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Abstract
Biochar releases colloidal particles into the environment during applications and aging which can become carriers of pol-
lutants and influence on the environmental risk of pollutants due to the excellent adsorption and migration properties of 
biochar colloids (BCCs). The adsorption and desorption behaviors of BCCs can be different from their bulk ones due to the 
colloidal size, which merits specific studies. Herein, the adsorption and desorption of 2,4,4′-trichlorobiphenyl (PCB28) as a 
representative on BCCs released from bulk biochars prepared from bamboo chips at 300, 500, and 700 C and the effects of 
solution properties were specifically investigated. Results show that the adsorption was dominated by pore filling and π–π 
interaction, and thus, BCCs prepared at higher temperature with greater pore volume and aromaticity had higher adsorption 
of PCB28. Results show that the adsorption was dominated by pore filling and π–π interaction, and thus, BCCs prepared at 
higher temperature with greater pore volume and aromaticity had higher adsorption of PCB28. The saturation adsorption 
amounts of PCB28 on BCC300, BCC500, and BCC700 were 21.9, 40.3, and 62.4 mg/g, respectively. It is noteworthy that 
PCB28 possessed a significant desorption hysteresis from BCCs, with the hysteresis index (Ce = 80 μg/L) increased from 
0.380 to 0.661 as the preparation temperature of BCCs rising from 300 to 700 ℃. High concentration of NaCl (100 mmol/L) 
was unfavorable for the adsorption and desorption. The presence of humic acid or fulvic acid (FA), especially the smaller 
FA, could inhibit the adsorption and desorption of PCB28 on BCCs due to micropore blocking. In seawater, groundwater, 
surface water, and soil solution samples, the PCB28 adsorption of BCCs was inhibited to varying degrees in comparison 
with that in deionized water, and the desorption was noticeably inhibited in the groundwater sample. These findings provide 
valuable information for the understanding of interactions between BCCs and organic contaminants in natural waters and 
for the environmental application of biochars as well.
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Introduction

Biochar is produced by the pyrolysis of biomass and has 
received worldwide investigation and applications in 
improving soil properties, increasing crop yields, combating 

environmental pollution, and reducing greenhouse gas emis-
sions (Lehmann et al. 2021). Large-scale biochar applications 
will unavoidably result in the release of nano- and micron-
sized biochar colloids (BCCs) into soil and water environ-
ments (Aller 2016), and BCCs in soil can be mobilized by 
surface runoff or groundwater leaching and subsequently 
migrate to surface water and groundwater environments (Xu 
et al. 2017; Yang et al. 2019a). BCCs have high mobility 
and may influence on the spread and biological effective-
ness of pollutants as carriers (Ahmad et al. 2014; Kim et al. 
2018; Lian and Xing 2017; Yang et al. 2020; Zhang et al. 
2010). The adsorption interaction between bulk biochars and 
organic pollutants has received extensive studies (Lian and 
Xing 2017; Jellali et al. 2021; Patra et al. 2021). However, the 
adsorption and desorption behaviors of BCCs that affect the 
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environmental fate and risk of contaminants can be different 
from their bulk ones due to the colloidal size, which merits 
to be further studied.

Due to the small particle size and high percentage of 
O-containing functional groups on surfaces (Yang et al. 
2019a), BCCs have very different surface characteristics 
from their bulk ones in terms of specific surface area, pore 
volume, aromaticity, and polarity (Yang et al. 2019b), which 
can impact on the adsorption performance and mechanism 
for organic pollutants (Hameed et al. 2020; Ma et al. 2019; 
Wang et al. 2016a, b; Yang et al. 2018a, b, 2020). It has been 
well reported that properties of both biochar and pollutants 
can affect the desorption process. Reversible desorption is 
generally due to reversible adsorption forces between the 
contaminant and biochar and the open pore structure of the 
biochar (Ji et al. 2009; Wang et al. 2017a, b; Yang et al. 
2018a, b). In contrast, irreversible hysteresis desorption is 
often due to blockage and rearrangement of the internal void 
structure of biochar during adsorption (Braida et al. 2003; 
Jing et al. 2018; Kang et al. 2019), and/or strong adsorp-
tion forces between the contaminant and biochar, such as 
irreversible binding between the contaminant and the func-
tional groups on biochar (e.g., amidation reaction) (Hameed 
et al. 2020). Current research in general ignores the potential 
contribution of colloidal properties (aggregation and dis-
persion) to the adsorption–desorption behavior of organics 
on BCCs. Agglomeration of carbon nanoparticles, such as 
carbon nanotubes and fullerene, has been demonstrated to 
cause hysteresis in the desorption of contaminants (Cheng 
et al. 2004; Oleszczuk et al. 2009). Likewise, the adsorp-
tion–desorption behavior may be affected by the agglomera-
tion and dispersion of BCCs as well.

