O + N)/C were
calculated to evaluate the aromaticity and polarity of BC col-
loids, respectively (Lin et al. 2007). Ash content was obtained
by the combustion of BC colloids at 750 °C for 6 h (ASTM
1989). A physisorption analyzer (Quantchrome AUTO-
SORB AS-1) was applied to measure specific surface areas
and pore volumes of BC colloids. Specific surface area (SA)
was calculated by BET method, micropore surface area
(Amicro) was calculated by V-t method, micropore volume
(Vmicro) and total pore volume (PV) were calculated by DFT
method, and mesopore volume (Vmeso) was calculated by
subtracting Vmicro from PV. To understand the carbon struc-
ture of BC colloids, Raman spectra were obtained by using a
confocal Raman microscope (LabRAM HR Evolution,
HORBA Jobin Yvon Inc., France) with an Ar+ laser
(514 nm, 10 mW) at a nominal resolution of 3–5 cm−1 within
4000–400 cm−1. Solid-state cross-polarization magic angle
spinning and total sideband suppression 13C nuclear magnetic
resonance (NMR) spectra of BC colloids were acquired with a
NMR spectrometer (Bruker Advance 300 MHz, Karlsruhe,
Germany) equipped with a 4-mm H-X MAS probe. NMR
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spectra were integrated to identify the structural modification
of carbon into the following chemical shift regions: aliphatic
C (0–109 ppm), aromatic C (109–163 ppm), and polar C (50–
109 and 145–220 ppm) (Lin et al. 2007). Surface functional
groups of BC colloids were analyzed by using Fourier trans-
form infrared spectroscopy (FTIR, Thermo Scientific Nicolet
IS5) with a resolution of 2 cm−1 from 4000 to 400 cm−1.

Adsorbates

Analytical grade phenanthrene (PHN), atrazine (ATZ), and
oxytetracycline (OTC) were all obtained from Aladdin
Chemicals Reagent Company (Shanghai, China). The three
chemicals have distinct physicochemical properties as listed
in Table S1 in the Supporting Information (SI), and they are
typical representatives of polyaromatic hydrocarbons, pesti-
cides, and antibiotics, respectively.

Adsorption experiments

A series of batch adsorption experiments were conducted at
25 ± 1 °C. CaCl2 solution (0.01 M in ultrapure water, pH 7)
was used as the background solution to maintain a constant
ionic strength during the adsorption. The solution pH kept
largely stable during the adsorption, with the equilibrium pH
within 7–8. PHN and ATZ were first dissolved in methanol
and then diluted by the background solution to desired con-
centrations. Methanol concentration in the final solutions was
kept < 0.1% to avoid the potential co-solvent effect.
Adsorptive OTC solutions were directly prepared by dissolv-
ing different amounts of OTC in the background solution. Due
to the difference in solubility and adsorption capacity, 8, 40,
and 100 mL of adsorptive solutions were used for OTC, ATZ,
and PHN, respectively. The mixtures were agitated on a rota-
tory shaker (150 rpm, 25 °C) in the dark. For adsorption ki-
netics, the initial concentrations of OTC, ATZ, and PHN were
10, 10, and 0.5 mg L−1, respectively, and the shaking was
maintained for 0–120 h. For adsorption isotherms, the exper-
iments were performed with 1–30 mg L−1 OTC, 1–30 mg L−1

ATZ, and 0.05–1 mg L−1 PHN. The used dosages of BC
colloids varied with their adsorption capacities for different
organics, achieving an equilibrium removal rate of ca. 20–
80% within 5 days. The dosages were 5, 4, and 2 mg for BC
colloids from BC200–300, BC400–500, and BC600–700, re-
spectively. After the adsorption, the mixtures were centrifuged
(3500g, 10 min), and the supernatants were collected to deter-
mine the remaining concentration of target organics. The ad-
sorption kinetics and isotherm experiments were all run in
duplicate, including blank controls without BC colloids. The
adsorption amount was calculated by the mass difference be-
fore and after the adsorption due to the negligible organics loss
(< 4%) during the adsorption.

