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a b s t r a c t

The nonlinear sorption of hydrophobic organic contaminants (HOCs) could be changed to

linear sorption by the suppression of coexisting solutes in natural system, resulting in the

enhancement of mobility, bioavailability and risks of HOCs in the environment. In previous

study, inspired from the competitive adsorption on activated carbon (AC), the displaceable

fraction of HOCs sorption to soot by competitor was attributed to the adsorption on ele-

mental carbon fraction of soot (EC-Soot), while the linear and nondisplaceable fraction was

attributed to the partition in authigenic organicmatter of soot (OM-Soot). In this study, how-

ever, we observed that the linear and nondisplaceable fraction of HOC (naphthalene) to a

diesel soot (D-Soot) by competitor (phenanthrene or p-nitrophenol) should be attributed to

not only the linear partition in OM-Soot, but also the residual linear adsorption on EC-Soot.

We also observed that the competition on the surface of soot dominated by external surface

was different from that of AC dominated by micropore surface, i.e., complete displacement

of HOCs by p-nitrophenol could occur for the micropore surface of AC, but not for the ex-

ternal surface of soot. These observations were obtained through the separation of EC-Soot

and OM-Soot from D-Soot with organic-solvent extraction and the sorption comparisons of

D-Soot with an AC (ACF300) and a multiwalled carbon nanotube (MWCNT30). The obtained

results would give new insights to the sorption mechanisms of HOCs by soot and help to

assess their environmental risks.

© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

As the increasing productions and applications of organic
chemicals,more andmore hydrophobic organic contaminants
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(HOCs) such as polycyclic aromatic hydrocarbons (PAHs) are
released into the natural environment, which are toxic, car-
cinogenic, mutagenic and have highly environmental risks
(Kong et al., 2021). Sorption of HOCs by geo-sorbents could
be regarded as an essential process that determine the
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transport, bioavailability and risks of HOCs in natural sys-
tems (Cornelissen et al., 2005). Soot, as the gas condensates
produced from incomplete combustion of biomass/fossil fu-
els and with an annual output of 17million tons, is ubiquitous
in natural environments (Hammes et al., 2007; Kuang et al.,
2020; Li et al., 2018; Pignatello et al., 2017; Sigmund et al., 2018).
This carbonaceous geo-sorbent has received increasing atten-
tion because of the highly nonlinear sorption for many hy-
drophobic organic contaminants (HOCs), 1–3 orders of mag-
nitude higher than that to natural organic matters especially
at relatively low HOC concentrations (Cornelissen et al., 2005).
The highly nonlinear sorption was attributed to the unique
surface porosities of spherical graphitic component of soot for
adsorption, analogous to the adsorption on activated carbon
(Endo et al., 2009; Jonker and Koelmans, 2002; Su et al., 2018).
Therefore, soot as one of the carbonaceous geo-sorbents, was
suggested to be at least one of the causes of the nonlinear
sorption and may significantly affect the sequestration and
bioavailability of HOCs in natural environments especially at
low HOC concentrations (Endo et al., 2009; Jonker and Koel-
mans, 2002; Lu et al., 2016; Nguyen and Ball, 2006; Su et al.,
2018; Xia et al., 2016; Zhi and Liu, 2018). Quantifying the non-
linear sorption and exploring the underlying mechanism of
HOCs by soot are critical to addressing its potential impact on
the fates and environmental risks of HOCs in natural systems
(Chiou et al., 2015; Cornelissen et al., 2005; Pignatello et al.,
2017; Xia et al., 2016).

