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• Modification changed the nanoporosity
and sorption behavior of black carbon.

• The sorption affinity is higher for H2O2

oxidation than for other treatments.
• Sorption affinity of phenanthrene is
positively related to nanoporosity.

• Nanopore-filling was the main mecha-
nism for the sorption of phenanthrene.

• The molecular sieve effect can affect the
nanopore filling volumes.
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Black carbonwas produced by slow pyrolysis under an oxygen-limited condition at 500 °C, and wasmodified by
some chemical methods (oxidation, hydrolysis, activation, and surface recombination). The modified samples
were characterized by using elemental analysis, Fourier transformed infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS) surface analysis, Boehm titration, cation exchange capacity(CEC)analysis, CO2 ad-
sorption analysis, and then used to investigate the sorption behavior of phenanthrene. The results showed that
the activation of ZnCl2 gave a maximum nanopore volume of 96.5 μL/g and a specific surface area of 241 m2/g,
while the oxidation of NaClO gave a minimum nanopore volume of 63.3 μL/g and a specific surface area of
158m2/g. The FTIR, XPS, and Boehm titration analysis showed that the new oxygen-containing functional groups
were introduced during the oxidation treatments of H2O2 and NaClO. The sorption of phenanthrene on all sam-
ples was typically nonlinear, and the nonlinear factor (n) was negatively correlatedwith Vo, especially with Vo at
0–1.1 nm. The sorption parameter (log KOC) was positively correlated with nanopore volume (Vo) and specific
surface area (SSA). Moreover, themodel analysis showed that the nanopore filling was themain sorption mech-
anism, and molecular sieve effect was observed in the sorption of phenanthrene.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Black carbon (BC) is a carbonaceous residue produced by the incom-
plete combustion of biomass or fossil fuels (Guo et al., 2016; Schmidt
and Noack, 2000; Zhang et al., 2011; Zhu et al., 2005), with high carbon
content and relatively small amount of polar functional groups. The

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.06.115&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.06.115
yran@gig.ac.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.06.115
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


1051S. Hu et al. / Science of the Total Environment 642 (2018) 1050–1059
sorption of BC to hydrophobic organic contaminants (HOCs) is nonlin-
ear, and the sorption capacity is much higher than that of natural or-
ganic matter (Accardi-Dey and Gschwend, 2002; Xu et al., 2010).
Topically, the strong sorption capacity of black carbon could be caused
by the following reasons. Firstly, the interaction between HOCs and
black carbon is affected by the hydrophobic interaction (Chun et al.,
2004; Zhu and Pignatello, 2005). Secondly, there are three kinds of sorp-
tion sites in black carbon: surface adsorption sites with planar structure
and higher contents of aromatic functional groups, nanoscale micro-
pores, and occlusion sites inside black carbon (Gustafsson et al., 1996;
Jonker and Koelmans, 2002; Nguyen et al., 2007). Particularly, the
nanopore-filling mechanism has been studied intensively in recent
years. Previous investigations illustrated that the nanopore-filling
mechanism is prominent for the sorption of HOCs (Ran et al., 2013;
Sun et al., 2013). Nanopore-filling of HOCs can account for 45–98% of
total sorption by peat and soil and 36–65% by kerogen (Ran et al.,
2004; Zhang et al., 2014).

Recently, BC has received extensive attention due to the potential
impact on improving soil fertility and sequestering carbon, as well as a
potential low-cost adsorbent to control the migration of contaminants
(Cheng et al., 2014; Guo et al., 2016). In addition, some researchers
have chemically modified black carbon to change its chemical proper-
ties and structural characteristics, and to investigate its sorption mech-
anism. Through modification of the surface and regulation of the
nanopore structure, the application of biocarbon materials in catalysis,
energy storage, and environmental protection is more extensive (Liu
et al., 2015). For example, previous study had carried out hydrolysis
and oxidation modification on BCs, as a result of introducing new func-
tional groups and changing the pore size distribution of BCs (Zhang
et al., 2011). He et al. (2013) produced activated carbon at 850 °C with
surface area up to 1442 m2/g by using zinc chloride from rice straw.
High storage capacity materials can store low-cost, clean renewable
solar, wind, and biomass energy, which can attenuate the issues of envi-
ronmental pollution and global warming (Linares et al., 2014).

Acid hydrolysis, oxidation, activation treatments, and surface recom-
bination are common modification methods that have been succes-
sively used to modify black carbon and to explore mechanism of HOCs
sorption (Mohanty et al., 2005; Zhang et al., 2011). First of the all, the
acid hydrolysis can remove young biodegradable compounds such as
proteins and polysaccharides, while more intractable macromolecules
such as long chain alkyls and aromatic compounds are left behind
(Paul et al., 2008). HCl (Paul et al., 2008; Zhang et al., 2011) and
H3PO4 (Ahmedna et al., 2004; Girgis et al., 2002) are commonly used
for this purpose. Secondly, the oxidation treatment can introduce
oxygen-containing functional groups such as C_O, OH and COOH,
which are important to improve the properties of black carbon. For ex-
ample, OH and COOH can be associated with heavymetals by hydrogen
bonding and complexation,which can significantly improve the adsorp-
tion capacity of heavy metals on BC (Liu et al., 2015). In addition, the
surface oxygen-containing functional groups can improve the hydro-
philicity of BC (Liu et al., 2015), which facilitates its dispersion in the
aqueous phase and the adsorption of contaminants in the aqueous
phase. NaClO and H2O2 are normally used as oxidants in previous re-
ports (Lutfalla et al., 2014; Mikutta and Kaiser, 2011; Siregar et al.,
2005). Thirdly, activation is primarily used to control the porosity of
BC and to improve its surface area. ZnCl2 as a mild Lewis acid, is a com-
monly used chemical activator (Ahmadpour andDo, 1997; Di Blasi et al.,
2015). The mechanism of ZnCl2 activation is its dehydration during py-
rolysis (Liu et al., 2015). Dehydration process can obviously reduce the
pyrolysis temperature of cellulose, hemicellulose, lignin, and other bio-
mass components, and change their pyrolysis pathway by inhibiting the
formation of bio-oil, and these processes promote the formation of
pores. Finally, surface recombination can affect black carbon-based
nanocomposites with mixed properties, opening up their potential ap-
plications in many fields. Surface recombination includes the in situ
loading of metal nanoparticles and the post-incorporation of inorganic
nanostructures (Liu et al., 2015). Manganese oxide is a commonly
used surface recombination agent (Song et al., 2014). However, the ef-
fects of structure and composition of black carbon on the nanopore vol-
ume and nanopore size distribution, as well as the effects of different
modification methods, are ambiguous. In addition, the under-
estimation of the nanopore filling volumes by themolecular sieve effect
needs further investigation (Duan et al., 2018). The relationship be-
tween the structure, composition, surface polarity of black carbon and
its sorption mechanism with HOCs also needs further study (Chefetz
and Xing, 2009; Ran et al., 2013; Wang et al., 2014; Zhu et al., 2005).

