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A B S T R A C T   

Biochar is an efficient sorbent for polycyclic aromatic hydrocarbons (PAHs). However, little is known about PAHs 
sorption kinetics and the effect on the mobility of biochar colloids in saturated porous media. In this study, 
naphthalene (NAP) and phenanthrene (PHE) were chosen as typical PAHs. In different stages, different sorption 
sites of PAHs on biochar played a distinct role in affecting the transport of biochar colloids in saturated porous 
media. The biochar colloids showed less negative surface charge as the contact time between biochar colloids and 
PAHs increased from 0.017 h to 96 h, which led to the mobility of biochar colloids decreasing over time. But after 
168 h contact time, the surface charge of biochar colloids became more negative again, and the inhibition effect 
of PAHs on biochar colloid transport was weakened. This was related to the sorption kinetics of PAHs on biochar 
colloids: (1) PAHs sorption onto outer biochar surface; and (2) adsorbed PAHs diffusion into internal biochar 
pores. PAHs sorption onto the outer biochar surface shielded the negative surface charge and then decreased the 
mobility of biochar colloids, and then the adsorbed PAHs diffusion into internal biochar pores increased their 
mobility again. Our results suggested that porous colloids-facilitated PAHs transport in porous media might be 
highly related to interaction time between PAHs and porous colloids.   

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a ubiquitous group of 
organic contaminants, which consist of multiple aromatic rings and are 
produced by the incomplete combustion of carbon-containing materials. 
Naphthalene (NAP) and phenanthrene (PHE) are two typical PAHs 
(Soltani et al., 2015; Li et al., 2019). The content of PAHs in aquatic, soil, 
and sedimentary environments is increasing due to human activities. 
Because of their strong aromaticity and high hydrophobicity, PAHs 
mainly sorb onto geo-sorbents, i.e., soil, sediment, and black carbon 
(Cornelissen et al., 2006; An et al., 2017). The hydrophobicity of PAHs 
increases with the number of aromatic rings (Han et al., 2014; Yang 
et al., 2018; Zhu et al., 2018). Due to their high carcinogenicity, bio-
accumulation, and poor degradation in the environment, PAHs have 
been listed as priority pollutants by the United States Environmental 
Protection Agency (USEPA) (Zhu et al., 2018; Ye et al., 2019). 

Biochar was considered as an adsorbent for PAHs because of its high 
aromaticity, rich porous structure, and high specific surface area (Wang 

et al., 2006; Chen et al., 2008; Yargicoglu et al., 2015; Wang et al., 
2017a). The immobilization of PAHs by biochar decreases their 
bioavailability (Beesley et al., 2010; Khan et al., 2015). Besides, biochar 
enhances PAHs degradation by increasing microbial activity (Anyika 
et al., 2015; Rein et al., 2016; Sigmund et al., 2018; Yang et al., 2018). 
Therefore, biochar can be used as a remediation agent in PAHs 
contaminated soil (Anyika et al., 2015). Biochar produced by high- 
temperature pyrolysis (>400 ◦C) has more condensed aromatic clus-
ters and shows a strong affinity for PAHs through π-π electron- 
donor–acceptor interaction (Zhu and Pignatello, 2005; Wang et al., 
2016; Wang et al., 2017a). High-temperature biochar generally has a 
large porosity with well-developed nano- or micro-pores , which are 
accessible for sorption of low molecular weight PAHs (LMW-PAHs) 
(Chen et al., 2012). Thus, pore-filling is one of the dominant mecha-
nisms for LMW-PAHs sorption on biochar (Chen et al., 2008). 

Biochar can be used as a passivant to remediate PAHs-contaminated 
soil. Biochar in the soil is always subject to aging (Mia et al., 2017). 
Physical aging is the most critical degradation pathway for biochar 
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(Spokas et al., 2014), which leads to biochar breakdown (Byrne and 
Nagle, 1997; Gao and Wu, 2014) and become micro- and nano-sized 
fragments (Wang et al., 2013a), which was called as biochar colloids. 
These biochar colloids can vertically migrate through the soil profile 
with flowing water (Obia et al., 2017). In recent years, a few studies in 
the laboratory focused on the movement of biochar colloids in saturated 
sand columns (Zhang et al., 2010; Wang et al., 2013a; Wang et al., 
2013b; Yang et al., 2017a; Yang et al., 2019a). Feedstock, pyrolysis 
temperature, and particle size of biochar, as well as ionic strength and 
pH conditions of background solution highly affect the transport of 
biochar colloids in saturated porous media (Zhang et al., 2010; Wang 
et al., 2013a; Wang et al., 2013b). Moreover, organic compounds have a 
distinct influence on the transport of biochar colloids in saturated 
porous media (Wang et al., 2013b; Yang et al., 2017a; Yang et al., 
2019a). 