Adsorption data fitting

The Lagergren pseudo-first-order (Eq. 1) and pseudo-second-
order (Eq. 2) models were used to fit the adsorption kinetics data.

ln qe−qtð Þ ¼ lnqe−kit ð1Þ
t
qt

¼ 1

k2q2e
þ t

qe
ð2Þ

where qe and qt (μmol g−1) are the amounts of adsorbed
chemicals at equilibrium and at a given time point t, respec-
tively, and k1 (min−1) and k2 (g μmol−1 min−1) are the adsorp-
tion rate constants of the pseudo-first-order and pseudo-
second-order models, respectively.

Adsorption isotherms were fitted by the Freundlich (Eq. 3)
and Langmuir (Eq. 4) models.

qe ¼ K FCn
e ð3Þ

Qe ¼ QmaxKLCe= 1þ KLCeð Þ ð4Þ
where Ce (μmol L−1) is the aqueous concentration of
chemicals at equilibrium, KF (μmol1-n g L-n) is the
Freundlich isotherm affinity coefficient, n (dimensionless) is
the isotherm nonlinearity index, KL (L μmol−1) is the
Langmuir sorption coefficient, and Qmax (μmol g−1) is the
sorption capacity.

Desorption experiment

Desorption experiments were conducted immediately after the
adsorption isotherm experiments. The supernatants of the ad-
sorptive solutions were decanted after centrifugation (3500g,
10 min) and replaced with the equivalent amount of the back-
ground solution. The vials were resealed and shaked for an-
other 5 days to reach equilibrium. The mixtures were then
centrifuged, and the supernatants were collected to analyze
the concentrations of chemicals in the aqueous phase.

To quantitatively evaluate the desorption hysteresis, hyster-
esis index (HI) was calculated as follows (Huang et al. 1998).

HI ¼ qde−qse
qse

Cej j ð5Þ

where qde and qse are the equilibrium chemical concentrations
in solid phase for the desorption and adsorption experiments,
respectively, and the subscriptCe specifies constant conditions
of residual solution phase concentration. The HI indices were
calculated for BC colloids from BC1 μm, and Ce = 0.5, 10, and
3 μmol L−1 for PHN, ATZ, and OTC, respectively, were se-
lected for the calculation because these concentration points
were within the sharp increasing slope of isotherms of the
respective organics and the potential desorption hysteresis if
existed would be significant.

18414 Environ Sci Pollut Res (2020) 27:18412–18422



Analytical methods

The collected supernatant samples from the adsorption and
desorption experiments were filtered (0.22 μm) and analyzed
by a reverse-phase high-performance liquid chromatography
(HPLC, Shimadzu, LC-20A series, Japan) equipped with a
XDB-C18 column (4.6 × 150 mm) (Zhao et al. 2013a, b;
Wang et al. 2017; Yang et al. 2016). PHN was determined
by a fluorescence detector (Shimadzu, RF-5301PC, Japan)
with excitation and emission wavelengths of 366 nm and
350 nm, respectively, and the mobile phase was composed
of 90% methanol and 10% water. ATZ was measured by a
UV detector at 222 nm (Shimadzu, UV-2450, Japan), and a
mixture of 80% methanol and 20% water was used as the
mobile phase. The absorbance at 360 nm and a mobile phase
of 80%methanol and 20%water with 0.02M phosphoric acid
were applied to determine OTC with the HPLC. The flow
rates of mobile phases were all set at 1.0 mL min−1, and the
column temperature was kept at 40 °C.

Statistical analysis

Correlation analysis was performed to establish the relation-
ship between physicochemical properties of BCs colloids and
Qmax. A one-way analysis of variance (ANOVA) was carried
out to study the significant difference between two sets of
data, with p < 0.05 defined as significant.