In addition to the unique surface porosities of spheri-
cal graphitic component (i.e., elemental carbon fraction) of
soot for adsorption, soot contains commonly authigenic or-
ganic matter (e.g., saturated and unsaturated hydrocarbons),
which could serve as partition phase (Chen and Huang, 2011;
Chiou et al., 2015; Endo et al., 2009; Hong et al., 2003; Li et al.,
2018; Nguyen and Ball, 2006; Zhi and Liu, 2018). Sorption of
HOCs by soot is widely regarded to be the combination of
nonlinear adsorption on the elemental carbon fraction of soot
and linear partition in the authigenic organic matter of soot
(Chiou et al., 2015; Endo et al., 2009; Nguyen and Ball, 2006).
However, the isotherm nonlinearity of HOCs sorption by soot
could be reduced in the real environment, where other HOCs
commonly co-exist and act as sorptive competitors. For exam-
ple, Bucheli and Gustafsson (2000) observed that the isotherm
linearity of pyrene sorption by soot in mixed-solute system
increased as compared with that in single-solute system,
indicated by the increased Freundlich linearity parameter.
Sorption isotherms of o-xylene/1,2,3-trichlorobenzene by soot
were changed from nonlinear to linear with the addition of
saturated p-nitrophenol as competitor (Chiou et al., 2015). In
natural environment, multiple HOCs commonly coexisted at
relatively low concentrations. The nonlinear sorption of HOCs
will be changed to linear sorption by the suppression of co-
existing solutes, resulting in the enhancement of mobility
and bioavailability of HOCs and the higher risks in the en-
vironment (Chiou and Kile, 1998). As known, the partition of
HOCs in authigenic organic matter of soot is linear and non-
competitive, while the adsorption of HOCs on elemental car-
bon fraction of soot is nonlinear and competitive (Chiou and
Kile, 1998; Chiou et al., 1979; Li et al., 2013; Xing et al., 1996).
Thus, the isotherm nonlinearity change of HOCs with com-
petitors by soot should be attributed to the competitive sup-

pression of nonlinear adsorption fraction. In previous study
(Chiou et al., 2015), the almost complete displacement of o-
xylene/1,2,3-trichlorobenzene by saturated p-nitrophenol on
an activated carbon (AC) was used to support the complete
displacement of nonlinear adsorption on the elemental car-
bon fraction of soot. It was concluded that the linear and
nondisplaceable sorption of o-xylene/1,2,3-trichlorobenzene
with saturated p-nitrophenol by sootwas attributed to the par-
tition in the authigenic organic matter of soot (Chiou et al.,
2015). However, the surface structure of soot dominated by
external surface (i.e., the surface of mesopore/macropore and
other external surface) is different from that of AC dominated
by micropore surface (Galarneau et al., 2018; Gauden et al.,
2006; Nguyen and Ball, 2006; NIST, 2013a, 2013b; Yang et al.,
2018). Whether the complete displacement of nonlinear ad-
sorption obtained from AC is applicable for soot or not needs
to be further investigated. It was noticed that competitive
adsorption of HOCs with competitor depended on the sur-
face structures of adsorbents. For example, complete adsorp-
tion displacements of o-xylene/1,2,3-trichlorobenzene by sat-
urated p-nitrophenol were observed on micropore surface-
dominated AC (Chiou et al., 2015), but incomplete adsorption
displacement of naphthalene by saturated 2,4-dichlorophenol
or 4-chloroaniline on external surface-dominated carbonnan-
otubes (CNTs) (Yang et al., 2010). Moreover, the nonlinear ad-
sorption isotherms of naphthalene with saturated competi-
tors by CNTs also became linear due to the multilayer ad-
sorption of naphthalene and competitors (Yang et al., 2006,
2010). Thus, instead of the complete adsorption displacement
of HOCs by competitor on micropore surface-dominated AC
(Chiou et al., 2015), incomplete adsorption displacement and
linear isotherm of residual HOCs adsorption could be ob-
served on the elemental carbon fraction of external surface-
dominated soot (Nguyen and Ball, 2006; NIST, 2013a, 2013b).
Therefore, we hypothesize that the linear and nondisplace-
able sorption of HOCs with saturated competitors by soot
could be attributed to not only the linear partition in authi-
genic organic matter of soot, but also the residual linear ad-
sorption on elemental carbon fraction of soot. To the best of
our knowledge, the important role of the residual linear ad-
sorption in the linear sorption of HOCs by soot under compe-
tition has not been reported in previous studies.

To verify the hypothesis proposed above, elemental carbon
fraction (adsorption phase, EC-Soot) of a diesel soot (D-Soot)
was obtained by removing authigenic organic matter (parti-
tion phase, OM-Soot) through organic-solvent extraction. Ad-
sorption of a model organic compound (naphthalene) with
a nonpolar (phenanthrene) or a polar (p-nitrophenol) satu-
rated organic competitor on EC-Soot was conducted to exam
the contribution of residual linear adsorption to the linear
isotherm of naphthalene by soot under competition. Sorp-
tion of naphthalene with competitors by OM-Soot and D-Soot
were used to respectively represent the linear partition frac-
tion and the overall linear sorption under competition.AC and
CNT are adsorbents mainly withmicropore surface and exter-
nal surface, respectively. Adsorption of naphthalene and dis-
placement with saturated competitors on AC and CNT were
also conducted to investigate the displacements on microp-
ore/external surface and their influences on the residual lin-
ear adsorption, and to compare with soot.
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Table 1 – Selected physicochemical properties of compounds.