In this study, the Maoming oil shale is the bulk sample, which is an
ancient biological organic matter. The sample was used to produce
black carbon at 500 °C. Black carbon was modified by NaClO and H2O2

oxidation, ZnCl2 activation, HCl hydrolysis, andKMnO4 surface recombi-
nation, respectively. Chemical modification is mainly focusing on a se-
ries of sorbents with excellent sorption capacity and with a given
amounts of functional\\OH, and\\COOH groups. Then, the structure
and nanopore properties of the samples are related to the sorption
mechanism of Phen.We recently found that themicroporosity and spe-
cific surface areas of BC could be highly underestimated by the tradi-
tional N2 adsorption technique (Zhang et al., 2014; Duan et al., 2018).
Its sorption mechanism needs more investigations. The objectives of
this study were: 1) to study the change of nanopores and organic func-
tional groups before and after the modification, and 2) to study the
sorption behavior of phenanthrene before and after the modification,
aswell as 3) to investigate themechanismof the phenanthrene sorption
by the BC and its modified samples.

2. Material and methods

2.1. Sample collection and treatments

Oil shalewas collected from theMaoming city, Guangdong Province.
The air-dried sample was ground to pass through a 60-mesh sieve and
stored in an argon-filled glass container. The black carbonwas produced
by slow pyrolysis under an oxygen-limited condition as previously re-
ported (Zhang et al., 2014). Briefly, 5 g of the powered sample was
sealed in a steel ampoule. Before pyrolysis, the headspace was purged
with N2 for at least 1 min prior to sealing the steel ampoule. Four am-
poules were heated in a temperature programing muffle furnace (20
°C/min from 25 °C to 200 °C and followed by 2 °C/min to 500 °C).
After thermal treatment, the products were mixed and ground, and
this sample was named as BC. The bulk sample was named asMB. Min-
erals of MB and BC were dissolved by with 1 M HCl/10% HF (Ran et al.,
2007; Zhang et al., 2014). Specifically, carbonates were first dissolved
in 1 M HCl for 24 h. The residual fraction was treated with 1 M HCl/
10% HF for 5 d, which was repeated two times. After removing the sec-
ond supernatant, the residuewaswashedwith distilledwater until neu-
tral condition, then freeze-dried, and ground again. The demineralized
samples were named as DMB and DBC, respectively.

DBC was treated with oxidization agents (H2O2, NaClO), acid agent
(HCl), and activation agent (ZnCl2), respectively, and BC was treated
with surface recombination agent (KMnO4). The NaClO treatment was
modified based on previous studies (Paul et al., 2008; Siregar et al.,
2005). In brief, two 0.3 g subsamples of DBC were each mixed with
30 mL of 6% NaClO and adjusted with concentrated HCl to pH 8. After
6 h of shaking at 25 °C and 125 rpm, the supernatant was discarded
after centrifugation (1445g). The NaClO treatment was repeated three
times. Then, the NaClO-treated samples were washed with 1 M NaCl
and deionized water until chloride free (electrical conductivity b40
μS cm−1), freeze-dried, weighted, and ground again, which was
named as DBC-SC. Activation with ZnCl2 was followed by the reported
method (Shi et al., 2014). Two 0.3 g subsamples of the DBC were each
mixed with 30 mL of 5 mol/L ZnCl2 and shaken for 24 h at 25 °C and
125 rpm. The activation samples were washed with 3 M HCl and dis-
tilled water, then freeze-dried, weighted, and ground again, which
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was named as DBC-Z. H2O2 treatment was based on the previous
method (Zhang et al., 2011). Two 0.3 g subsamples of the DBC were
each mixed with 30 mL of 10% H2O2 and shaken for 24 h (25 °C,
125 rpm). Acid hydrolysis was referred to the previous study (Zhang
et al., 2011). Two 0.3 g subsamples of DBC were each mixed with
30mL of 6 MHCl and shaken for 6 h (25 °C, 125 rpm). Surface recombi-
nation with KMnO4 based on the previous research (Song et al., 2014).
Two 2 g subsamples of BC were eachmixed with 30 mL of KMnO4 solu-
tion, and theweight ratio of KMnO4 to BCwas 1:10. The suspensionwas
ultrasonically for 2 h and oven dried at 80 °C, and then themixture was
heated at 500 °C for 0.5 h. The H2O2-treated, HCl-treated, and KMnO4-
treated samples were washed with distilled water until neutral condi-
tion, freeze-dried, weighted, and ground again. These samples were
named as DBC-P, DBC-H, and BC-PM, respectively.