BCC’s adsorption and desorption behavior may vary with 
the preparation temperature of biochars because of the pyrol-
ysis temperature-dependent properties. Meanwhile, actual 
environmental conditions are much more complicated than 
the experimental conditions designed for theoretical studies. 
The surface characteristics and colloidal behaviors of BCCs 
are subject to water chemistry, such as pH, ionic strength, 
and dissolved organic matter (DOM) (Wang et al. 2021). It 
is reported that the surface electronegativity of BCCs stead-
ily increased as pH rose, changing the surface roughness of 
BCCs (Yang et al. 2019a); colloidal particles became more 
electronegative, and their interaction with each other was 
impacted in the presence of DOM that adsorbed on the sur-
faces (Dong et al. 2016; Wang et al. 2013); an increase in 
solution ionic strength reduced the repulsive force between 
colloidal particles and compressed the thickness of the 
electric double layer of colloidal particles, enhancing the 
agglomeration of colloids (Wang et al. 2013; Zhang et al. 
2010). Thus, it is likely that the solution chemistry-depend-
ent surface characteristics and colloidal behaviors of BCCs 
would affect the adsorption–desorption behavior of BCCs to 

contaminants. Moreover, simulation studies on the effect of 
a single water quality parameter also need further validation 
in actual water samples.

Polychlorinated biphenyls (PCBs) are persistent organic 
pollutants widely present in soil and aquatic environments 
(Mao et al. 2021; Zhu et al. 2022). Therefore, 2,4,4′-trichlo-
robiphenyl (PCB28) that has been frequently detected in the 
environment was chosen as a representative PCBs to investi-
gate the adsorption–desorption behavior of BCCs. The main 
objectives were to (a) explore the effect of pyrolysis tem-
perature of BCCs on the adsorption–desorption behavior of 
PCBs, (b) look into the impact of BCCs’ agglomeration and 
dispersion on the adsorption–desorption process in different 
solution chemistry, and (c) unveil the adsorption–desorption 
behavior of BCCs in actual water samples. The results will 
increase our knowledge on the interaction between BCCs 
and organic contaminants in the environment, and provide 
theoretical support for the accurate assessment of the envi-
ronmental risks of biochar in practical applications.

Materials and methods

Materials

PCB28 and PCBs standard solution were obtained from 
TRE Company (Canada). Hexane (99%, Aladdin, China) for 
PCB28 extraction was high-performance liquid chromatog-
raphy (HPLC) grade. NaCl, HCl, NaOH, humic acid (HA), 
and fulvic acid (FA) for modulating solution chemistry 
were all of analytical grade and obtained from Sinopharm 
Chemical Reagent Co., Ltd. (China). Deionized (DI) water 
(18.2 MΩ cm) was used in all experiments.

Preparation of BCCs

BCCs were extracted from bulk biochars according to 
Stoke’s law. Briefly, bamboo shavings were dried at 65 °C 
and then carbonized under anoxic conditions in a muffle fur-
nace (Jinan Precision Scientific Instrument Co., Ltd., SX2-
12–10, China) at a heating rate of 5 °C  min−1 until the target 
pyrolysis temperature reached 300 °C, 500 °C, or 700 °C for 
6 h. These obtained bulk biochar particles were designated 
as BC300, BC500, and BC700, respectively. Bulk biochars 
were milled by a high-energy planetary ball mill (T-Bota 
Scitech, QM-3SP2, China) at 40 Hz for 1 h. The resultant 
biochar powders (1 g) were added into 50 mL of DI water, 
sonicated (100 W, 45 kHz, Kunshan, KQ-800VDB sonica-
tor, China) for 30 min, and followed by settling for 24 h to 
extract BCCs (Hameed et al. 2020). The supernatant was 
filtered through a 0.45-μm cellulose acetate membrane. The 
solid particles retained on the filter membrane were oven-
dried (105 ℃) for 24 h and used as the target BCCs for all 
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subsequent experiments. The obtained BCCs from BC300, 
BC500, and BC700 were labeled as BCC300, BCC500, and 
BCC700, respectively.