Compound
MW
(g/mol) MP (°C) logKow Sw (mg/L)

VI/100
(mg/mol) π∗ βm αm λmax (nm) pKa

Naphthalene 123.18 80.2 3.3 31.7 0.753 0.70 0.15 0 Ex:218
Em:324

/

Phenanthrene 178.23 101 4.57 1.29 1.015 0.80 0.20 0 Ex:250
Em:366

/

p-Nitrophenol 139.11 113 1.79 16,000 0.685 1.01 0.32 0.93 317 7.15

MW: molecular weight; MP: melting points; logKow: octanol/water distribution coefficient; Sw: water solubility; VⅠ/100: intrinsic molar volume;
π∗: polarity/polarizability parameter; βm: hydrogen-bonding acceptor parameter; αm: hydrogen-bonding donor parameter; λmax: maximum ab-
sorption wavelength; pKa: dissociated constant; Ex: excitation wavelength; Em: emission wavelength. All data obtained from Yang et al. (2016).

1. Materials and methods

1.1. Chemicals

Naphthalene (+99%), p-nitrophenol (+99.5%) and phenan-
threne (+97%) were purchased from Acros Organics Co.,
SinopharmChemical Reagent Co. and Fluka Chemistry Co., re-
spectively. The selected physicochemical properties of these
chemicals are listed in Table 1. High performance liq-
uid chromatography-grade methanol and analytical-grade
dichloromethane were purchased from Thermo Fisher Scien-
tific Co. and Sinopharm Chemical Reagent Co., respectively.

1.2. Sorbents

Diesel soot (D-Soot) was collected from the exhaust pipes of
diesel engine in ships (Zhejiang,China). It was ground through
80-mesh sieve and dried at 60°C for 24 hr before use. The au-
thigenic organic matter was extracted from D-Soot by Soxh-
let extraction with dichloromethane for 18 hr till the color-
less of the extractant (NIST, 2013a, 2013b). The soot after ex-
traction (EC-Soot) was dried at 60°C for 24 hr, and grounded
through 80-mesh sieve. The extractable organic matter (OM-
Soot) was obtained by nitrogen blowing evaporation of the
dichloromethane extractant. The weight percentages of EC-
Soot and OM-Soot in D-Soot are 92.2% and 7.8%, respectively.
Activated carbon (Filtrasorb 300, ACF300) was obtained from
Calgon Carbon Co. Multiwalled carbon nanotube (MWCNT30)
with purity of +98% and outer diameter of 20–30 nmwas sup-
plied by Chengdu Organic Chemistry Co.

1.3. Sorbent characterization

The C, H, and N contents of D-Soot, EC-Soot, OM-Soot, ACF300
and MWCNT30 were measured by an elemental analyzer
(FlashEA1112, Thermo Finningan, USA). The ash contents of
sorbents were determined by the residue mass after 800°C
in thermal gravimetric analysis (TG, Fig. S1). TG analysis was
conducted by a thermal analysis instrument (SDTQ600, TA In-
struments, USA) with a heating rate of 10°C/min and a flow
rate of 120 mL/min in air atmosphere. The O content was cal-
culated by mass difference. The surface area and pore size
distribution of D-Soot, EC-Soot, ACF300 and MWCNT30 were
calculated from N2 sorption-desorption isotherms at 77 K us-
ing a physisorption analyzer (AUTOSORB-1, Quantachrome,

USA) (Fig. S2). The surface area (SA) and the external surface
area (Sext) were estimated by themultipoint Brunaer-Emmett-
Teller (BET) method and the V-t method, respectively. The mi-
cropore volume (Vmicro) and total pore volume (Vtotal) were
calculated by the density functional theory (DFT) method.
The selected physicochemical properties of these sorbents
are listed in Table 2. The morphologies of diesel soot be-
fore and after organic-solvent extraction (i.e., D-Soot and EC-
Soot) were characterized using scanning electron microscope
(SEM, SU8010, Hitachi, Japan) and transmission electron mi-
croscope (TEM, JEM-1230, JEOL, Japan) techniques. The SEM
and TEM images show that D-Soot and EC-Soot are both
comprised of spherical particles (Fig. 1). The diameters of D-
Soot and EC-Soot particles showed in the TEM images are
44 ± 8 and 36 ± 7 nm, respectively. The slight decrease of
particle diameter of diesel soot after organic-solvent extrac-
tion could be attributed to the removal of authigenic organic
matter (Hong et al., 2003; Nguyen and Ball, 2006). The details
and diagrams of characterization processes are provided in
Appendix A. Supplementary data.