2.2. Characterization of the black carbon and modified samples

C, H, N contents of the samples were measured by using a Vario EL
CUBE elemental analyzer (Elementar, Germany), and O contents were
analyzed with a Vario ELIII elemental analyzer (Elementar, Germany).
The CO2 isotherms were measured at 273 K using a Micromeritics
ASAP 2460 surface area and pore size analyzer at 1 × 10−6 to 0.03 rela-
tively atmospheric pressure. The surface areas (SSA) and nanopore vol-
umes (Vo)were calculated using theDR (Dubinin-Radushkavich)model
(Ran et al., 2013; Zhang et al., 2016), and the nanopore size distribution
was estimated with density functional theory (DFT). In addition, in
order to compare our investigation with previous investigations, we
also used the nonlocal density functional theory (NLDFT) model to cal-
culate the surface area. 0.1 mg of black carbon and its modified samples
were milled with 80mg of spectrally pure KBr pellets, respectively, and
analyzed using Bruker VERTEX-70 Fourier Transform Infrared Spec-
trometer at a region of 400–4000 cm−1 and at resolution of 4 cm−1.
Moreover, the surface elemental composition (C, N, O, Si, and Al) and
carbon-based functional groups of the black carbon and its modified
samples were measured by X-ray photoelectron spectroscopy (XPS), a
K-Alpha instrument (Thermo Fisher, Britain). Both the whole spectra
(0–1200 ev) (resolution of 1 ev) and narrow ones of the above five ele-
ments (resolution of 0.05 ev) were recorded, and the XPS spectra were
deconvoluted to separately identify the C-bonded O species and differ-
ent C forms. The surface amphoteric property of the samples was eval-
uated by Boehm titration (Boehm, 1994; Chun et al., 2004; Zhang
et al., 2011). The cation exchange capacities (CEC) of the samples
were determined by a BaCl2-H2SO4 method (ISO 11260–1997, 1997).

2.3. Batch sorption experiments

Phenanthrene (N98%),which is a typical hydrophobic organic pollut-
ant, was purchased fromAldrich Chemical Co. Its log KOW is 4.57 and the
solubility in water is 1.12 mg/L. The concentrations of the original stock
solutions were 100, 1000 and 5000 mg/L. The background solution (pH
= 7) contained 0.01 mol/L CaCl2, 200 mg/L NaN3 and 5 mg/L NaHCO3.
All sorption isotherms were obtained using a given amount of sorbent
(0.1–2.85 mg) and a batch equilibration technique in 50 mL glass am-
pules at 25 ± 1 °C, 125 rpm. Batch phenanthrene sorption by the
black carbon and its modified samples were performed as described in
previous reports (Zhang et al., 2016; Zhang et al., 2013; Zhang et al.,
2015), and described in detail in Supplemental Data.

2.4. Sorption models

The Freundlich model (FM) was used to describe the sorption iso-
therms. KOC is the sorption coefficient of organic compounds in soils or
sediments and was used in the results and discussions. In addition, the
Polanyi−Dubinin (PD) model, combined linear partitioning and Po-
lanyi−Dubinin (LPPD) model, and Dubinin-Radushkevitch (DR) model
(Kleineidam et al., 2002; Ran et al., 2004) were employed to describe
adsorption from aqueous solutions on nanopore solids. These models
were listed in Supplemental Data.

3. Results

3.1. Compositions and elemental ratios of the samples

The weights and organic carbon (OC) recoveries of the modified BC
and DBC were listed in Table S1. The yields after modification ranged
from 78.8% to 119%, and the mass balance of OC ranged from 68.3% to
101%. In general, the oxidation treatment and surface recombination re-
sulted in a large loss of OC (DBC-P was 31.7%, DBC-SCwas 9.4%, and BC-
PM was 8.5%), while the hydrolysis and activation treatment remained
essentially constant. The elemental compositions of black carbon were
presented in Table 1 and Table S2. MB had the highest ratio of H/C,
while a significant decrease in ratio of H/C occurred in BC. In addition,
the ratios of O/C decreased from 0.27 (MB) to 0.22 (BC). Compared
with MB and BC, DMB and DBC had higher total organic carbon (TOC)
contents, increasing from 50.5% to 68.1% and from 48.5% to 71.6%, re-
spectively. For the modified DBC samples, the values of (N + O)/C
were higher than those of DBC. For DBC-SC andDBC-P, (N+O)/C values
increased from 0.18 to 0.38. In addition, the O/C values and O contents
increased from0.14 to 0.35 and from13.6% to 28.5%, respectively.More-
over, the total organic carbon contents decreased from 71.6% to 54.5%.
DBC-H showed a slight decrease of H/C and a mild increase of C/N. For
DBC-Z, the C contents and H/C values showed slight decrease, while O
contents and O/C values increased. After the surface recombination
with KMnO4, the contents of C and theH/C ratios decreased significantly
from 48.5% to 43.3% and from 0.70 to 0.58, respectively. However, the
contents of O and the O/C ratios decreased slightly.

3.2. Structure and surface properties of the samples

Fig. 1 showed the Infrared Spectrometer of black carbon and its
modified samples. For the DBC-SC and DBC-P samples, a stronger ab-
sorption peak at 1714 cm−1 was observed in comparison with the
DBC sample, which is the stretching vibration absorption peak for
C_O. The C_O functional group of the DBC-SC sample was stronger
than that of the DBC-P sample. Besides, these two samples simulta-
neously showed a stretching vibration absorption peak of C\\O at
1400 cm−1. Moreover, the C\\O absorption peak at 1244 cm−1 and
the hydroxyl-functional absorption peak at 3436 cm−1 were stronger
for the DBC-SC or DBC-P samples than for the DBC sample. But the ab-
sorption peaks of methyl C\\H at 2920 cm−1 and methylene C\\H at
2846 cm−1 were significantly attenuated. However, the C_C stretching
vibration of aromatic ring at 1600 cm−1was insignificantly changed. For
the DBC-H sample, the absorption peak of C_C stretching vibration of
aromatic ring at 1600 cm−1 were significantly weakened, and no ab-
sorption peak appeared at 3436 cm−1. The absorption peak of the hy-
droxyl functional group at 3436 cm−1 was enhanced in the DBC-Z
sample, and no absorption peak appeared at 2920 cm−1 and
2846 cm−1, and a broad peak appeared at 750 cm−1, which is the
C\\H out-of-plane bending vibration absorption.