Characterization of BCCs

The morphology of BCCs was observed with a scanning 
electron microscope (Zeiss, Gemini SEM300, Germany). 
The particle size was calculated by the software (Nano 
Measurer System, 1.2.5) of SEM image analysis (Chen et al. 
2012). The contents of C, H, and N of BCCs were deter-
mined using an elemental analyzer (Elementar, varioMI-
CROCHN, Germany). The O content was determined as the 
weight difference between the raw dried BCCs and the sum 
of C, H, N, and ash. Nitrogen adsorption–desorption iso-
therms were measured with a gas sorption analyzer (Quan-
tachrome, Autosorb-1, USA) at 77 K to analyze the specific 
surface area and pore structure of BCCs. Fourier-transform 
infrared spectroscopy (FTIR) spectra were obtained using 
a FTIR spectrometer (Thermo Scientific, Nicolet 6700, 
USA) in the region of 400–4000  cm−1 with a resolution 
of 4  cm−1. Zeta potentials and hydrodynamic diameters of 
BCCs (50 mg/L) in different solutions were measured with 
a Zetasizer (Malvern Instruments, Nano-ZS90, UK).

Adsorption and desorption experiments

The batch adsorption experiments were conducted in polyte-
trafluoroethylene (PTFE)-lined screw cap glass vials. BCCs 
after being ultrasonically (100 W, 40 Hz, 25 °C, 10 min) 
suspended into DI water were used as the stock BCC sus-
pensions (50 mg/L) for the adsorption experiment. The dos-
ages of BCC300, BCC500, and BCC700 for the adsorption 
experiments were 3, 2, and 0.8 mg/L, respectively. The ini-
tial concentrations of PCB28 for the isotherm experiments 
were within 0–150 μg/L, and 100 μg/L were used for the 
adsorption kinetics experiments. With these concentra-
tion settings, the PCB28 adsorption rate was kept within 
a measurement–accurate range. The vials were placed on a 
shaker operated at 150 rpm and 25 ± 1 ℃. The time inter-
vals of the adsorption kinetics experiments were 0, 1, 2, 4, 
6, 8, 12, 16, and 24 h. The equilibration time for the iso-
thermal experiment was 24 h which was sufficient to reach 
the adsorption equilibrium according to the kinetics experi-
ments. Vials were centrifuged at 3500 rpm for 45 min, and 
the supernatant was put into another clean sample vial with 
the same volume of hexane solution. PCB28 was extracted 
from the solution to hexane by vortex at 2000 rpm for 2 min, 
and the concentration of PCB28 in hexane was determined 
using gas chromatography (7890B, Agilent, USA) with an 
HP-5 capillary column (Wu et al. 2022). The temperature 
of the column was designed to rise from an initial tempera-
ture of 120 °C kept for 1 min to 200 °C with a gradient of 

35 °C  min−1 then to 295 °C at a rate of 10 °C  min−1and 
held for 0.5 min. The temperatures of the injector port and 
detector were 260 °C and 300 °C, respectively. The limit of 
detection was 2 μgL−1, and the recovery was 96.0–102%. 
PCB28 loss during the adsorption process was excluded by 
the negligible loss of PCB28 in the vials without addition 
of BCCs. The adsorption amount of PCB28 on BCCs was 
calculated by the mass difference of aqueous PCB28 before 
and after the adsorption.