1.4. Sorption experiments

Sorption experiments in single or binary systems were con-
ducted using a batch equilibration technique at 25 ± 1°C. In
single-solute system, a certain amount (5–25 mg) of sorbent
with background solution containing 0.01 mol/L CaCl2 were
added into 8 or 40 mL screw vials. Naphthalene was first dis-
solved in methanol and injected into background solution
with volume ratio of methanol below 0.1% to avoid the co-
solvent effect. Solid-to-solution ratios were adjusted to ensure
the removal rates of naphthalene over 20%. The mixtures in
vials were shaken at 150 r/min for 7 days to reach equilib-
rium. In bi-solute system, the procedures of sorption exper-
iment were the same with that of single-solute sorption ex-
periment, except for the addition of competitor (i.e., phenan-
threne or p-nitrophenol) into background solution. The equi-
librium concentration of competitor was controlled to its wa-
ter solubility (Table 1) by adding excess amount of competi-
tor to achieve the maximum competition (Chiou et al., 2015;
Wang et al., 2006; Yang et al., 2006). The equilibrium pH values
of both single-solute and bi-solute systems were adjusted to
5.0 using 0.1 mol/L HCl or 0.1 mol/L NaOH solution. After equi-
libration, the vials were centrifuged at 3500 r/min for 20 min.
Solutes in the supernatant were analyzed by a reverse-phase
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Table 2 – Selected physicochemical properties of D-Soot, EC-Soot, OM-Soot, ACF300 and MWCNT30.

Sample
SA
(m2/g)

Sext
(m2/g)

Vmicro

(cm3/g)
Vtot

(cm3/g)
Rmicro

(%)
C
(wt.%)

H
(wt.%)

N
(wt.%)

O
(wt.%) H/C O/C

Ash
(wt.%)

D-Soot 31.5 31.5 0.00409 0.044 9.3 61.2 2.03 0.61 21.9 0.40 0.27 14.2
EC-Soot 60.4 59.8 0.00458 0.192 2.4 60.3 1.54 0.55 22.5 0.31 0.28 15.0
OM-Soot ND ND ND ND ND 70.3 8.22 0.90 15.9 1.40 0.17 4.71
ACF300 813 185 0.305 0.414 74 84.4 1.07 0.24 6.37 0.15 0.06 7.91
MWCNT30 163 163 0.00660 0.603 1.1 95.9 0.52 0.13 3.43 0.07 0.03 0.03

D-Soot: diesel soot; EC-Soot: elemental carbon fraction of diesel soot; OM-Soot: authigenic organic matter of diesel soot; ACF300: activated
carbon (Filtrasorb 300); MWCNT30: multiwalled carbon nanotube with outer diameter of 20–30 nm; SA: surface area estimated by Brunaer-
Emmett-Teller (BET) method; Sext: external surface area calculated by V-tmethod; Vmicro: micropore volume calculated by the density functional
theory (DFT) method; Vtot: total pore volume calculated by the DFT method; Rmicro: the ratio of micropore pore volume to total pore volume;
H/C: atomic ratio of hydrogen to carbon; O/C: atomic ratio of oxygen to carbon; ND: not detected. The ash content of was determined by residue
mass after 800°C in the thermal gravimetric analysis.

Fig. 1 – Scanning electron microscope (SEM, Left) images and transmission electron microscope (TEM, Right) images of (a)
D-Soot and (b) EC-Soot.

liquid chromatography (LC 20A series, Shimadzu, Japan, XDB-
C18, 4.6 mm × 150 mm) equipped with both UV detector (for
p-nitrophenol, Table 1) and fluorescence detector (for naph-
thalene and phenanthrene, Table 1). The mobile phase was
the 90:10 (V/V) mixture ofmethanol andwater at a flow rate of
1 mL/min. Experimental uncertainties evaluated in vials were
less than 4% of the initial chemical concentrations. Therefore,
the sorbed amounts of solutes by sorbents were calculated us-
ing the mass difference in solution.