Compared with DBC, BC showed obvious absorption peaks at
472 cm−1, 540 cm−1, 1035 cm−1, 3617 cm−1, and 3693 cm−1.
472 cm−1 was probably Si\\O\\Si bending vibration absorption peak,
1035 cm−1 may be the absorption peak of Si\\O and polysaccharide
C\\O, and 3617 cm−1 may be the free vibration absorption peak of
free hydroxyl. After the surface recombination by KMnO4, the absorp-
tion peaks at 472 cm−1, 540 cm−1, 1035 cm−1, 3617 cm−1 and
3693 cm−1 for BC-PM were all weakened, and absorption peak at
2920 cm−1 and 2846 cm−1 disappeared. However, there was a distinct
absorption peak at 1102 cm−1 for BC-PM,which is probably due to C\\O
absorption peaks of esters or lactones.

Fig. S1 and Fig. S2 were the X-ray photoelectron spectra (XPS) with
elemental survey scanning and C1s spectra scanning, respectively.



Table 1
Elemental compositions and chemical properties of the black carbon and its modified samples.

Sample

Elemental composition Surface composition
Surface amphoteric properties
(mmol/g)

CEC
(cmol/kg)

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

bO/C c(N + O)/C Acidic groups Basic groups
C\\C C\\O COO

MB 50.5 18.2 1.32 0.27 0.29 – – – – – – – –
DMB 68.1 19.7 1.13 0.22 0.25 – – – – – – – –
R500a 80.7 5.00 0.52 0.05 0.09
DBC 71.6 13.6 0.63 0.14 0.18 81.6 6.08 2.02 0.04 0.07 8.69 nd 134
DBC-P 62.0 28.5 0.65 0.34 0.38 74.7 7.29 3.87 0.09 0.11 10.3 nd 188
DBC-SC 54.5 25.6 0.63 0.35 0.38 73.6 7.87 4.01 0.09 0.11 10.9 nd 149
DBC-H 71.8 15.0 0.53 0.16 0.19 88.1 4.53 0.00 0.04 0.05 8.35 nd 125
DBC-Z 68.1 15.6 0.55 0.17 0.21 87.4 4.33 0.00 0.04 0.05 8.47 nd 107
BC 48.5 14.3 0.70 0.22 0.25 67.6 3.17 0.00 0.12 0.14 1.85 8.42 99.5
BC-PM 43.3 12.2 0.58 0.21 0.24 76.9 3.62 0.00 0.07 0.08 1.43 6.96 120

a R500 was the BC samples in our previous investigation, which was exhaustively extracted with three-member solvents (Zhang et al., 2014; Duan et al., 2018).
b O/C ratios are the values corrected by the portion of oxygen that is originated from SiO2.
c (N + O)/C ratios are the values corrected by the portion of oxygen that is originated from SiO2.
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Fig. S1 showed that carbon and oxygenwere themajor surface elements
of black carbon and its modified samples. The deconvolution of the C1s
produced three peaks: the peak at 284.8 eVwas assigned to C\\C, C_C,
and C\\Hbonds, that at ~286.6 eV to C\\O, and that at ~288.6 eV to COO.
Table 1 and Table S2 listed the surface element compositions and sur-
face functionalities of black carbon and its modified samples. Particu-
larly, the contents of elements were the relative proportion of these
five investigated elements, and the contents of C species were the rela-
tive proportion of the three deconvoluted C species.

For the DBC sample, the H2O2 and NaClO oxidation obviously
strengthened the surface oxygen-containing functional groups, with
C\\O contents increasing from 6.08% to 7.87% and COO contents in-
creasing from 2.02% to 4.01%, respectively. In addition, the surface oxy-
gen contents increased from 6.01% to 11.2%. The HCl hydrolysis and the
ZnCl2 activation enhanced the surface C contents reaching 92.6% and re-
duced the C\\O contents reaching 4.33%.Moreover, no COO appeared in
DBC-H and DBC-Z. For the BC sample, the KMnO4 surface recombination
enhanced the surface C contents and C\\O contents and reduced the
surface O and Si contents. The surface polarity ((N + O)/C) of all the
samples ranged from 0.05 to 0.21 and O/C ranged from 0.04 to 0.19,
and was lower than that derived from elemental analysis (Table S2).
However, when the inorganic oxygen from SiO2 were deducted, the
(N + O)/C values ranged from 0.05 to 0.14 and the O/C values ranged
from 0.04 to 0.12 (Table 1).

The surface amphoteric properties and CEC values for the samples
were listed in Table 1 and Table S2. For the DBC and its modified
samples, a large number of acidic groups were detected
(8.35–10.9 mmol/g), but the basic groups were not detected. Specifi-
cally, the oxidation treatments elevated the acidic groups from 8.69 to
10.9 mmol/g, but the acid hydrolysis and activation treatments showed
a slight decrease in the acidic groups, reaching 8.35 mmol/g. On
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Fig. 1. FTIR spectra of the black car
contrary, BC and BC-PM contained more abundant basic groups
(8.42 mmol/g and 6.96 mmol/g, respectively), and a few acidic groups
such as phenolic hydroxyl groups (1.85 mmol/g and 1.43 mmol/g, re-
spectively). Moreover, the CEC values of black carbon in this investiga-
tion were ranging from 99.5 to 188 cmol/kg (Table 1), and the
oxidation treatments significantly enhanced the CEC values.