Because of the strong affinity of biochar for organic pollutants (Chen 
et al., 2008; Liu et al., 2017), biochar colloids may serve as a carrier for 
the organic contaminants, facilitate their transport, and induce sec-
ondary pollution in the environment (Zhang et al., 2010). The presence 
of NAP could reduce the transport of biochar colloids because NAP was 
strongly sorbed to biochar and reduced the negative surface charge of 
the biochar colloids through charge shielding (Yang et al., 2017a; Yang 
et al., 2017b; Castan et al., 2019). Sulfamethazine, an antibiotic, could 
decrease the mobility of biochar colloids in quartz sand column under 
acidic and neutral pH conditions and increase their mobility under 
alkaline conditions since sulfamethazine sorption changed the surface 
properties of biochar colloids (Yang et al., 2020). Hameed et al. (2021) 
have demonstrated that the mobilities of three typical organic contam-
inants (PHE, atrazine, and oxytetracycline) were very low but signifi-
cantly increased by their co-transport with biochar colloids in the soil 
column. This suggested that the sorption process of organic contami-
nants on biochar colloids played an important role in the mobility and 
fate of biochar colloids in PAHs-polluted soil. 

The adsorption of PAHs on biochar is a dynamic process. Previous 
studies have shown that rapid sorption occurs at the beginning of the 
interaction between biochar and PAHs in solution conditions, and slow 
adsorption is followed, which is limited by diffusion of LMW-PAHs into 
the internal pores of biochar (Chen et al., 2012; Liu et al., 2017). For 
PAHs adsorption on biochar, the time to reach the equilibrium of PAHs 
to biochar can range from hours (4.7 h for NAP) to days (1–18 days for 
PHE) (Chen et al., 2012; Yakout et al., 2013; Kang et al., 2017). For most 
antibiotics like lincomycin (Liu et al., 2016), sulfamethoxazole (Lian 
et al., 2014), tetracycline (Wang et al., 2017b), and ciprofloxacin (Shang 
et al., 2016), sorption equilibration time with biochar also varied from 
hours to days. In some experiments, pore diffusion could not be esti-
mated due to short period. 

In this study, the effect of PAHs sorption kinetics on the transport of 
biochar colloids in saturated sand columns was investigated. Two 
typical PAHs (NAP and PHE) were selected in our study due to their 
common presence in the polluted soil and wastewater (Cao et al., 2019; 
Wu et al., 2019). The adsorption and desorption characteristics of PAHs 
on biochar were quantified using batch experiments. To estimate the 
surface property change of biochar colloids with PAHs sorption kinetics 
over time, the electrophoretic mobility and infra-red spectrum charac-
teristics of biochar colloids were measured at different contact time 
between biochar and PAHs. Column experiments were carried out to 
assess the mobility of biochar colloids in the presence of PAHs during 
different kinetic sorption stages. The objectives of this study were to: (1) 
study the influence of PAHs sorption kinetics on the surface physico-
chemical properties of biochar colloids; (2) explore the mechanism of 
kinetic sorption affecting the transport of biochar colloids in the pres-
ence of PAHs over time under saturated flow conditions. 

2. Materials and methods 

2.1. Biochar colloids 

Biochar was produced by filling wheat straw (Zhengzhou, Henan 
Province, China) into a stainless-steel tank in a muffle furnace chamber 
purged with nitrogen. The temperature was increased by 20 ◦C min− 1 

and maintained at 600 ◦C for 1 h (Yang et al., 2017a; Yang et al., 2019a). 
Biochar colloids were obtained by repeated ball milling until the particle 
size was less than 500 nm. The grounded biochar powder was suspended 
in ultrapure water at a concentration of 50 mg L− 1 and then sonicated 
for 10 min before use. The hydrodynamic diameter distribution of bio-
char colloidal suspensions was determined through dynamic light scat-
tering (DLS) method using a Zetasizer (Nano ZS90, Malvern, UK). 

The particle size and morphology of the grounded biochar colloids 
were measured by scanning electron microscope (SEM, Nova Nano-
SEM430, FEI, USA). The surface area and pore size distribution of the 
biochar colloids were characterized by the Brunauer-Emmett-Teller 
(BET) and Barrett-Joyner-Halenda (BJH) methods (ASAP2020, Micro-
meritics Instrument, USA). The elemental content, ash content, static 
contact angles, and functional groups of this biochar were reported 
previously (Yang et al., 2017a; Yang et al., 2017b; Yang et al., 2019a; 
Yang et al., 2020). The elemental composition of biochar colloids was 
also analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB 
250Xi, Thermo Fisher Scientific, USA), and the XPS spectra were 
deconvoluted using a Gaussian-Lorentzian curve-fitting program 
(XPSPEAK 4.1). 

2.2. Naphthalene and phenanthrene 

NAP (99%, 585711, J & K Scientific Ltd, Beijing, China) and PHE 
(98%, 24898161, Sigma Aldrich, US) stock solutions with the concen-
tration of 1 g L− 1 were prepared with 99.5% ethanol (Yang et al., 2017a; 
Yang et al., 2017b). PAHs stock solutions were placed in a 10-mL amber 
glass vial with a Teflon-lined screw cap at 4 ◦C in the dark and filled to 
the top to avoid the volatilization of PAHs and ethanol. 