Results and discussion

Characteristics of BC colloids

The collected BC colloids from different sized bulk BCs with
various pyrolysis temperatures are shown in Fig. 1 and Fig. S1
in SI. The BC colloids were all roughly spherical. Independent
of pyrolysis temperature, BC colloids derived from a given
sized bulk BC had a comparable size, and the measured col-
loidal size increased with the size of bulk BC, being 30 ± 6,
70 ± 18, and 140 ± 15 nm (n > 100) for the colloids from bulk
BC250 nm, BC500 nm, and BC1 μm, respectively. The elemental
compositions of BC colloids from bulk BCs with a same py-
rolysis temperature were comparable and independent on par-
ticle size (Table S2), which was also largely the same as that of
bulk BCs as determined in our previous study (Hameed et al.
2019). With increasing pyrolysis temperature for bulk BC, the
C content of derived BC colloids increased (p < 0.05), while
atomic ratios of O/C, H/C, and (O +N)/C of BC colloids de-
creased gradually. This indicates that BC colloids received a
higher degree of carbonization and aromaticity but lower po-
larity from bulk BC with higher pyrolysis temperature (Lin
et al. 2007; Chen et al. 2008).

BC colloids from bulk BCs with a same pyrolysis tem-
perature showed similar FTIR (Figs. 2a and S2) and Raman
(Figs. 2b and S3) spectra regardless of their different particle
sizes. The variation in FTIR spectra of BC colloids as a
function of pyrolysis temperature is shown in Fig. 2a. The
bands at 1058–1160 cm−1 were attributed to C–O–C bond,
indicating the presence of oxygen containing functional
groups in BC colloids (Chen et al. 2008). The peaks for
O–H (3404 cm−1), C–H (2931 and 2854 cm−1), and C=O
(1719 cm−1) lost their intensities with increasing pyrolysis
temperature of bulk BC and nearly disappeared in BC700-
derived colloids. In contrast, the bands for C=C stretching
(1605 cm−1) and Si–O–Si stretching (490 cm−1) became
more obvious with the elevated pyrolysis temperature for
bulk BC. Raman spectra of BC colloids (Figs. 2b and S3)
showed remarkable D (1350 cm−1) and G (1580 cm−1)
bands, corresponding to amorphous sp3 and graphitic sp2

carbon structures, respectively (Ferrari 2007). The intensity
ratio of D to G bands (ID/IG) increased with increasing py-
rolysis temperature, indicating the carbon defect of BC col-
loids increased as the pyrolysis temperature increased (Zhang
et al. 2012). The solid-state 13C NMR spectra (Fig. 2c)
depicted that the BC colloids from the bulk BC pyrolyzed
at 200 °C had relatively high aliphatic carbon fractions, in-
cluding paraffinic or alkyl (27 ppm), methoxyl (68 ppm), O-
alkylated (HCOH) (73 ppm), and anomeric O–C–O
(103 ppm) carbons, while these aliphatic peaks disappeared
and the peaks for aromatic carbon (118–130 ppm) dominated
in the NMR spectra of BC colloids derived from bulk BCs
with higher pyrolysis temperature (Lin et al. 2007). The
above results demonstrated that oxygen-containing function-
al groups decreased, while aromaticity increased for BC col-
loids from bulk BCs with increasing pyrolysis temperature,
which is quite similar to the effect of pyrolysis temperature
on bulk BCs in our previous study (Hameed et al. 2019).

The specific surface area and pore volumes of BC colloids
increased with increasing pyrolysis temperature or decreasing
particle size of bulk BC (Table 1). Both micropores and
mesopores contributed to the total pore volume of BC colloids
from bulk BCs with high pyrolysis temperatures, while
mesopores became the primary contributor in BC colloids
with low pyrolysis temperature. This was understandable be-
cause the melting and softening of biomass components at low
pyrolysis temperature may partly block the pores and thereby
decrease the surface area (Liu et al. 2010). Higher pyrolysis
temperature could facilitate the removal of aliphatic and vol-
atile components, rendering BC colloids with greater surface
area and pore volume (Agrafioti et al. 2013).