In the adsorption isotherm experiments, after the adsorp-
tion equilibrium and centrifugation, 4 mL of supernatant 
was quickly replaced by the same volume of background 
adsorptive solution. The sample vials were sealed and 
shaken (150 rpm, 25℃) for another 24 h to reach desorp-
tion equilibrium. The adsorption amount after the desorption 
was obtained as above in the adsorption experiment. The 
desorption rate (Dr%) were calculated with Eqs. 1. The sorp-
tion–desorption hysteresis in the present study was quanti-
fied by the hysteresis index (HI), which has been widely used 
in past studies to compare the ease of desorption (Huang 
et al. 1998; Bhandari and Xu 2001; Zhi and Liu 2018).

where qs (mg/g) and qd (mg/g) are the amounts of PCB28 
adsorbed on BCCs after the adsorption and desorption 
processes, respectively; qes (mg/g) and qed (mg/g) are the 
adsorption amounts of PCB28 at the adsorption and desorp-
tion equilibrium, respectively, and are calculated at the same 
temperature (T) and equilibrium PCB28 concentration (Ce). 
qes and qed at Ce of 10 and 80 μg/L were calculated after 
the Frendulich model fittings of the adsorption and desorp-
tion isotherms, respectively, and the HI values at these two 
Ce were denoted as  HI1 and  HI2, respectively. The Elovich 
model, Boyd model, and intraparticle diffusion model were 
employed to fit the kinetics curves, and Langmuir and Freun-
dlich models were employed to fit the adsorption isotherms. 
The models are described in Text S1 of the Supporting infor-
mation (SI)

The effects of solution chemistry on the adsorption 
and desorption

To investigate the effects of solution chemistry on the 
adsorption–desorption behavior, the initial concentration of 
PCB28 was fixed at 100 μg/L, and the dosages of BCC300, 
BCC500, and BCC700 were 4, 2, and 1 mg/L, respectively. 
Different concentrations of NaCl (1, 10, and 100 mM) were 
used to examine the effect of solution ionic strength on the 

(1)Dr =
(qS − qd) × 100

qS

(2)HI =
qed−qes

qes

|
|
|
|

T

Ce
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PCB28 adsorption–desorption of BCCs. To explore the 
impact of solution pH on the adsorption–desorption, the 
initial solution pH was adjusted to 5.0, 7.0, and 9.0 with 
1 M NaOH and HCl. HA and FA were chosen as DOM 
representatives to investigate the effect of coexisting DOM 
on the adsorption–desorption, and their initial concentra-
tions ranged from 0 to 50 mg C/L. The DOM effect curves 
were plotted with the decrease amounts of adsorption as 
the vertical coordinate and the logarithmic value of DOM 
concentration as the horizontal coordinate; the fitted slope 
(KDOM) indicates the response amplitude of BCCs’ adsorp-
tion to the variation in DOM concentration.

Seawater, groundwater, surface water, and soil solution 
were used to investigate the adsorption–desorption behav-
ior of BCCs in natural water environments. The surface 
water, groundwater, and seawater were sampled from the 
Yuhangtang River (Hangzhou, China), a local groundwater 
well (Hangzhou, China), and the South China Sea, respec-
tively. The soil solution was extracted (25 °C, 150 rpm, 3 h) 
from a local paddy soil with a soil: water mass ratio of 1: 9 
(Aagot et al. 2001). To effectively remove natural colloids, 
the collected water samples were filtered with 0.22-μm pore 
size filter membrane. The pH value, DOM concentration, 
and anion and cation contents of the water samples were 
measured using a pH meter (Seven Compact S220, Mettler 
Toledo, Switzerland), a total organic carbon (TOC) ana-
lyzer (TOC-VCPH, Shimadzu, Japan), and an inductively 
coupled plasma atomic emission spectrometer (7800ICP-
MS, Agilent, USA), respectively. The experiments for the 
water chemistry impacts and natural water samples followed 

the same procedures for the above adsorption–desorption 
experiments.

Statistical analysis

All of the adsorption–desorption experiments were per-
formed in triplicate. Statistical analysis was performed using 
SPSS 23.0. All values were presented as mean ± standard 
error (SE). Normality and variance homogeneity were veri-
fied. Data were subjected to a one-way analysis of variance 
(ANOVA) followed by Tukey’s HSD post hoc test, with 
p < 0.05 taken as a significant difference. BCC properties 
were used as response variables, and sorption properties 
were used as explanatory variables for redundancy analysis 
(RDA) which was carried out with Origin 2022. Correlation 
analysis between characteristics and sorption properties of 
BCCs was established by linear regression using SPSS 23.0 
and Origin 2022.