1.5. Sorption model and isotherm fitting

Dubinnin-Ashitakhov (DA) model (Eq. (1)) has been success-
fully used to fit single-solute and bi-solute sorption isotherms
of organic compounds by carbonaceous sorbents in previous
studies (Dubinin and Astakhov, 1971; Wu et al., 2016; Yang and

Xing, 2010), and thus was employed to fit the sorption data in
this study. The linear isotherms of naphthalene under com-
petition were also fitted by linear model (Eq. (2)).

log qe = log Q0 − (ε/E)b (1)

qe = Kd ×Ce (2)

where qe (mg/g) is the sorbed amount of solute at equilibrium;
Q0 (mg/g) is the sorption capacity of solute; ε (kJ/mol) is the
effective sorption potential calculated by ε = RTln(Cs/Ce); Ce

(mg/L) is the equilibrium concentration of solute; Cs (mg/L) is
the water solubility of solute; R (8.314 × 10−3 kJ/(mol•K)) is the
universal gas constant; T (K) is the absolute temperature; E
(kJ/mol) and b are fitted parameters that can be used to iden-
tify the sorption affinity of solute (Wu et al., 2016; Yang and
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Table 3 – DA and linear model fitted isotherms of naphthalene in the absence and presence of competitor (phenanthrene/
p-nitrophenol) by sorbents.

Sorbents Competitor
DA model Linear model

Q0 (mg/g) E (kJ/mol) b r2 MWSE Kd r2 MWSE

D-Soot None 14.7±1.2 7.29±0.30 0.99±0.04 0.997 0.0047 / / /
D-Soot Phenanthrene 12.5±1.4 5.89±0.37 0.99±0.05 0.997 0.0067 0.400±0.001 0.998 0.0134
D-Soot p-Nitrophenol 8.40±0.80 5.52±0.22 0.98±0.05 0.997 0.0030 0.278±0.005 0.996 0.0026
EC-Soot None 10.3±0.3 8.93±0.12 1.06±0.02 0.999 0.0009 / / /
EC-Soot Phenanthrene 8.79±0.30 5.78±0.09 0.95±0.03 0.999 0.0057 0.270±0.001 0.999 0.0043
EC-Soot p-Nitrophenol 5.58±0.53 5.67±0.30 0.96±0.05 0.997 0.0052 0.169±0.003 0.997 0.0067
OM-Soot None 83.0±7.8 5.49±0.26 0.99±0.04 0.999 0.0013 2.49±0.02 0.999 0.0049
OM-Soot Phenanthrene 68.4±12.9 6.30±0.52 1.16±0.11 0.997 0.0035 2.72±0.03 0.999 0.0059
OM-Soot p-Nitrophenol 63.9±13.5 5.61±0.63 1.02±0.12 0.994 0.0118 2.04±0.03 0.998 0.0214
ACF300 None 337±13 22.5±0.3 2.07±0.11 0.986 0.0094 / / /
ACF300 p-Nitrophenol 26.9±2.2 5.74±0.23 1.02±0.05 0.994 0.0100 0.867±0.008 0.997 0.0237
MWCNT30 None 37.2±0.4 14.9±0.2 1.03±0.02 0.999 0.0058 / / /
MWCNT30 p-Nitrophenol 16.3±2.2 5.18±0.35 0.99±0.06 0.993 0.0108 0.467±0.007 0.995 0.0435

All estimated parameter values and their standard errors were determined by data analysis software (Origin 8.5). Q0: the sorption capacity of
solute; E and b: fitted parameters that can be used to identify the sorption affinity of solute; r2: correlation coefficient; MWSE: mean weighted
square error; Kd: sorption coefficient of linear sorption; /: not applicable.

Xing, 2010); Kd (L/g) is the sorption coefficient of linear sorp-
tion. The linear model is a special form of DA model, where
b= 1 and E= 5.71 kJ/mol (Yang and Xing, 2010).Meanweighted
square error (MWSE, Eq. (3)), and correlation coefficients (r2)
were used to evaluate the goodness of isothermfitting by sorp-
tion model.

MWSE =
∑ (

qmeasured−qmodel
qmeasured

)2

v
(3)

where qmeasured is the sorbed amount measured by exper-
iment; qmodel is the sorbed amount calculated by sorption
model; v is the degree of freedom (v = N-3 for DA model;
v = N-1 for linear model); N is the number of experimental
data points. All estimated model parameter values were ob-
tained by a commercial software (Origin 8.5).