2.3. Adsorption and desorption experiments 

The adsorption and desorption experiments were carried out in 20- 
mL amber glass vials with Teflon-lined caps. Sorption experiments 
were conducted using 500 mg L− 1 biochar and NAP/PHE with different 
concentrations (1–12 mg L− 1) in 1 mM NaCl solution (pH 7) for 24 h 
shaking. For kinetic sorption experiments, the initial concentrations for 
NAP and PHE were fixed at 3 and 10 mg L− 1, respectively. The sus-
pensions were shaken for different periods (from 0.017 h to 168 h). 
Every sample in the sorption experiments was repeated in triplicate. 
After adsorption, the suspensions were filtrated through 0.1 μm PTFE 
membranes (JVWP04700, MilliporeSigma, US) to separate biochar and 
non-sorbed PAHs in the suspension. The NAP filtrates were measured by 
UV–vis spectrophotometry (TU-1900, Persee, China) at a wavelength of 
220 nm (Yang et al., 2019a), and the PHE concentrations were measured 
by fluorescence spectrophotometry (F97Pro, Lengguang Technology, 
China) at 275 nm excitation and 366 nm emission wavelengths. The 
calibration curves of NAP and PHE are provided in Fig. S1. The 
adsorption isotherms were analyzed with Langmuir and Freundlich 
models. The kinetic experiments were analyzed with pseudo-first-order, 
pseudo-second-order, and intraparticle diffusion kinetic models in Sec-
tion S1 of the supporting information (SI). 

In the desorption experiments (Section S2 in SI), the PAHs-sorbed 
biochars were added into 20 mL of 99.5% ethyl acetate and then 
ultrasonicated for 2.5 min (De Jesus et al., 2017). The obtained samples 
were filtered again, and the NAP/PHE concentration in the solution was 
diluted and measured as described as above. The samples in the 
desorption experiments were measured in duplicate. 
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2.4. Characterization of PAHs-sorbed biochar colloids 

NAP or PHE stock solution (8 μL) was spiked into the 20 mg L− 1 

biochar colloidal suspension in 200-mL amber glass vials with a Teflon 
screw cap. The glass vials were orbitally shaken at 120 rpm for different 
contact time between biochar colloids and PAHs from 0.017 h (1 min) to 
168 h. After shaking, the biochar suspensions were sonicated in a bath 
sonicator for 30 s. The zeta potentials (ζ) and hydrodynamic diameters 
of these biochar colloidal suspensions were measured with at least three 
independent measurements using a Zetasizer. The surface functional 
groups of biochar colloids were characterized by Attenuated Total in-
ternal Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy 
(VERTEX 70, Bruker, Germany), and more details are given in Section S3 
(SI). 

2.5. Transport experiments 

Transport experiments were carried out in a stainless-steel column 
with a diameter of 2.5 cm and a length of 12 cm, which was wet-packed 
with quartz sand (425 to 600 μm). The sand was cleaned by stirring in 2 
M HCl for 24 h at 90 ◦C and thoroughly rinsed with ultrapure water 
before use (Sharma et al., 2008). The bulk densities of the packed col-
umns ranged from 1.38 to 1.42 g cm− 3. To determine the ζ-potential of 
the quartz sand, the sand was ground into powder and then suspended in 
1 mM NaCl solution. After 2-hour sedimentation, the suspended 
colloidal sand particles were used for ζ-potential measurements. 

Transport experiments were conducted using a peristaltic pump to 
supply suspensions from bottom to top at a constant pore-water velocity 
of 0.44 cm min− 1. The column was initially equilibrated by injecting 5 
pore volumes (PV) of 1 mM NaCl background solution, followed by 3 
PVs of biochar colloid suspensions in the presence of PAHs. The biochar 
colloid suspensions (50 mg L− 1) with 0.1 mg L− 1 NAP or PHE at different 
contact time (0.017, 24, 96, and 168 h) between biochar colloids were 
prepared in 1 mM NaCl solution. Then, several PVs of biochar-free 
background solutions were introduced into the column until no bio-
char could be detected in the effluent. The effluent was collected every 5 
min using a fraction collector (BSZ-100, Huxi, China), and the biochar 
concentrations in the effluent were measured using a UV–vis spectro-
photometer at a wavelength of 790 nm. All the column experiments 
were conducted in duplicate. 

After transport experiments, the concentration of the biochar col-
loids in each column was determined by dividing the sand column into 
twelve increments, and the divided sands were then transferred into 50- 
mL conical flasks with 20 mL of ultrapure water and shaken at room 
temperature for 4 h to detach biochar colloids from the sand surface. The 
concentration of the biochar colloids in the suspensions was then 
measured by UV–vis spectrophotometry. 

The one-dimensional colloid transport model using the con-
vective–dispersive equation with two kinetic retention sites in the 
Hydrus-1D software (Šimunek et al., 1998; Bradford et al., 2003) was 
used to simulate the transport and retention of biochar colloids in the 
porous media (Section S4 in SI). 

2.6. XDLVO theory 

According to the extended Derjaguin-Landau-Verwey-Overbeek 
(XDLVO) theory, the interaction between biochar colloids and sand 
surface (ΦTotal) can be calculated as the sum of the van der Waals 
interaction (ΦLW), the electrostatic double-layer interaction (ΦEDL), and 
the acid-base interactions (ΦAB). The detailed interaction calculations 
can be found in our previous study (Yang et al., 2017b). 