3.3. Nanoporosity and its size distribution

Fig. S3 showed the CO2 adsorption isotherms and the nanopore
size distribution for the samples. The DR model can well fit the ad-
sorption isotherm of CO2 (R2 N 1.00). Table 2 listed the specific sur-
face areas (SSA) and nanopore volumes (Vo) of the samples. As
showed in Table 2, the Vo and SSA of MB were 26.8 μL/g and
66.7 m2/g, respectively. The detailed information of DMB can be
found from our group's previous research, which were 35.3 μL/g
and 88.1 m2/g, respectively (Hu et al., 2017). For modified black car-
bon, the SSA and Vo values of samples ranged from 158 to 241 m2/g
and from 63.3 to 96.5 μL/g, respectively. Particularly, the values of
SSA (241 m2/g) and Vo (96.5 μL/g) of DBC-Z were the highest. But
the SSA and Vo values of the other modified DBC samples were re-
duced to some extent. It was found that a large decrease of SSA and
Vo from DBC to DBC-SC, with the SSA and Vo decreasing from
230 m2/g to 158 m2/g and from 92.2 μL/g to 63.3 μL/g, respectively.
For the H2O2-treated sample, the SSA and Vo decreased obviously
to 214 m2/g and to 85.9 μL/g, respectively. But the HCl-treated sam-
ple had a slight decrease in the SSA and Vo. In comparison with BC,
the removal of a large amount of silicate during the demineralization
process resulted in a significant increase in SSA and Vo for DBC, rang-
ing from 177 m2/g to 230 m2/g and from 71.0 μL/g and 92.2 μL/g, re-
spectively (Table 2). After the surface recombination of BC with
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bon and its modified samples.



Table 2
The nanopore volumes and specific surface areas of CO2 adsorption, and the adsorption volumes (Qo′) of phenanthrene on the black carbon and its modified samples by using different
models.

Sample

Dubinin-Radushkevitch
CSAa

m2/g
SSAb

m2/g

Cumulative pore volume Adsorption volumes (Qo′) μL/g

Vo

μL/g
SSA
m2/g

0–0.7 nm
μL/g

0.7–1.1 nm
μL/g

1.1-2 nm
μL/g

Qo′-FM,
Ce = Sw (%)c

Qo′-PD,
(%)c

Qo′-LPPD,
(%)c

Qo′-DR,
(%)c

MB 26.8 66.7 36.0 146 7.94 2.60 16.3 – – – –
DMBd 35.3 88.1 41.6 189 9.50 2.90 22.9 – – – –
R500e 78.9 189 – – 22.4 8.70 47.8 54.8 (69.5) – – 25.0 (31.6)
DBC 92.2 230 182 480 40.9 11.6 39.7 31.8 (34.5) 45.2 (49.1) 26.8 (29.0) 27.5 (27.8)
DBC-P 85.9 214 154 493 35.0 8.10 42.8 65.7 (76.5) 88.2 (103) 70.2 (81.7) 53.8 (62.9)
DBC-SC 63.3 158 119 365 27.0 6.75 29.4 31.2 (49.3) 46.8 (73.9) 26.9 (42.5) 23.4 (36.7)
DBC-H 91.0 227 167 469 39.2 10.1 41.7 49.0 (53.8) 34.8 (38.3) 27.8 (30.5) 41.5 (45.1)
DBC-Z 96.5 241 183 559 42.7 11.3 42.5 26.4 (27.4) 30.8 (31.9) 18.3 (19.0) 23.0 (22.6)
BC 71.0 177 136 371 29.9 10.2 30.9 12.6 (17.7) 12.8 (18.7) 5.99 (8.43) 10.3 (14.3)
BC-PM 70.0 175 142 369 31.3 10.1 28.7 10.3 (14.7) 10.3 (15.2) 4.95 (7.07) 9.02 (12.8)

a CSA is cumulative surface area of the sample.
b SSA is calculated using nonlocal density functional theory (NLDFT).
c (%) is the percentage of Qo′ accounting for the total nanopore volume of CO2 adsorption.
d DMB data comes from Hu et al. (2017).
e R500 was the BC samples in our previous investigation, which was exhaustively extracted with three-member solvents (Zhang et al., 2014; Duan et al., 2018).

1054 S. Hu et al. / Science of the Total Environment 642 (2018) 1050–1059
KMnO4, the SSA and Vo values of BC-PM decreased slightly, ranging
from 177 m2/g to 175 m2/g and from 71.0 μL/g and 70.0 μL/g, respec-
tively. Moreover, the Vo values were positively correlated with OC%
for the samples (Fig. 2).

Fig. S3 showed that the nanopores were mainly concentrated at
0–0.7 nm and 1.1–2 nm. The modified DBC samples including DBC-P,
DBC-SC, DBC-H, and DBC-Z showed reduced nanopore size percentages
at 0–0.7 nm. After the KMnO4 surface recombination, the nanopore size
percentage at 0–0.7 nm increased slightly. In addition, samples without
OC%
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Fig. 2. The correlation of Vo with OC% (a), and the correlations of nwith Vo (b), O/C (c), and H/C
carbon sample produced and extracted bymixed solvents (Duan et al., 2018). In b panel, the re
(BC-PM) was showed in blank marks and not included in the correlation equation. In d panel,
correlation equation.
pyrolysis (MB and DMB) have larger nanopore sizes than pyrolysis
samples.

3.4. Sorption isotherms of phenanthrene on the samples

Table 3 listed the Freundlich (FM) parameters for the sorption of
phenanthrene on black carbon and itsmodified samples. Fig. S4 showed
the sorption isotherms. As showed in Table 3, the FM described all the
sorption data well with R2 ranging from 0.94 to 0.99, and the sorption
Vo, uL/g
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Table 3
Freundlich model parameters for the Phen sorption on the samples.

Sample KF
a n Nb R2 KOC, mL/g log KOC, mL/g

Ce = 0.01Swc Ce = 0.01Swc

R500d 3890 0.399 18 0.94 1,128,617 6.05
DBC 2483 0.385 16 0.99 785,090 5.89
DBC-P 2592 0.483 17 0.99 1,198,458 6.08
DBC-SC 657 0.572 17 0.99 429,006 5.63
DBC-H 2048 0.475 16 0.94 802,104 5.90
DBC-Z 2206 0.376 18 0.99 717,829 5.86
BC 561 0.466 17 0.99 327,570 5.52
BC-PM 909 0.368 17 0.99 456,181 5.66

a KF is the sorption affinity coefficient with units of (μg/g)/(μg/L)n.
b Number of data.
c Ce = 0.01Sw means that the concentration of the adsorbate in the solution is one-

hundredth of its solubility at room temperature.
d R500 was the BC samples in our previous investigation, which was exhaustively ex-