Results and discussion

The physicochemical properties of BCCs

The obtained BCCs had slightly different morphologies 
(Fig. 1a) since the hardness of biochar increased with the 
increase of pyrolysis temperature (Das et al. 2015), and the 
particle sizes were mainly within 200–600 nm (Fig. 1b). 
BCC300 had a substantially larger hydrodynamic size and 
lower electronegativity than BCC500 and BCC700 in DI 

Fig. 1  a SEM images, b particle size distributions, c zeta potential and hydrodynamic size in DI water, and d FTIR spectra of BCCs
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water (Fig. 1c). With increasing pyrolysis temperature, spe-
cific surface area and pore volume of BCCs increased, and 
the aromaticity also increased as indicated by decreasing 
H/C elemental ratio, while the polarity decreased as indi-
cated by decreasing O/C and (O + N)/C (Table 1) (Chen 
et al. 2008; Lin et al. 2007; Yang et al. 2018a, b). The FTIR 
results (Fig. 1d and Table S1 in SI) further confirmed the 
increasing aromaticity (C = C bond) and decreasing alipha-
ticity (alkyl bond) and polarity (O-containing groups) of 
BCCs with increasing pyrolysis temperature.

Adsorption and desorption of PCB28 on BCCs

Analysis of adsorption kinetics can provide useful infor-
mation for understanding the mass transfer mechanism of 
the adsorption process and the rate-limiting steps involved. 
In accordance with the fitting parameters from the Elovich 
model (Table S2), the initial adsorption rate (α) had a posi-
tive correlation with the change in the pyrolysis temperature 
of BCCs, while Elovich constant (β) had a negative correla-
tion with the temperature, indicating that BCCs with higher 
preparation temperatures had more adsorption sites (Chen 
et al. 2019). The intraparticle diffusion model was further 
investigated to determine the diffusion mechanism of PCB28 
on BCCs and the possible rate-controlling step. As shown 
in Fig. 2a, the curves of equilibrium adsorption amount (qe) 

and t0.5 were multilinear, indicating that multiple steps were 
involved in the adsorption process (Ai et al. 2011; Zhang 
et al. 2019). During adsorption, PCB28 molecules could be 
first adsorbed by the outer surfaces of BCCs, and the adsorp-
tion rates of BCC500 and BCC700 were 1.76 and 2.67 times 
higher than that of BCC300 at the initial stage of adsorption 
(Fig. 2b). Then, PCB28 molecules further entered the inte-
rior of micropores and were subsequently adsorbed by the 
inner surfaces. The Boyd curves (Fig. 2c) were straight lines 
but did not pass through the origin, indicating that mem-
brane diffusion could be the rate-controlling step in the ini-
tial adsorption process of PCB28 on BCCs, after which other 
mechanisms (intraparticle diffusion) were involved (Ai et al. 
2011). BCCs’ surface polarity, hydrophobicity, and aroma-
ticity altered as the pyrolysis temperature rose, increasing 
the BCCs’ surface attraction of pollutants (Tong et al. 2019; 
Wang et al. 2016a, b, 2017a, b) and, as a result, increasing 
the adsorption rate of BCCs.

Adsorption isotherm fitting can assist understand the 
mechanism of adsorption and the structural characteristics 
of the adsorption layer. The isothermal adsorption/desorp-
tion curves of BCCs for PCB28 are shown in Fig. 3. Both 
Langmuir and Freundlich models well fitted the adsorption 
and desorption isotherms, with the correlation coefficients 
all higher than 0.95 (Table S3). The Langmuir model fit-
ted adsorption capacity (Qm-A) of BCCs increased with the 

Table1  The selected 
physicochemical properties of 
BCCs

SSA, surface area, calculated by multi-point BET method; Vt, total pore volume, calculated at p/p0 of 0.99; 
Vmic: micropore volume, calculated at p/p0 of 0.18; Daver, average diameter, calculated by the ratio of quad-
ruple total pore volume to the surface area

BCCs SSA
(m2g−1)

Vt
(cm3g−1)

Vmic
(cm3g−1)

Daver
(Å)

Elemental composition (%) Atomic ratio

C H O N H/C O/C (O + N)/C

BCC300 20.1 0.067 0.009 19.7 65.8 4.34 29.8 0.225 0.791 0.400 0.342
BCC500 255 0.229 0.127 19.2 77.2 2.93 19.7 0.255 0.455 0.191 0.194
BCC700 336 0.220 0.170 20.5 82.3 1.71 15.9 0.355 0.249 0.143 0.147