2. Results and discussion

Isotherms of naphthalene with or without competitor (i.e.,
phenanthrene or p-nitrophenol) by D-Soot, EC-Soot and OM-
Soot in Fig. 2 were fitted well with DA model, as indi-
cated by the high correlation coefficient (r2) and the low
MWSE values (Table 3). The DA-fitted sorption capacity Q0

of naphthalene by D-Soot was 14.7 ± 1.2 mg/g in single-
solute system. The value of Q0 decreased to 12.5 ± 1.4 and
8.40 ± 0.80 mg/g in the presence of saturated phenanthrene
and p-nitrophenol, respectively, indicating that p-nitrophenol
(43%) exhibits stronger competition to naphthalene than
phenanthrene (15%) (Table 3). The isothermbecame linear as E
and b values decreased to 5.71 and 1.0, respectively (Wu et al.,
2016; Yang and Xing, 2010). As the DA-fitted b values were
close to 1.0 for all single-solute and bi-solute isotherms of
naphthalene by D-Soot, EC-Soot and OM-Soot (Table 3), the
isotherm linearity can be identified by the DA-fitted E value
alone. Isotherm of naphthalene by D-Soot was changed from
nonlinear to linear under competition, as the DA-fitted E value

decreased from 7.29 ± 0.30 (> 5.71) for naphthalene in single-
solute system to 5.89 ± 0.37 and 5.52 ± 0.22 (≈ 5.71) in the
presence of saturated phenanthrene and p-nitrophenol, re-
spectively (Table 3). Moreover, the bi-solute isotherm of naph-
thalene can also be well fitted by linear model (Table 3). The
isotherm changed from nonlinear to linear for organic com-
pound by soot under competition was consistent with previ-
ous studies (Bucheli and Gustafsson, 2000; Chiou et al., 2015).

Since the D-Soot is composed of EC-Soot (92.2%) and
OM-Soot (7.8%), the sorption amounts of naphthalene by D-
Soot (qD-Soot/cal) in single-solute/bi-solute system were cal-
culated from the sorption amounts of naphthalene by EC-
Soot (qEC-Soot) and OM-Soot (qOM-Soot) using the equation (i.e.,
qD-Soot/cal = 92.2%× qEC-Soot + 7.8%× qOM-Soot). Considering the
experimental errors, the calculated sorption isotherms are al-
most overlapped with the experimental sorption isotherms of
naphthalene by D-Soot in all the single-solute and bi-solute
systems (Fig. 3). It was suggested that the sorption of naph-
thalene by D-Soot could be mainly attributed to the adsorp-
tion on elemental carbon fraction of D-Soot (i.e., EC-Soot) and
the partition in authigenic organic matter of D-Soot (i.e., OM-
Soot). Isotherms of naphthalene with or without saturated
competitors (i.e., phenanthrene or p-nitrophenol) by OM-Soot
are all linear and overlapped (Fig. 2c). The linear and noncom-
petitive isotherms of naphthalene with competitors by OM-
Soot agree with the partitionmechanism for HOCs (Chiou and
Kile, 1998; Li et al., 2013; Schreiter et al., 2018; Xing et al.,
1996). Obviously, the linear partition fraction is an impor-
tant contribution to the linear isotherm of naphthalene by
D-Soot under competition (Fig. 3). The DA-fitted sorption ca-
pacity Q0 of naphthalene by EC-Soot was 10.3 ± 0.3 mg/g in
single-solute system. The value of Q0 partially decreased to
8.79 ± 0.30 and 5.58 ± 0.53 mg/g in the presence of satu-
rated phenanthrene and p-nitrophenol, respectively (Table 3).
Isotherm of naphthalene without competitor by EC-Soot was
nonlinear as indicated by the DA-fitted E value of 8.93 ± 0.12
(> 5.71, Table 3). The isotherm was changed to linear un-
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Fig. 2 – Isotherms of naphthalene (NAPH) in the absence and presence of phenanthrene (PHEN) or p-nitrophenol (PNP) by (a)
D-Soot, (b) EC-Soot and (c) OM-Soot. Solid lines are fitted isotherms by Dubinnin-Ashitakhov (DA) model.
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Fig. 3 – Comparison of the calculated isotherms of naphthalene (NAPH) by D-Soot using equation (qD-Soot/cal = 92.2% ×
qEC-Soot + 7.8% × qOM-Soot) and the experimental isotherms. qD-Soot/cal is the calculated sorbed amounts by D-Soot; qEC-Soot
and qOM-Soot are the experimental sorbed amounts by EC-Soot and OM-Soot, respectively. (a) NAPH only, (b) NAPH + PHEN
(phenanthrene), (c) NAPH + PNP (p-nitrophenol).
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der competition as the E value decreased to 5.78 ± 0.09 and
5.67 ± 0.30 (≈ 5.71) in the presence of saturated phenan-
threne and p-nitrophenol, respectively (Table 3). Meanwhile,
the bi-solute isotherms of naphthalene by EC-Soot can be well
fitted by linear model (Table 3). D-Soot is composed of EC-
Soot and OM-Soot. The residual linear isotherms of naphtha-
lene with saturated competitors by D-Soot are significantly
higher than the linear isotherm by OM-Soot (Fig. 3b and c).
The higher sorption of naphthalene by D-Soot than that by
OM-Soot should be attributed to the residual linear adsorption
on EC-Soot. Therefore, the residual linear sorption of naph-
thalene on EC-Soot under the incomplete competition of sat-
urated phenanthrene/p-nitrophenol could be another impor-
tant contribution to the linear isotherm of naphthalene by D-
Soot under competition, in addition to the linear partition in
OM-Soot.