Adsorption kinetics

The adsorption kinetics of PHN, ATZ, and OTC on BC col-
loids are shown in Figs. 3 and S4, S5, and S6. The pseudo-
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second-order model provided better fitness to the kinetics
curves compared with the pseudo-first-order model as indicat-
ed by the relatively higher R2 of the former (Table S3). The
adsorption rates (k2) of the organics by BC colloids all largely
decreased with pyrolysis temperature increasing from 200 to
700 °C. The pyrolysis temperature-dependent difference in
porosity and structure of BC colloids could cause the differ-
ence in the adsorption kinetics. The organic carbon in BC
colloids with higher pyrolysis temperature was more con-
densed, which could form highly cross-linked micropores
and impede the pore diffusion of sorbate molecules, resulting
in the lower adsorption rates (Fu et al. 2018). However, for BC
colloids with low pyrolysis temperature, the adsorption of
organics could be dominated by dissolution (partitioning) in
non-condensed organic and amorphous carbon, which was
relatively fast (Jones and Tiller 1999; Schlautman and
Morgan 1993).

At a fixed pyrolysis temperature, BC colloids from smaller
bulk BC presented lower k2 for the organics (Table S4). For
example, k2 decreased from 0.008 to 0.005, 0.0006 to 0.0001,
and 0.005 to 0.002 g μmol −1 min−1 for PHN, ATZ, and OTC,
respectively, as the size of bulk BC decreased from 1 μm to

250 nm. This could be because smaller BC colloids had larger
specific surface area and pore volume and thereby needed a
longer time to reach the adsorption equilibrium.

Adsorption isotherms

Adsorption isotherms of PHN, ATZ, and OTC on BC colloids
are shown in Figs. 4 and S7, S8, and S9. The Freundlich and
Langmuir models fitted parameters are summarized in
Table S4. Both models very well fitted the isotherms with R2

ranging from 0.88 to 0.99. The very low n values (0.25–0.46)
as fitted by the Freundlich model indicated the nonlinear ad-
sorption of the organics on BC colloids and the existence of
condensed or glassy organic domains in the colloids (Wang
and Xing 2007). The Langmuir model fittedQmax for the or-
ganics increased significantly with increasing pyrolysis tem-
perature of BC colloids at a given particle size. For example,
Qmax of BC colloids from BC200–BC700 (1 μm) was 26.1–
138μmol g−1 for PHN, 227–673μmol g−1 for ATZ, and 8.80–
31.1 μmol g−1 for OTC, respectively. Qmax also significantly
increased with decreasing particle size of BC colloids at a
given pyrolysis temperature. For example, the highest Qmax
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Fig. 1 Representative TEM images of BC colloids released from BC250

nm (a, b, and c), BC500 nm (d, e, and f), and BC1 μm (g, h, and i) with the
pyrolysis temperatures of 200 °C (a, d, and g), 400 °C (b, e, and h), and

600 °C (c, f, and i). More TEM images for other BC colloids are shown in
Fig. S1 in SI



was observed for BC colloids from BC700 of 250 nm (ATZ,
815 μmol g−1; PHN, 212 μmol g−1; OTC, 72.6 μmol g−1),
which was much higher than that for BC colloids fromBC700
of 1 μm (ATZ, 672 μmol g−1; PHN, 138 μmol g−1; OTC,
31.1 μmol g−1). The variation trend in Qmax of BC colloids
with pyrolysis temperature or particle size is consistent with
that of bulk BCs as well reported elsewhere (Chen et al. 2008;
Wang et al. 2017; Yah et al. 2016) and can be explained by the
larger specific surface area and pore volume of BCs with
higher pyrolysis temperature or smaller particle size.
Notably, all BC colloids exhibited much higher Qmax for
ATZ than that for PHN and OTC, which is discussed in detail
in “Adsorption-desorption mechanisms for the three
organics”.