Fig. 2  a The adsorption kinetics curves of PCBs on the BCCs fitted by the intraparticle diffusion model. b The intraparticle diffusion rates (Kp) 
of PCBs on BCCs. c The Boyd curves of PCBs adsorption kinetics on BCCs



72971Environmental Science and Pollution Research (2023) 30:72966–72977 

1 3

pyrolysis temperature, ranging from 21.9 mg/g for BCC300 
to 62.4  mg/g for BCC700. BCCs exhibit a significant 
adsorption effect on PCB28, compared to the adsorption 
of PCBs by biochar or the adsorption of organic pollutions 
by nano-biochar/biochar colloids described in the literature 
(Table S4). Meanwhile, the redundancy analysis results 
(Fig. S1 in SI) reveal that Qm-A was not positively linked 
with micropore specific surface area (Sext) or pore volume 
(Vmes) but was positively correlated with the specific sur-
face area (SSA) and micropore specific surface area (Smic) of 
BCCs. Figures S2 and 3c further confirm the strong positive 
correlation between Qm-A and Smic. The micropore of BCCs 
was thus presumed as the main adsorption site for PCBs. 
The geometric radius of PCB28 was 4.277 Å, and the aver-
age pore size of BCCs was 19–20 Å (Table 1). Therefore, 
PCB28 could enter the pore channels of BCCs (Tang et al. 
2018), and the pore filling mechanism could control the 
adsorption of PCB28 by BCCs (Zhou et al. 2022). Figure 3c 
also shows strong negative correlations of Qm with H/C; 
thus, π–π could also contribute to the adsorption of PCB28 
by BCCs (Lattao et al. 2014; Xie et al. 2014).

The desorption curves of PCB28 on biochar colloids 
are presented in Fig. 3a. The adsorption–desorption curves 
of PCBs on BCCs did not overlap, exhibiting a desorption 

hysteresis with the desorption hysteresis coefficients at Ce 
of 10 and 80 μg/L greater than 0. This result suggested that 
the adsorption of PCB28 by BCCs was irreversible. The 
order of the hysteresis index HI2 (Ce = 80 μg/L) was BCC300 
(0.380) < BCC500 (0.486) < BCC700 (0.661) (Fig. 3b and 
Table S5). Thus, PCBs on BCCs with good adsorption 
performance were more difficult to be desorbed into the 
environment, and in this regard, BCCs with strong desorp-
tion hysteresis may pose relatively less environmental risk. 
Although the hysteresis index did not correlate well with 
the physicochemical properties of BCCs as indicated by the 
p values all high than 0.1 (Fig. S2), the Qm fitted from the 
desorption curves also showed significant correlations with 
the atomic ratios of H/C and Smic (Figs. 3c and S4), suggest-
ing that the desorption process did not affect the adsorp-
tion mechanisms of pore filling and π–π interaction between 
PCBs molecules and BCCs.

The effects of solution pH and ionic strength 
on the adsorption–desorption behavior

The effects of initial solution pH on the adsorption and des-
orption of PCBs by BCCs were insignificant, as shown in 
Fig. 4. Generally, solution pH can affect surface charges of 

Fig. 3  a The adsorption–desorption isotherms of PCB28 on the 
BCCs. b The saturated adsorption capacity (Qm) and hysteresis index 
(HI) of BCCs. c The relationships between Qm and physicochemical 

properties of BCCs. The letters “a” and “d” after BCCs in panel a 
stand for adsorption and desorption, respectively

Fig. 4  The effects of solution pH on the adsorption and desorption of PCBs on a BCC300, b BCC500, and c BCC700. The letters “A” and “D” 
after BCCs in the figure stand for adsorption and desorption, respectively
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Fig. 5  The effects of ionic 
concentration on the adsorp-
tion–desorption process of 
PCB28 on BCCs. a The adsorp-
tion amounts. b Hydrodynamic 
sizes. c Zeta potentials. d 
Desorption rates