tracted with three-member solvents (Zhang et al., 2014; Duan et al., 2018).
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was highly nonlinearwith n values ranging from 0.368 to 0.572. The ox-
idation treatment by H2O2 and NaClO, as well as the HCl hydrolysis re-
duced the sorption nonlinearity, with the values of n increasing from
0.385 to 0.572. However, the ZnCl2 activation and KMnO4 treatment
strengthened the sorption nonlinearity with n values decreasing from
0.385 to 0.376 and 0.466 to 0.368, respectively. The n values were neg-
atively correlated with Vo at 0–2 nm (R2 = 0.83, p b 0.05) and Vo at
0–1.1 nm (R2 = 0.91, p = 0.01), and were positively correlated with
O/C (R2 = 0.74, p = 0.05) and H/C (R2 = 0.81, p = 0.09) (Fig. 2).
Since FM is not restricted to the monolayer adsorption, and is more
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Fig. 3. The correlations of log KOC (mL/g) with nanopore volume (Vo) (a), SSA (b), O/C (c), and
0–2 nm, respectively. The star in a, b, c, and d panels represents the corresponding data for one
In c and d panels, triangles represent (N+ O)/C and O/C values deducted from the inorganic ox
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suitable to describing the sorption isotherms, FMwas applied to the fur-
ther result and discussion.

The log KOC (mL/g) values at Ce = 0.01Sw (The concentration of the
adsorbate in the solution is one-hundredth of its solubility at room tem-
perature.) ranged from 5.52 to 6.08 in this study (Table 3), and were
positively correlated with Vo (1.1–2 nm and 0–2 nm) and SSA (Fig. 3),
and were better with Vo at 1.1–2 nm. In addition, except for DBC-P
and DBC-SC, there were significant negative correlations between log
KOC and (N + O)/C or O/C ratios for the DBC and BC modified samples
(Fig. 3). It was found that log KOC values were highly significantly, and
negatively related to the surface polarity parameters ((N + O)/C and
O/C) determined by XPS or by elemental analysis, especially when the
deduction of inorganic oxygen (SiO2) was conducted. Furthermore,
the polarity, aromatic carbon, and/or nanopore properties of the sam-
ples were used to establish two multiple factor equations for the sorp-
tion affinity. The outliers (DBC-P and DBC-SC) was not included in the
correlation equation. The one equation was: logKOC = 0.412x1 −
0.793x2 (R2 = 0.95, p = 0.01). Here, x1 is the nanopore volume (Vo),
x2 is the polarity index (N + O)/C by elemental analysis, respectively.
Another equation was: logKOC = 0.519x1 − 0.538x2 (R2 = 1.00, p b

0.01). Here, x1 is C\\C values calculated by XPS, x2 is the polarity index
(N + O)/C by elemental analysis, respectively. The above results dem-
onstrated the importance of polarity, nanopore, and/or aromatic carbon.

3.5. Nanopore-filling modeling

To investigate the effect of nanopore properties on the sorption of
phenanthrene, the FM, PD, LPPD, and DR adsorption models were used
to calculate the adsorption volumes (Qo′) of phenanthrene. It was
SSA, m
2
/g
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e corresponding correlation equations.



1056 S. Hu et al. / Science of the Total Environment 642 (2018) 1050–1059
found that these models could well fit the adsorption data (Table S2-
S4). Particularly, the correlation coefficients of the PD model were the
highest with R2 ≥ 0.99 (Table S2). Table 2 listed their adsorption vol-
umes of phenanthrene on the samples. The adsorption volumes (Qo′)
for FM (values at Ce = Sw) ranged from 10.3 to 65.7 μL/g. The b′ values
and the maximum adsorption volumes (Qo′) fitted by the PD model
ranged from 1.17 to 2.42 and from 10.3 to 88.2 μL/g, respectively
(Table S2). Table S3 illustrated that the Qo′ values for the adsorption
curves using the reported Kd values ranged from 4.95 to 70.2 μL/g, and
b′ values ranged from 1.44 to 3.30. The Qo′ values for the DR model
ranged from 9.02 to 53.8 μL/g, and the D values ranged from 0.100 to
0.148. It was noted that the Qo′ values for BC and BC-PM were lower
than for other samples.

The Qo′ values estimated by the above models were lower than the
total nanopore volumes (70.0–96.5 μL/g) measured by the CO2 adsorp-
tion, and the Qo′ values of PD were approaching to the total nanopore
volumes (Table 2). Specifically, for the DBC and its modification sam-
ples, the percentages of Qo′ accounting for Vo ranged from 31.9% to
103% for the PDmodel (Table 2). Moreover, when the DBC-P and DBC-
SC were excluded, the correlation of adsorption volumes (Qo′) calcu-
lated from different models (FM(a), PD(b), LPPD(c), and DR(d)) with
Vo (0–2 nm) in Fig. 4 is respectively significant or marginally significant.
The slopes of the regression equations range from 0.76 to 1.05, but the
intercepts range from 47.1 to 61.7 μL/g, suggesting that more than a
half of the nanopore volumes could not be accessed by Phenmolecules.
In addition, we carried out a multiple linear regression for estimating
the effects of different nanopore size. The equations were as follows:
Qo′(FM) = 1.510x1 − 1.015x2 (R2 = 0.92, p b 0.01), Qo′(PD) = 1.424x1
− 1.106x2 (R2 = 0.79, p b 0.05), Qo′(LPPD) = 1.487x1 − 1.134x2 (R2 =
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Fig. 4. The correlations of adsorption volumes (Qo′) calculated from different models (FM(a), PD
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the FM and DRmodel for the similar black carbon sample extracted by solvents in previous inv
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Here, x1 is the nanopore volume at 1.1–2 nm, x2 is the nanopore volume
at 0–1.1 nm.