The nonlinear single-solute isotherm and significantly
competitive sorption of naphthalene with phenanthrene/p-
nitrophenol by D-Soot and EC-Soot are consistent with the ad-
sorption mechanism for HOCs (Chiou and Kile, 1998; Li et al.,
2013; Schreiter et al., 2018; Xing et al., 1996). Adsorption of
naphthalene with or without saturated p-nitrophenol were
also conducted on ACF300 and MWCNT30 (Fig. 4). The non-
linear adsorption of naphthalene in single-solute system on
ACF300 was almost completely suppressed by saturated p-
nitrophenol, in company with 92% decrease of adsorption ca-
pacity (Fig. 4a, Table 3). The significant decrease of HOC ad-
sorption on AC could be attributed to the almost complete dis-
placement of HOCs by saturated p-nitrophenol (Chiou et al.,
2015). However, the nonlinear adsorption of naphthalene in
single-solute system on MWCNT30 was incompletely dis-
placed by saturated p-nitrophenol, in company with 56% de-
crease of adsorption capacity (Fig. 4b, Table 3). Meanwhile, the
isotherm of naphthalene on MWCNT30 was changed from
nonlinear to linear by competition (Fig. 4b). The residual ad-
sorption of naphthalene on MWCNTs by incomplete displace-
ment of competitor and the change of isotherm linearity could
be interpreted by the multilayer adsorption mechanism, ac-
cording to our previous study (Yang et al., 2010). The different
competitive adsorption behaviors of naphthalene with satu-
rated p-nitrophenol on MWCNT30 and ACF300 could be at-
tributed to their different surface structure, where MWCNT30
is dominated by external surface while ACF300 is dominated
by micropore surface (Table 3). Multilayer adsorption of HOCs
with competitors could occur on the external surface of ad-
sorbents (Yang et al., 2006, 2010), but could not occur on the
micropore surface due to the limited space in micropores. It is
reasonable that the micropore-dominated sorption of naph-
thalene on ACF300 was almost completely displaced by sat-
urated p-nitrophenol, while the external surface-dominated
sorption on MWCNT30 were incompletely displaced. Hence,
the complete displacement of HOCs by competitors could oc-
cur on micropore surface, while the incomplete displacement
could occur on external surface. Be aware that adsorption
of naphthalene on ACF300 was not 100% displaced by satu-
rated p-nitrophenol and the residual isotherm was also lin-
ear (Fig. 4a, Table 3). This phenomenon could be attributed to
the existence of a small portion of external surface for ACF300
(Table 2).

The competitive adsorption of naphthalene with saturated
p-nitrophenol on ACF300/MWCNT30 implied that the ob-
served residual sorption and linear isotherms of naphthalene
with saturated p-nitrophenol on EC-Soot could be attributed
to the multilayer adsorption on the external surface of EC-
Soot (Table 2). Moreover, the external surface area-normalized
sorption capacity (i.e., Q0/Sext) of naphthalene with saturated
p-nitrophenol by EC-Soot (0.0933 mg/m2) is close to that by
MWCNT30 (0.100 mg/m2) and ACF300 (0.145 mg/m2). This in-
dicates that the sorption of naphthalene with saturated p-
nitrophenol by EC-Soot should mainly be an adsorption be-
havior (Chun et al., 2004; James et al., 2005) and confirms
that EC-Soot should mainly be the elemental carbon fraction
(i.e., adsorption component) of D-Soot. However, the Q0/Sext
value of naphthalene with saturated p-nitrophenol by D-Soot
(0.267 mg/m2) is 2–3 times of that by MWCNT30 (0.100 mg/m2)
and ACF300 (0.145 mg/m2). This result should be attributed to
the noncompetitive partition of naphthalene into the authi-
genic organic matter of D-Soot and the competitive adsorp-
tion by the elemental carbon fraction of D-Soot (Chun et al.,
2004; James et al., 2005). Therefore, the linear isotherm of
naphthalene with competitors by D-Soot should be the re-
sult of both the linear partition of naphthalene in the au-
thigenic organic matter of D-Soot and the residual linear ad-
sorption on external surface of D-Soot due to the incomplete
displacement.