Because the surface area of biochar which was shielded by NAP or 
PHE was very small compared with the whole surface, the effect of PAHs 
on the Hamaker constant and hydrophobicity of biochar colloids was 
negligible. In the presence of PAHs, the change of ΦTotal mainly came 

Table 1 
Selected characteristics of biochar colloids.  

Properties Method Biochar 

Chemical composition (wt 
%) 

EA a C (60.2), H (1.6), O (37.2), N (0.5), S 
(0.5) b 

XPS C (63.9), O (20.7), N (1.4), S (1.0), Si 
(4.6) 

Functional group FTIR –OH, C–H, C––O, C––C, Aromatic 
C–H b 

Specific surface area (m2 

g− 1) 
BET 117 

Total pore volume (cm3 

g− 1) 
BJH 
adsorption 

0.04 

Average pore diameter 
(nm) 

BJH 
adsorption 

5.9 

Contact angle (◦) Water 123 ± 3 c 

Glycerol 100 ± 8 c 

n-decane 0 c  

a Chemical composition of biochar was measured by elemental analysis. 
b Data from Yang et al. (2017a). 
c Data from Yang et al. (2020). 

Fig. 1. (a) Fourier Transform Infrared (FTIR) spectra and (b) scanning electron 
microscope (SEM) image of biochar colloids. 
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from the ΦEDL which was calculated by the zeta potentials of biochar 
colloids and sand in different experimental conditions. 

2.7. Experimental attachment efficiency of biochar colloids to quartz sand 

To quantitatively interpret the effect of PAHs sorption kinetics on the 
transport of biochar colloids, the experimental attachment efficiency (α) 
was calculated by the ratio of the rate of colloid deposition on a collector 
to the rate of collisions with that collector (Lecoanet and Wiesner, 
2004): 

α = −
2
3

dc

(1 − ε)Lη0
ln
(

C
C0

)

(1)  

where dc is the diameter of the quartz sand; ε is the porosity of the 
packed sand; L is the length of the column; C/C0 is the ratio of colloids 
concentration in the effluent to that in the influent and can be obtained 
from the plateau of breakthrough curves; η0 is the single-collector effi-
ciency. Detailed calculation information can be found in Section S5 (SI). 

3. Results and discussion 

3.1. Properties of biochar and biochar colloids 

The physicochemical characteristics of the biochar are summarized 
in Table 1. The C1s XPS spectrum (Fig. S2) was deconvoluted into four 
peaks, including C–C, C–H, aromatic C (~284.8 eV), C-O of phenolic 

hydroxyl or ether group (~286.2 eV), C––O of ketone group (~287.3 
eV), and –COO of the carboxylic group (~289.0 eV) (Jin et al., 2017; Liu 
et al., 2017; Luo et al., 2017), which was in good agreement with the 
analysis of the FTIR spectra (Table 1, Fig. 1a). Biochar contained alkyl 
groups and aromatic C contributing to the hydrophobicity of biochar 
surface (Kinney et al., 2012; Liao et al., 2012). For high-temperature 
biochar (500–700 ◦C), high aromaticity may be linked to strong PAHs 
sorption affinity because of large electron-accepting capacity (Xiao 
et al., 2014). The presence of the O-containing functional groups 
resulted in a negative surface charge of the biochar in suspensions under 
pH > 4 conditions (Yang et al., 2019b). So, the isoelectric points (IEP) of 
biochars in solution were often less than 4 (Liu et al., 2016; Batista et al., 
2018; Song et al., 2019). 

According to SEM analysis, the biochar colloids showed an irregular 
granular shape (Fig. 1b), and the hydrodynamic particle size distribu-
tion of the colloids ranged from 255 to 615 nm, and the mean size was 
422 ± 82 nm (Fig. S3). The pore volume of the biochar colloids was 0.04 
cm3 g− 1, and the average pore diameter was 5.9 nm (Table 1). The pore 
volumes of wheat straw biochar (600 ◦C) in literature ranged from 
0.0092 to 0.11 cm3 g− 1 (Tang et al., 2015; Břendová et al., 2017; Leng 
et al., 2021). The difference in the pore volumes of biochar might be 
caused by different pyrolysis procedures of biochar production. The pore 
size distribution analysis showed a peak at a diameter of about 1.7–1.9 

Fig. 2. Adsorption isotherms of (a) naphthalene (NAP) and (b) phenanthrene 
(PHE) on biochar after 24 h. Symbols represent mean values with standard 
deviations (n = 3). Lines are the model fittings. 

Fig. 3. (a) Intra-particle diffusion kinetics plots of naphthalene (NAP) and 
phenanthrene (PHE) to biochar; (b) adsorption and desorption of NAP and PHE 
on biochar in 1 mM NaCl solution as a function of contact time (0.017, 24, 96, 
and 168 h). Adsorption and desorption are depicted by the entire column in the 
graph, and error bars denote ± standard deviation (n = 2). Desorption samples 
were measured after 2.5 min ultrasonication in ethyl acetate. 
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nm and a tail after 10 nm (Fig. S4). This pore size distribution indicated 
that there were a large number of micropores and mesopores on the 
biochar, in which the micropores were dominant. 