To reveal the relationship between Qmax and BC colloid
properties, the correlations between Qmax and specific surface
area, H/C, O/C, and (O +N)/C are established (Fig. 5). The
positive correlation between specific surface area and Qmax

confirmed the significant contribution of larger surface area

provided by BC colloids with higher pyrolysis temperature
and smaller particle size to the higher adsorption capacity.
The H/C, O/C, and (O +N)/C were all negatively correlated
withQmax, indicating that high aromaticity and low polarity of
BC colloids with high pyrolysis temperature favored the ad-
sorption of organics.

Desorption isotherms

Desorption isotherms of the three organics on BC colloids are
shown in Fig. 4. The fitted adsorption parameters by the
Freundlich and Langmuir models are given in Tables S5.
The desorption isotherms of PHN and ATZ on BC colloids
with all pyrolysis temperatures were almost overlapped with
the corresponding adsorption isotherms (Fig. 4a, b), and the
calculated HI values were all lower than 1, indicating the
absence of desorption hysteresis for PHN or ATZ. It is known
that no hysteresis can be defined whenHI < 1 (Barriuso 1994).
However, significant desorption hysteresis was observed for
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Fig. 2 a FTIR spectra, b Raman spectra, c solid-state 13C NMR spectra of BC colloids from BC1 μm with different pyrolysis temperatures. FTIR and
Raman spectra of BC colloids from BC250 nm and BC500 nm are given in Figs. S2 and S3 in SI, respectively
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OTC fromBC colloids with the middle pyrolysis temperatures
(300–500 °C) (Fig. 4c), and the highest HI was 3.20 for
BC400 (1 μm) derived colloids.

Adsorption-desorption mechanisms for the three
organics

The adsorption of OTC, PHN, and ATZ on BC colloids from
bulk BCs with different particle sizes and pyrolysis tempera-
tures is schematically illustrated in Fig. 6. Possible main ad-
sorption mechanisms rather than the general hydrophobic in-
teraction are noted. Hydrophobic interaction can generally
play a major role in the adsorption of organic chemicals on a
surface in water (Apul and Karanfil 2015). OTC being the
most hydrophilic as indicated by its lowest Kow (Table S1)
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Table 1 Specific surface areas and pore volumes of BC colloids derived
from bulk BCs with different pyrolysis temperatures and sizes

BC colloid SAa

(m2 g−1)
Amicro

b

(m2 g−1)
PVc

(cc g−1)
Vmicro

d

(cc g−1)
Vmeso

e

(cc g−1)

250 nm

BC200 2.14 N.D 0.01 N.D 0.01

BC300 5.31 N.D 0.01 0.00 0.01

BC400 59.3 33.6 0.05 0.04 0.02

BC500 269 77.3 0.27 0.09 0.18

BC600 299 170 0.28 0.12 0.16

BC700 307 230 0.34 0.14 0.20

500 nm

BC200 0.09 N.D N.D N.D N.D

BC300 5.34 N.D 0.02 N.D 0.02

BC400 44.1 N.D 0.06 0.02 0.04

BC500 208 47.1 0.22 0.05 0.15

BC600 255 206 0.25 0.12 0.13

BC700 260 200 0.29 0.12 0.17

1 μm

BC200 N.D N.D 0.00 N.D 0.00

BC300 N.D N.D 0.00 N.D 0.00

BC400 19.2 2.59 0.03 0.01 0.02

BC500 192 142 0.13 0.10 0.03

BC600 207 131 0.15 0.11 0.04

BC700 234 170 0.16 0.11 0.05

a SA surface area (m2 /g)
bAmicro micropore surface area (m2 /g)
cPV pore volume
dVmicro micropore volume
eVmeso mesopore volume