The increasing isotherm linearity of naphthalene in the
presence of phenanthrene/p-nitrophenol on EC-Soot should
result from the decreasing adsorption affinity (i.e., E) of naph-
thalene by competition (Yang et al., 2010). As multilayer ad-
sorption of naphthalene with phenanthrene/p-nitrophenol
occurred on the external surface of EC-Soot, naphthalene
was partially adsorbed on the phenanthrene/p-nitrophenol-
coated surface of EC-Soot. The coated phenanthrene/p-
nitrophenol on the surface of EC-Soot have less π electron
than the surface of EC-Soot (Kamlet et al., 1988; Yang et al.,
2010). Thus, the π-π interaction between naphthalene and
the coated phenanthrene/p-nitrophenol on EC-Soot surface
could be much weaker than that between naphthalene and
uncoated EC-Soot surface. In addition, the competition of p-
nitrophenol was stronger than phenanthrene for naphtha-
lene adsorption on EC-Soot, indicated by the lower adsorp-
tion capacity of naphthalene with saturated p-nitrophenol
than that with phenanthrene (Fig. 2b, Table 3). The adsorbed
nonpolar phenanthrene on EC-Soot could interact with naph-
thalene through π-π interactions to form multilayer adsorp-
tion (Ho and Leung, 2019; Yang et al., 2006, 2010; Yu et al.,
2016). It was observed in previous study that adsorption capac-
ity of naphthalene by external surface-dominated CNTs was
not significantly suppressed by the competition of saturated
phenanthrene due to the multilayer adsorption (Yang et al.,
2006). Thus, it is reasonable that adsorption capacity of naph-
thalene by external surface-dominated EC-Soot was slightly
reduced (15%) by the competition of saturated phenanthrene
(Fig. 2b, Table 3). The polar p-nitrophenol could be adsorbed
on the external surface of EC-Soot by using its polar functional
group (i.e., –OH) to interact with the surface through hydrogen
bonds. The hydrophobic benzene ring of p-nitrophenol could
be exposed toward the aqueous solution to adsorb naphtha-
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Fig. 4 – Isotherms of naphthalene (NAPH) in the absence and presence of p-nitrophenol (PNP) on (a) ACF300 and (b)
MWCNT30. Solid lines are fitted isotherms by DA model.

lene through π-π interaction and form multilayer adsorp-
tion (Yang et al., 2006, 2010). However, part of the polar p-
nitrophenol could also be adsorbed on the external surface
of EC-Soot to interact with the surface through π-π interac-
tions. Thus, the hydrophilic functional group (i.e., –OH) of p-
nitrophenol could be exposed toward the aqueous solution to
interact with water but not naphthalene (Chen et al., 2018;
Wu et al., 2012; Yang et al., 2010). Thus, it is reasonable that
adsorption capacity of naphthalene by EC-Soot was more re-
duced (46%) by the competition of saturated p-nitrophenol
than phenanthrene (Fig. 2b, Table 3).

3. Conclusions

Quantifying the nonlinear sorption and understanding the
sorption mechanism of HOCs by soot is of great importance
to assess the transport, transformation and bioavailability

of HOCs in natural environments. In this study, competi-
tive sorption of naphthalene with saturated phenanthrene/p-
nitrophenol by a diesel soot (D-Soot), its separated spherical
graphitic component (EC-Soot) and authigenic organic matter
(OM-Soot) were investigated. The incomplete displacement
and isotherm linearity of naphthalene with competitors on
EC-Soot indicated that the linear isotherms by soot was at-
tributed to not only the linear partition of naphthalene in OM-
Soot of soot, but also the residual linear adsorption on external
surface (EC-Soot) of soot due to the incomplete displacement.
Ignoring the important contribution of residual linear adsorp-
tion to the linear isotherms of HOCs by soot under competi-
tion would lead to the misunderstanding of sorption mecha-
nism of HOCs by soot. The results obtained in this study can
help to recognize the nonlinear and linear sorption behaviors
of organic contaminants by soot and to access the potential
risks of soot in real environment with multiple organic con-
taminants.
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