3.2. Kinetic adsorption and desorption of PAHs on biochar 

The adsorption isotherms of NAP and PHE on biochar were well 
fitted by the Langmuir and Freundlich models (Fig. 2, Table S2). The 
adsorption isotherms were nonlinear, indicating that there were het-
erogeneous and limited sorption sites on biochar surfaces. The value of 
1/n in the Freundlich isotherm was between 0.1 and 0.5, demonstrating 
that the adsorption of PAHs on biochar was favorable (Liu et al., 2016). 
According to the Langmuir model, the maximum adsorption capacities 
of biochar for NAP and PHE were 5.89 and 19.18 mg g− 1, respectively, 
which meant that the biochar showed a stronger sorption affinity for 
PHE. Oleszczuk et al. (2012) and Chan et al. (2020) also found that PHE 
adsorption by biochar in drinking water and sewage sludge was higher 
than that of NAP. The reason might be that more PHE could be sorbed 
onto biochar due to strong π-donor interaction than NAP (Zhu and 
Pignatello, 2005). The stronger adsorption affinity for PHE than for NAP 
had also been found in other materials, such as activated carbons (Bu 
et al., 2011; Yakout et al., 2013; Xiao et al., 2015; Eeshwarasinghe et al., 
2018), graphene and graphene oxide nanosheets (Wang et al., 2014), 
and organoclay (Yin et al., 2019). 

Sorption kinetics of both NAP and PHE onto biochar showed rapid 
initial sorption followed by slow sorption (Fig. S5). Compared with the 
pseudo-first-order model, the pseudo-second-order model shows a better 
regression fitting (Table S3), and similar findings have been reported in 
the previous studies (Tang et al., 2015; Zhang et al., 2015; Liu et al., 
2017; Qiao et al., 2018). The theoretical Qe values obtained from the 
pseudo-second-order model are similar to the Qm values based on 
Langmuir models (Table S2). According to the simulation results using 
the intraparticle diffusion model (Eq. S5, SI), PAHs adsorption on bio-
char could be divided into three stages, and the sorption data were well 
fitted in each stage (Fig. 3a and Table S3). The first stage (0–0.17 h for 
NAP and 0–4 h for PHE) represented the rapid sorption of PAHs onto the 
external surfaces of biochar. The second stage (0.17–100 h for NAP and 
4–120 h for PHE) was characterized by both PAHs adsorption onto 
external biochar surfaces and externally-sorbed PAHs diffusion into 
biochar micropores (Wang et al., 2017a; Zhu et al., 2018). In the third 
stage (100–168 h for NAP and 120–168 h for PHE), the sorption was 
dominated by PAHs intraparticle diffusion, and the sorption finally ob-
tained equilibrium at 168 h. The sorption of other organic chemicals, 
such as methylene blue, tetracycline, doxycycline, and ciprofloxacin 
(Wang et al., 2018; Que et al., 2018; Zeng et al., 2018) onto biochar also 
showed similar three-stage sorption kinetic characteristics. The mech-
anisms of controlling PAHs sorption on biochar could be attributed to 
π-π electron-donor–acceptor interaction and pore-filling (Cornelissen 
and Gustafsson, 2005; Wang et al., 2016; Guo et al., 2017; Wang et al., 
2017a). 

Fig. 4. (a) ζ-potentials and (b) hydrodynamic diameters of biochar colloids 
(BC) in the absence/presence of NAP/PHE in 1 mM NaCl solution as a function 
of contact time from 0.017 h to 168 h. Symbols represent mean values, and 
error bars denote ± standard deviation. NAP denotes naphthalene and PHE 
denotes phenanthrene. 

Fig. 5. Attenuated total reflection Fourier transform infrared (ATR-FTIR) 
spectra of NAP-sorbed (a) and PHE-sorbed (b) biochar colloids (BC) at different 
contact time (0.017, 24, 96, and 168 h). The biochar colloidal film in the 
absence of NAP/PHE was used as the reference for the ATR-FTIR spectra. NAP 
denotes naphthalene and PHE denotes phenanthrene. 
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The desorption of PAHs from biochar varied as a function of sorption 
time (Fig. 3b). After 96 h of adsorption, most of the NAP and PHE (about 
87% and 93% respectively) could be desorbed because most of the PAHs 
were sorbed onto the external surface of biochar particles, and only a 
small amount of PAHs was retained in the internal pores of biochar 
particles. However, at 168 h contact time, only 57% of NAP and 69% of 
PHE could be desorbed, suggesting that the PAHs could not be easily 
desorbed from biochar after PAHs diffused into biochar internal pores. 
PAHs slow desorption from the biochar and other carbonaceous mate-
rials were highly related to intraparticle sorption (Yang et al., 2008; 
Kang et al., 2019). Sigmund et al. (2017) found that PAHs could diffuse 
into the small pores of the biochar leading to less accessibility for PAHs 
degradation. Liu et al. (2019) also showed that the desorbed lincomycin 
from biochar (pyrolyzed from rice hull bedding at 600 ◦C) was decreased 
from 62.4% to 8.8% as sorption time increased from 1 to 30 d. 