�Fig. 3 Adsorption kinetics of a PHN, b ATZ, and c OTC on BC colloids
from BC1 μm with different pyrolysis temperatures. The adsorption
kinetics of PHN, ATZ, and OTC on BC colloids from BC250 nm and
BC500 nm are given in Figs. S4, S5, and S6 in SI, respectively

b
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among the three organics could thus have the lowest Qmax.
The π–π stacking interaction between aromatic rings in PHN
molecules and BC aromatic structures could contribute to the
adsorption of PHN onBC particles (Lin et al. 2007; Chen et al.
2008; Yang et al. 2016). However, PHN possessing the
highest Kow exhibited much lower Qmax than ATZ, indicating
other factors besides the hydrophobicity and aromaticity con-
tributed to the adsorption. The high contents of minerals and
oxygen-containing functional groups may form water cluster
on BC colloid surfaces (Fu et al. 2018; Sun et al. 2013; Yang
et al. 2018; Zhu et al. 2005), impeding the adsorption of hy-
drophobic organic contaminants like PHN. The higher adsorp-
tion capacity of ATZ than PHN could be ascribed to the stron-
ger π–π EDA interaction between ATZ and BC colloids. ATZ
has a N-heterocyclic molecular structure, and the chlorine
substituent in ATZ has electron-withdrawing nature, making
the connected aromatic π-structures electron acceptors that
interact with the aromatic carbon (electron-donors) on BC
surfaces through π–π EDA interactions (Keiluweit et al.
2010; Zhang et al. 2013; Lazar et al. 2013; Wang et al.
2015). The relatively largest molecule size of OTC could also
partly explain its lowest adsorption by the porous structure of
BC colloids. It was reported that the pore diameter should be
1.7 times greater than the widest dimension of adsorbate (Zhu
et al. 2018; Li et al. 2017). Therefore, the pores with a diam-
eter smaller than 15 Å would be inaccessible for tetracycline
molecules (Li et al. 2019).

The observed desorption hysteresis for OTC indicated the
occurrence of irreversible adsorption on BC colloids.
Amidation reaction, an irreversible reaction, could occur be-
tween the amino group of OTC and the carboxyl/phenolic
groups on BC colloid surfaces (Wu et al. 2013; Yang et al.
2019). Moreover, metals ions contained in BC colloids may
form inner complexes with carboxylic and phenolic functional
groups of OTC (Jia et al. 2013), contributing to the irreversible
adsorption of OTC. BC colloids from BC300–500 were in-
completely carbonized with instable pore development, mak-
ing it possible that the porous structure swelled during adsorp-
tion and collapsed during desorption, which could also con-
tribute to the desorption hysteresis (Wang et al. 2010).

Conclusions

This study demonstrated that the specific surface area, pore
volumes, aromatic clusters, and structural defects of BC col-
loids all increased with increasing pyrolysis temperature and
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decreasing particle size. Pore diffusion was the main rate-
determining step of the adsorption of organics by BC colloids.
The adsorptions of PHN, ATZ, and OTC on BC colloids all
increased with increasing pyrolysis temperature and decreas-
ing particle size. The adsorption capacities of BC colloids for

the organics were positively related with the specific surface
area, porosity, and aromaticity of BC colloids while negatively
related with the polarity. The adsorptions of PHN and ATZ
were all reversible, while desorption hysteresis occurred for
OTC especially on BC colloids with the middle pyrolysis
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temperatures (300–500 °C). Hydrophobic interaction could
play a major role in the adsorption, while the strong π–π
EDA interaction could occur between ATZ and BC colloids
that resulted in the highest adsorption capacity for ATZ among
the three organics. The inaccessibility of micropores in BC
colloids may partly explain the lowest adsorption capacity
for OTC with the largest molecular size and the highest hy-
drophilicity. Amidation reaction with carboxyl/phenolic
groups on BC colloids, complexing with BC-contained metal
ions, and/or pore collapse of incompletely carbonized BC col-
loids could cause the irreversible adsorption of OTC. These
findings increase our knowledge on the adsorption behavior of
BC colloids and will be helpful for assessing the environmen-
tal fate and risk of BC.
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