4. Discussion

4.1. Surface and structural properties of the samples

In this study, either element analysis, infrared analysis, surface ele-
ment analysis (XPS), or surface amphoteric analysis, have shown that
the oxidation treatment introduced some oxygen-containing functional
groups, and acid hydrolysis or activation treatment demonstrated the
partial decomposition of DBC. It was reported that the\\COOH and
C\\O groups were majorly associated with aromatic carbon groups
(Ran et al., 2007). Hence, the sorption parameters and nanopore-
filling volumes of Phen on DCB-SC and DCB-P were highly changed, as
showed in Figs. 2, 3, and 4. In previous investigation, Paul et al. (2006)
and Simpson et al. (2003) suggested that acid hydrolysis can remove a
portion of esters, amines and saccharides from humus and soil organic
carbon. Zhang et al. (2011) and Liu et al. (2015) illustrated the introduc-
tion of oxygen-containing functional groups during oxidation process.
The lower H/C or O/C ratios of the BC sample were related to the fact
that some of the aliphatic or polar carbon structure disappeared during
the thermal evolution, resulting in a lower aliphaticity and polarity
(Duan et al., 2018; Zhang et al., 2014). In addition, surface elemental
analysis (XPS) and IR spectrum analysis showed that a large amount
of silicate removal occurred during the demineralization treatment
(Qian et al., 2015; Xiao et al., 2014; Rumpel et al., 2006) for DBC. Besides,
the presence of C\\O absorption peaks of esters or lactones (Song et al.,
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2014) and the removal of a large amount of silicate in BC-PM revealed
that the decrease of total O content (Table 1) was partially related to
the decrease of Si\\O during the KMnO4 treatment.

The surface amphoteric properties and CEC values for the samples in
Table 1 and Table S2 indicated that our samples had higher surface am-
photeric groups (1.43–10.9 mmol/g, Table 1) than those of biomass de-
rived BCs (0.24–8.1 mmol/g) (Wang et al., 2013; Mukherjee et al.,
2011). Moreover, the black carbon in this investigation gave higher
CEC values ranging from99.5 to 188 cmol/kg (Table 1) than biomass de-
rived black carbon produced at 500 °C or 600 °C (1.3–34.8 cmol/kg) did
(Wang et al., 2013; Lehmann et al., 2011;Mukherjee et al., 2011). Previ-
ous report has found that the oxidation treatments significantly en-
hanced the CEC values (Cheng et al., 2006). Likewise, our H2O2-treated
sample gave a much higher CEC value of 188 cmol/kg than the reported
values (1.3–34.8 cmol/kg). Lehmann et al. (2011) and Liang et al. (2006)
showed that the addition of oxidized black carbon to the soil could in-
crease the CEC values of the soil and had better agricultural applications.
Hence, the above results clearly revealed the improvement of surface
properties and cation exchange capacity on the modified black carbon
samples.

In addition to the surface properties, the nanopore properties of
samples in Table 2 illustrated the change of nanopore volumes and
nanopore size distribution on the modified black carbon samples. It
was found that oxidation treatment reduced the SSA and Vo values of
the samples strongly, especially for NaClO treatment. This observation
was consistent with the previous investigation suggesting that the SSA
values of bleached samples (16.6–402.1 m2/g) were smaller than
those of unbleached samples (155.0–544.6 m2/g) (Han et al., 2014).
On the one hand, the reduction of organic matter will lead to the reduc-
tion of nanopores; on the other hand, partial removal of organics (aro-
matic groups) will result in the destruction of the nanopores structure,
which will change nanopore size distribution, resulting in a reduction
in the nanopore volume and surface area of the BC, as other investiga-
tors also observed (Liu et al., 2012; Mikutta et al., 2005). But the HCl-
treated sample had a slight decrease in SSA and Vo, similar to the previ-
ous study. In the previous investigation on 700 BCE and 400 BCE, the
surface areas were reduced from 292 m2/g to 152 m2/g by the HCl hy-
drolysis (Zhang et al., 2011). Besides, although the SSA value of DBC-Z
increased to 241 m2/g, it was lower than 500 m2/g reported in a previ-
ous study on activated carbon with a carbonization time of 60 min
and a chemical ratio of 100% with ZnCl2 at 500 °C (Mohanty et al.,
2005). Simultaneously, another investigation also found that surface
area of activated carbon produced by ZnCl2 for rice straw at 850 °C
reached up to 1442 m2/g (He et al., 2013). The above difference may
be attributed to various treatments. Moreover, the correlation between
Vo and OC% (Fig. 2) indicated that organic matter was the dominating
matrix to produce nanopores. In comparison with one previous investi-
gation, the Vo-OC correlation for the similar BC sample extracted by
mixed organic solvents was similar, suggesting that the effect of by-
product (tar, polycyclic aromatic hydrocarbons (PAHs), etc) was insig-
nificant (the red or black star in Fig. 2). The above results clearly illus-
trated the change of surface and structural properties of the modified
samples.

4.2. Sorption parameters and sorption mechanism

The relationship of sorption nonlinearity (n) with nanopore volume
(Vo), H/C, and O/C (Fig. 2) suggested that the change of aromaticity and
nanopore size after different modification, especially at the nanopore
size of 0–1.1 nm, contributed to the sorption nonlinearity. Previous in-
vestigation has shown that the existence of intragrain microporosity
may be responsible for the nonlinearity sorption (Sun et al., 2013). On
the other hand, one previous investigation showed that as thematurity
increased, the O/C and H/C values became smaller, and the aromaticity
became stronger, resulting in a stronger nonlinear sorption (Duan
et al., 2018; Zhang et al., 2014). In addition, the relationship of sorption
affinity (log KOC) with nanopore volume (Vo) and SSA (Fig. 3), as well as
the above multiple factor equations, indicated that nanopore volume
was the crucial factor in the sorption of phenanthrene. Furthermore,
in comparison with one previous investigation, the similar BC samples
extracted with three organic solvents (the red and black stars in
Figs. 2 and 3) gave the similar correlation, indicating that the by-
products such as tar and PAHs had a negligible effect on the sorption be-
havior of phenanthrene (Duan et al., 2018).