3.3. Effect of kinetic sorption on surface properties of biochar colloids 

The ζ-potential and hydrodynamic diameter of the biochar colloids 
in the absence of PAHs were around − 44.6 ± 1.2 mV and 422 ± 12 nm, 
and remained constant within 168 h (Fig. 4). After the immediate 
sorption (0.017 h) of NAP/PHE onto biochar colloids (i.e., PAHs were 
mixed and shaken with biochar colloidal suspension for 0.017 h), the 
ζ-potentials of the biochar colloids in the presence of PAHs were − 43.8 
± 1.2 mV for NAP and − 42.0 ± 0.3 mV for PHE, respectively. This was 
because after PAHs were added into biochar colloid suspension, a small 
amount of PAHs adsorbed on the external surface of the colloids 
immediately and shielded the parts of the negative surface charge (Yang 
et al., 2017a; Yang et al., 2017b). Compared with NAP, the charge 

shielding effect was more pronounced for PHE because PHE was 
strongly adsorbed by biochar (Fig. 2). With the increase of contact time 
between biochar colloids and PAHs from 0.017 h to 120 h, more PAHs 
were sorbed onto biochar colloids and the ζ-potential of biochar colloids 
in the presence of PAHs decreased to − 31.8 ± 4.1 mV for NAP and −
28.5 ± 1.0 mV for PHE. As the contact time increased from 120 h to 168 
h, the ζ-potential of biochar colloids in the presence of PAHs decreased 
over time (− 36.9 ± 0.4 mV for NAP and − 32.6 ± 2.8 mV for PHE at 168 
h). The reason might be that less un-sorbed PAHs in the solution can be 
sorbed onto biochar surface at 168 h, and the PAHs, which were sorbed 
to the external surface of biochar, diffused into the intraparticle pores of 
biochar (Wang et al., 2017a; Zhu et al., 2018). This caused some nega-
tively charged external surfaces of the biochar colloids to re-appear, 
which were previously shielded by PAHs. The hydrodynamic diameter 
of biochar colloids was not affected by sorption, which meant that PAHs 
sorption had no effect on the aggregation of biochar colloids in this case. 
Our results showed that after PAHs were added into biochar colloidal 
suspension, the hydrodynamic diameter of biochar colloids was almost 
constant and the negative surface charge changed with the PAHs sorp-
tion on biochar over time due to charge-shielding effect and intrapore 
diffusion. 

The ATR-FTIR spectra of the biochar colloids in the presence of PAHs 
at different contact time periods also showed that the surface functional 
groups of biochar colloids changed with sorption kinetics (Fig. 5). After 
PAHs were sorbed to the colloids, the peaks around 1530 cm− 1 (C––C 
stretching of aromatic skeletal C) and 800–600 cm− 1 (aromatic C–H 
wagging vibrations) increased (Jia et al., 2018; Zhang et al., 2018) and 
the carboxylic peaks (including1667 cm− 1 of aliphatic –C––O and 1336 
cm− 1 of carboxylic–OH) decreased (Chen et al., 2008; Gray et al., 2014), 

Fig. 6. Measured (symbols) and fitted (lines) breakthrough curves (top) and retention profiles (bottom) of biochar colloids (BC) in the presence of (a, b) NAP and (c, 
d) PHE in 1 mM NaCl solutions with different contact time (0.017, 24, 96, and 168 h). Symbols represent mean values, and error bars denote ± standard deviation (n 
= 2). NAP denotes naphthalene and PHE denotes phenanthrene. C: biochar colloids concentration in the effluents; C0: injected biochar concentration; PV: the pore 
volume of the packed column; Dimensionless distance: the distance from column inlet; N: residual biochar colloids mass in one pore volume; Ni: biochar colloids mass 
in one pore volume of the injected biochar suspension. 
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indicating PAHs were sorbed onto the surface of biochar and shielded 
parts of the O-containing functional groups. The effect of PAHs sorption 
on the biochar functional groups increased with increasing contact time 
from 0.017 h to 96 h. As the contact time increased from 96 h to 168 h, 
the absorbance of all the functional groups on PAHs-sorbed biochar 
decreased due to the intraparticle diffusion of PAHs on the biochar. 

3.4. Effect of kinetic adsorption on biochar colloid transport 

The breakthrough curves and retention profiles of the biochar col-
loids in the presence of PAHs at different contact time periods are shown 
in Fig. 6, and the parameters of each column are listed in Table S4. The 

breakthrough curves showed the normalized biochar colloid concen-
tration (C/C0) in the effluent as a function of the pore volume. The 
experimental attachment efficiencies (α) were calculated from the 
breakthrough curves of biochar colloids using Eq. (1). The retention 
profile showed the ratio (N/Ni) of retained biochar colloids quality on 
the sand surface (N) to the quality of biochar colloids injected to the 
column (Ni) as a function of dimensionless distance from the column 
inlet. 

Once 0.1 mg L− 1 NAP or PHE was mixed with the biochar suspension 
for 0.017 h, the C/C0 at the plateau of the breakthrough curves of bio-
char colloids decreased from 0.57 to 0.48 or 0.46, and the retained 
percentage of colloids in the column increased from 39% to 45% or 48% 
respectively (Figs. S6, 6, and Table S4). Our previous studies also 
showed that the mobility of biochar colloids was inhibited with 
increasing NAP concentration (Yang et al., 2017a; Yang et al., 2017b). 
This was because the sorbed NAP or PHE shielded the negative surface 
charge on the biochar colloids (Table 2), leading to a reduced electro-
static double-layer repulsion between biochar colloids and sand surface. 