Fig. 6  The effects of DOM 
type and concentration on the 
adsorption–desorption process 
of PCB28 on BCCs. a The 
adsorption amounts, b the 
response amplitude of BCCs’ 
adsorption to the variation in 
DOM concentration, and c the 
desorption rates. Uppercase 
letters are labeled to indicate 
the significant differences in 
the desorption rate of the same 
BCCs between HA and FA at 
the same concentration. Lower-
case letters are labeled to distin-
guish significant differences in 
the desorption rate of the same 
BCCs due to changes in the 
concentration of HA or FA
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the adsorbent and/or adsorbate, thereby altering the electro-
static and/or polar (e.g., hydrogen bonding) interactions and 
the adsorption (Koelmans et al. 2009). However, PCB28 is a 
non-dissociable compound, and thus, the solution pH change 
could not affect the adsorption or desorption on BCCs, which 
also suggests that electrostatic and/or polar (e.g., hydrogen 
bonding) interactions were not involved in the adsorption–des-
orption behavior of PCBs on BCCs. The amounts of PCB28 
adsorbed on BCCs in solutions with different ionic strength are 
shown in Fig. 5a. The amounts of PCB28 adsorbed on BCCs 
kept largely stable in the presence of 1–10 mM NaCl, while 
the addition of 100 mM NaCl notably decreased the adsorption 
amounts of PCB28 on BCC300, BCC500, and BCC700 by 
13.1%, 27.5%, and 31.9%, respectively. Since PCB28 in solu-
tion are in the non-ionic state, the salt effect on electrostatic 
interaction between PCBs and BCCs could be neglected. With 
increasing NaCl concentration up to 100 mmol/L, a substantial 
rise in the hydrodynamic size of BCCs was observed (Fig. 5b), 
which could be caused by the compression of the electric 
double layer of BCCs at the high ionic strength (Fig. 5c). The 
aggregation could inhibit the availability of adsorption sites on 
BCCs and thus decreased the adsorption of PCBs. The aggrega-
tion could also inhibit the desorption process, as indicated by 
the significantly lower desorption rate of PCBs on BCCs with 
100 mmol/L NaCl (Fig. 5d). BCCs were more evenly dispersed 
in the solution with lower salinity, and under this condition the 
adsorbed PCBs could be more exposed to solution, facilitating 
the desorption. In addition, the agglomeration at high ionic con-
centration could block some micropores of BCCs, inhibiting the 
desorption of PCBs that previously adsorbed in the micropores 
(Oleszczuk et al. 2009). The effect of solution salinity on the 
aggregation of BCCs was apparently positively-correlated with 
the preparation temperature of BCCs (Fig. 5b), which could 
explain the apparently greater variation of PCBs adsorption and 
desorption on BCCs with higher preparation temperature under 
the effect of solution salinity (Fig. 5a and d).

Influence of DOM on the adsorption–desorption 
behavior

The impacts of HA and FA on the adsorption and desorption 
of PCBs on BCCs are depicted in Fig. 6. The adsorption 
amount of BCCs decreased with increasing DOM concen-
tration. In comparison to the control group without DOM, 
the inhibition rates of the adsorption amounts of BCC300, 
BCC500, and BCC700 by 50 mg C/L FA were 31.2%, 50.3%, 
and 50.8%, respectively, and were 30.1%, 41.1%, and 41.2% 
by the same concentration of HA, respectively (Fig. 6a). The 
responses of the PCBs adsorption on BCC300 to the concen-
tration variations of FA and HA had no significant difference 
(Fig. 6b). In contrast, the PCBs adsorptions on BCC500 and 
BCC700 were more sensitive to the variation of DOM, and 
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FA had significantly higher effects on the adsorption than HA 
(Fig. 6b). DOM can occupy adsorption sites or block the path 
of adsorbates to reach adsorption sites, leading to a decrease 
in adsorption (Chowdhury et al. 2013; Koelmans et al. 2009; 
Zhou et al. 2015). The HA colloids had hydrodynamic diame-
ters within 120–350 nm, whereas 11.9% and 25.2% of the FA 
colloids were smaller than 1 nm and within 3–6 nm, respec-
tively (Fig. S5). Therefore, in comparison with HA, FA could 
have higher potential moving into the micropores of BCCs 
and thereby inhibited the accessibility of PCBs to the adsorp-
tion sites in the micropores (Hu et al. 2022). Furthermore, FA 
is more hydrophilic than HA (Islam et al. 2020), and thus, 
the adsorption of FA on BCCs could have a higher inhibi-
tion effect on the PCBs adsorption through the hydrophobic 
interaction. The desorption of PCBs from BCCs especially 
those with higher preparation temperatures was hindered by a 
rise in DOM concentration (Fig. 6c). Pore blockage by DOM 
could prevent the desorption of organic chemicals from the 
pore channel of porous materials (Aschermann et al. 2019). 
BCC500 and BCC700 had more micropores than BCC300 
(Table 1), which made the desorption of PCBs from them 
was more sensitive to the presence of DOM.

Adsorption–desorption characteristics of BCCs 
in actual water samples

The physicochemical properties of the four water samples are 
shown in Table 2. The adsorption amount of PCBs on BCC300 
remain stable in the water samples and DI water, while more or 
less decrease in PCBs adsorption on the other two BCCs were 
observed in the four water samples in comparison with that in DI 
water (Fig. 7a). The adsorption amounts of PCBs on BCC500 
and BCC700 in the groundwater sample were not significantly 
different from those in DI water. The TOC and ion concentra-
tions of the groundwater were very low and could thus have no 
significant effect on the adsorption of PCBs. The TOC concen-
tration of the surface water was 6.32 mg C/L, which could cause 
the decrease in PCBs adsorption on BCC500 and BCC700. 
The soil solution contained higher TOC content, which could 
inhibit more PCBs adsorption on BCC500 and BCC700. The 

adsorption amounts PCBs on BCC500 and BCC700 in the sea-
water sample were the lowest among the four water samples, 
which could be caused by the highest salinity that increased 
the aggregation of BCCs and thus blocked the adsorption sites.

The desorption of PCBs on BCCs in the four water sam-
ples is shown in Fig. 7b. The desorption rates of PCBs on the 
three BCCs in the groundwater all significantly lowered in 
comparison with that in DI water, whereas the fluctuations 
of desorption rates in the other three water were samples 
were insignificant from the DI water group. The desorption 
results of BCCs in the natural water samples did not match 
well with the earlier findings of single-factor effects, which 
might be because several environmental factors simultane-
ously acted on the desorption process in natural waters. Fur-
ther research is still needed to determine the exact percent-
age contribution of each impacting factor.

Conclusions

In this study, BCCs were prepared at 300, 500, and 700℃, 
and PCB28 was used as a probe to examine the adsorp-
tion–desorption behavior of PCBs on the BCCs. The adsorp-
tion capacities of BCCs for PCBs were positively related 
to the micropore area of BCCs, while negatively related 
to the polarity. Mainly due to the pore filling adsorption 
mechanism, the desorption hysteresis of PCBs on BCCs 
became more pronounced with an increase in the prepara-
tion temperature of BCCs. High ionic strength could inhibit 
the adsorption and desorption of PCBs due to the facilitated 
BCCs aggregation and micropore blockage. For example, 
the addition of 100 mM NaCl significantly reduced adsorp-
tion amounts of PCB28 on BCC300, BCC500, and BCC700 
by 13.1%, 27.5%, and 31.9%, respectively, and no detect-
able desorption of PCB28 from BCC700 was observed. 
The adsorptions of FA and HA, especially the smaller 
FA, could also block micropores of BCCs, especially the 
higher-temperature BCCs that had more micropores, and 
thus affected the adsorption–desorption behavior of BCCs. 

Fig. 7  The adsorption amounts 
(a) and desorption rates (b) of 
PCBs on BCCs in actual water 
samples. I: DI water; II: sea 
water; III: surface water; IV: 
ground water; V: soil solution
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In practical applications, the adsorption capacity of biochar 
colloids could more or less decrease in seawater, surface 
water, groundwater, and soil solutions, while the exact 
contributions of complex impact factors in nature waters 
to the adsorption–desorption behavior of BCC merits more 
studied. The adsorption by BCCs may increase the environ-
mental risk of hydrophobic pollutants (e.g., PCBs) by facili-
tating their migration and dispersion, while the desorption 
hysteresis of hydrophobic pollutants on BCCs (especially 
high-temperature BCCs) may greatly limit their bioacces-
sibility. Overall, the interaction between BCCs and pollut-
ants can alter environmental behaviors and ecological effects 
of BCCs and pollutants, which shall be considered in their 
environmental risk assessments.
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