At different contact time between PAHs and biochar colloids, the 
breakthrough curves of biochar colloids showed different plateaus 
(Fig. 6a and b). The shaking time of bare biochar colloidal suspensions 
had no effect on biochar colloid transport in saturated sand column 
(Fig. S6). With the contact time between biochar colloids and PAHs 
increasing from 0.017 h to 24 h, and then to 96 h, the decrease of Meff 
and the increase of the Mret shown in Table S4 indicated that less biochar 
colloids were found in the effluents, and more colloids were retained in 
porous media. As more NAP or PHE adsorbed over time, the biochar 
colloids showed less negative surface charge (Fig. 4a). The less negative 
ζ-potentials resulted in a smaller primary energy barrier and a deeper 
secondary energy minimum between biochar colloids and quartz sand 
(Fig. S7, Table 2), which led to more colloid attachment on sand sur-
faces. However, when the contact time reached 168 h, the mobility of 
biochar colloids increased again, and fewer colloids were retained on the 
surface of the porous media (Fig. 6 and Table S4). 

To exhibit the effect of PAHs sorption kinetics on the mobility of 
biochar colloids in porous media directly, the α values of biochar col-
loids at different contact time periods were calculated based on the C/C0 
of the breakthrough curves (Fig. 7). As the contact time increased from 
0.017 h to 96 h, the α values of biochar colloids were increased about 
25% for NAP, and 34% for PHE. When the contact time increased to 168 
h, the α values of biochar colloids in the presence of PAHs decreased. 

The breakthrough curves and retention profiles of biochar colloids in 
the presence of PAHs could be well simulated by the two-site kinetic 
retention model (Table S5). The values of the first-order attachment 
coefficient (k1) on reversible kinetic retention site (site 1) became larger 
as PAHs sorbed onto biochar colloids and increased with increasing 
contact time from 0.017 h to 96 h, but decreased during 96–168 h. This 
indicated that the increase in PAHs sorbing onto the external surface of 
biochar resulted in an increase of colloid retention. The values of the 
first-order detachment coefficient (k1d) on site 1 were one order of 
magnitude smaller than the attachment coefficient k1. The values of the 
first-order attachment coefficients (k2) on the irreversible kinetic 
retention site (site 2) were similar in every column experiment, implying 
that the retention of colloids on site 2 was mainly caused by colloid 
straining rather than attachment. Therefore, the impact of PAHs on the 
deposition of biochar colloid on quartz sand mainly occurred on the 
reversible kinetic retention site. 

Nonpolar NAP and PHE can be effectively sorbed onto biochar sur-
face through π-π electron-donor–acceptor interactions. The PAHs can 
sorb on both the external and internal surfaces of the biochar, and the 
external sorption is fast, followed by a rate-limited intraparticle diffu-
sion (Li et al., 2014; Wang et al., 2017a; Zhu et al., 2018). As intra-
particle diffusion plays the dominant role, the externally-sorbed PAHs 
on the outer biochar surface decreased with contact time (Fig. 8). At this 
stage, the sorption of PAHs on biochar changed the surface charge non- 
monotonically, and the mobility of biochar colloids was consequently 

Table 2 
ζ-Potentials, hydrodynamic diameters of biochar colloids, and XDLVO energies 
between sand and biochar colloids with different PAHs equilibration time in 1 
mM NaCl solutions.  

CNAP
a 

(mg L− 1) 
CPHE

b 

(mg L− 1) 
tc (h) dBC

d 

(nm) 
ζBC

e (mV) Φmax
f 

(kT) 
Φmin 2

g 

(kT) 

0 0 0.017 410 ±
2 

− 44.80 ±
1.10 

356 − 0.318 

0 0 168 431 ±
10 

− 44.64 ±
1.15 

354 − 0.318 

0.1 0 0.017 402 ±
10 

− 43.83 ±
1.20 

346 − 0.320 

0.1 0 24 445 ±
19 

− 40.24 ±
1.05 

312 − 0.327 

0.1 0 96 426 ±
20 

− 33.91 ±
0.94 

249 − 0.342 

0.1 0 168 424 ±
18 

− 36.89 ±
0.45 

279 − 0.334 

0 0.1 0.017 409 ±
2 

− 42.04 ±
0.28 

329 − 0.323 

0 0.1 24 431 ±
14 

− 37.82 ±
1.04 

288 − 0.332 

0 0.1 96 431 ±
37 

− 29.71 ±
2.86 

207 − 0.354 

0 0.1 168 415 ±
5 

− 32.61 ±
2.76 

236 − 0.345 

a,bConcentration of NAP/PHE in biochar colloid suspensions. NAP denotes 
naphthalene, and PHE denotes phenanthrene. 
cContacting time between biochar colloids and NAP/PHE. 
dHydrodynamic diameter of biochar colloids. 
eζ-Potentials of biochar colloids. 
f,g Maximum primary energy barrier and secondary energy minimum for 
colloid-sand interaction, respectively. kT is a scaling factor for energy values in 
molecular-scale systems (Peter Atkins and De Paula, 2014). 

Fig. 7. The attachment efficiencies (α) of biochar colloids (BC) in the absence/ 
presence of PAHs in 1 mM NaCl solutions as a function of contact time. NAP 
denotes naphthalene and PHE denotes phenanthrene. 
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affected. 
To prove the effect of PAHs kinetic sorption on the mobility of bio-

char colloids, similar transport experiments were conducted in another 
rough sand (Figs. S8, S9), which confirmed that the mobility of biochar 
colloids was affected by PAHs kinetic sorption. The XDLVO energies 
between sand and biochar colloids and the fitted parameters of break-
through curves are listed in Tables S6–S8. The breakthrough curves in 
Fig. S9 show more pronounced attachment and straining because the 
rough surface of the quartz sand provided more attachment sites for 
biochar colloid retention. The same non-monotonic retention behavior 
of biochar colloids as a function of PAHs sorption time was similar to the 
case in the smooth quartz sand (Fig. 6c and d). 

4. Conclusion 

Biochar strongly adsorbs organic contaminants and shows a broad 
potential for the remediation of soils contaminated by organic com-
pounds. After being applied to the field, biochar can be broken down 
into nano-sized and colloidal particles due to physical, chemical, and 
biological aging. Nano-sized and colloidal biochar might leach down 
with irrigation and rainfall from topsoil to subsoil. Because biochar can 
strongly adsorb organic contaminants, nano-sized and colloidal biochar 
might facilitate the migration of organic pollutants in the polluted soil 
and exhibit long-term environmental risk for groundwater. In addition 
to biochar, other porous adsorbent materials such as activated carbon 
and fullerene can effectively sequestrate contaminants from the envi-
ronment. Our study indicated that the fate and mobility of porous col-
loids and nanoparticles might be affected by kinetic sorption of organic 
pollutants due to their large internal pores. To estimate the environ-
mental fate of porous colloids and nanoparticles in PAHs-polluted soil or 
groundwater, it is vital to consider the impact of PAHs sorption kinetics 
on the fate and transport of porous colloids and nanoparticles. 

CRediT authorship contribution statement 

Wen Yang: Conceptualization, Methodology, Software, Validation, 
Formal analysis, Investigation, Resources, Writing – original draft, 
Writing - review & editing, Visualization. Ting Qu: Validation, Inves-
tigation. Markus Flury: Writing - review & editing. Xin Zhang: Vali-
dation, Investigation. Sigmund Gabriel: Writing - review & editing. 
Jianying Shang: Conceptualization, Methodology, Writing – original 
draft, Writing - review & editing, Supervision, Project administration, 
Funding acquisition. Baoguo Li: Writing - review & editing, 
Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper. 

Acknowledgments 

This work was supported by the National Natural Science Foundation 
of China (41771255), the USDA-NIFA Hatch Project (1014527), the 
National Key Research and Development Program (2017YFD0801503), 
and the “1000-Talents Plan” for Young Researchers. 

Appendix A. Supplementary data 

Details about the sorption models, PAHs-sorbed biochar preparation, 
single-collector efficiency, SEM images, and ATR-FTIR spectra of the 
biochar colloids, and XDLVO interaction between the colloids and sand. 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jhydrol.2021.126839. 

References 

An, X., Xiao, B., Di, X., Dong, H., Tang, H., 2017. Research progress on aging of organic 
pollutants in geosorbents: a review. Acta Geochimica 36 (1), 27–43. https://doi.org/ 
10.1007/s11631-016-0129-z. 

Anyika, C., Abdul Majid, Z., Ibrahim, Z., Zakaria, M.P., Yahya, A., 2015. The impact of 
biochars on sorption and biodegradation of polycyclic aromatic hydrocarbons in 
soils–a review. Environ. Sci. Pollut. Res. Int. 22 (5), 3314–3341. https://doi.org/ 
10.1007/s11356-014-3719-5. 

Batista, E.M.C.C., Shultz, J., Matos, T.T.S., Fornari, M.R., Ferreira, T.M., Szpoganicz, B., 
de Freitas, R.A., Mangrich, A.S., 2018. Effect of surface and porosity of biochar on 
water holding capacity aiming indirectly at preservation of the Amazon biome. Sci. 
Rep. 8 (1) https://doi.org/10.1038/s41598-018-28794-z. 

Beesley, L., Moreno-Jimenez, E., Gomez-Eyles, J.L., 2010. Effects of biochar and 
greenwaste compost amendments on mobility, bioavailability and toxicity of 
inorganic and organic contaminants in a multi-element polluted soil. Environ. Pollut. 
158 (6), 2282–2287. https://doi.org/10.1016/j.envpol.2010.02.003. 

Bradford, S.A., Simunek, J., Bettahar, M., Van Genuchten, M.T., Yates, S.R., 2003. 
Modeling colloid attachment, straining, and exclusion in saturated porous media. 
Environ. Sci. Technol. 37 (10), 2242–2250. https://doi.org/10.1021/es025899u. 
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