The log KOC (mL/g) values (5.52–6.08) in this investigation (Table 3)
were higher than those (5.11–5.85) of biomass-derived biochar pro-
duced at 500 °C or even at 600 °C (Han et al., 2014; Wang et al.,
2016). At the same time, the surface area and nanopore volume of
these biomass-derived biochar were 257.2–620.3 m2/g and 57–119
μL/g, respectively. Hence, the kerogen-derived black carbon and its
modified samples in this investigation had higher sorption affinity to
phenanthrene. On the onehand, SSA inHan's andWang's studywas cal-
culated using nonlocal density functional theory (NLDFT), which is dif-
ferent fromour study (DR).Whenwe usedNLDFTmodel, the SSA values
was 365–559 m2/g (Table 2), which were similar to or slightly lower
than Han's and Wang's data. Our higher logKOC values may be related
to the old biological materials. On the other hand, the aromatic inter-
layer spacing decreased when temperature reached 450 °C, as demon-
strated in previous investigations of our group (Zhang et al., 2014;
Duan et al., 2018). That may account for their lower logKOC values of
Phen on the BC samples produced at 600 °C than on our BC samples al-
though they obtained higher Vo and SSA values.

The increase of polarity in this investigation did not reduce the sorp-
tion affinity of DBC-P. The increase of graphite interlayer spacing during
the oxidation process may also be responsible for the increase of ad-
sorption capacity for DBC-P. Other investigators reported that the sur-
face oxygen-containing functional groups can improve the
hydrophilicity of BC, which facilitates its dispersion in the aqueous
phase and the adsorption of contaminants in the aqueous phase (Liu
et al., 2015). After the NaClO oxidation, the KOC values of phenanthrene
decreasedby 45.4% (Table 3), presumably due to significant reduction of
nanopore volume and specific surface area, aswell as the increasing po-
larity. The observation was consistent with pervious study, which re-
ported that the sorption affinity of phenanthrene and pyrene was
reduced greatly by the NaClO treatment, and KOC decreased by 61.4%
and 43.1%, respectively (Huang et al., 2006). For the activation treat-
ment with ZnCl2, KOC values decreased by 8.57% (Table 3). Although
the nanopore volume for DBC-Z increased, the increase of polarity
may reduce its sorption affinity of phenanthrene. Furthermore, when
BC was treated with KMnO4, its sorption affinity was enhanced, but its
nanopore volume and specific surface area did not change significantly.
The above results and analyses suggested that the importance of
nanoporosity, surface areas, and polar functional groups in the sorption
of phenanthrene by the samples. It was noted that the importance of
surface area, pore size distribution, and surface functionality to the sorp-
tion of HOCs by black carbon were also reported in a previous report
(Zhu et al., 2005).

The adsorption volume (Qo′) in Table 2 further revealed the contri-
bution of thenanopore volume to sorptionof phenanthrene. In addition,
the relationship betweenQo′ and Vo, aswell as the abovemultiple linear
regressions for different nanopore size, indicated that nanopore filling
was the main sorption mechanism and the molecular sieve effect oc-
curred in the sorption. The small-sized CO2 molecules (0.253 nm) are
more accessible to relatively small nanopores than the large-sized
phenanthrene molecules (0.341 nm × 0.999 nm × 1.094 nm) (Duan
et al., 2018). Themolecular sieve effect can underestimate the nanopore
filling volumes of themodified black carbon (Table 2). Moreover, previ-
ous studies have shown that for kerogen samples at low and medium
degree of catagenesis, the interlayer spacings are widely spread
(0.34–N0.8 nm). However, the nonaromatic groups begin to disappear
and the interlayer space spreading decreases for the similar BC samples
used in this investigation (Ran et al., 2004; Oberlin et al., 1980). The
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above analyses suggested that adsorption (nanopore filling) is the dom-
inant sorption mechanism of phenanthrene by the investigated sam-
ples, demonstrating the importance of the adsorption mechanism in
the sorption of HOCs. As demonstrated above, the existence of internal
nanoporosity in the samples is also responsible for the nonlinearity of
the phenanthrene sorption isotherms.

5. Conclusions

The surface properties, structural properties, and sorption isotherms
of phenanthrene on the black carbon and its modified samples were in-
vestigated in this study. Oxidation treatments (H2O2and NaClO) en-
hanced the cation exchange capacities, acidic oxygen functional
groups, surface polarity, etc., but reduced the nanopore volumes. How-
ever, the sorption affinity of phenanthrene by these samples was vari-
able, illustrating that the sorption was affected by various factor. Acid
hydrolysis (HCl) had insignificant effect on the surface properties, struc-
tural properties, and sorption behavior of phenanthrene. Nevertheless,
the activation treatment (ZnCl2) elevated the nanopore volume of the
sample. Surface recombination (KMnO4) enhanced the cation exchange
capacities, acidic oxygen functional groups, surface polarity, nanopore
volumes, and sorption affinity of phenanthrene. It was found that the
sorption affinity parameters log KOC of phenanthrene were positively
correlated with SSA and Vo (p b 0.05), and the n values were negatively
correlated with Vo (p b 0.05), respectively, indicating that the nanopore
and surface structure of BC and DBC led to the difference in the sorption
behaviors of phenanthrene. The nanopore modeling showed that the
nanopore filling was the main sorption mechanism of phenanthrene
on the black carbon and its modified samples, and the molecular sieve
effects were observed in the sorption of phenanthrene. Moreover, the
BC yields are much higher in this investigation than in other investiga-
tions. However, as the raw biological materials (old vs. fresh) used are
quite different, more investigations need to be conducted to compare
the sorption behaviors, sorptionmechanism, and production ratios, car-
bon sequestration of different BCs in soils and sediments, etc.
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Appendix A. Supplementary data

One table shows the weights and OC recoveries of the modified BC
and DBC, one table shows the elemental composition and chemical
properties of the samples, and three tables show the PD, LPPD, and DR
model fitting parameters, respectively. Three figures show the X-ray
photoelectron spectra (XPS) and C1s spectra scanning, and CO2 sorption
isotherms and nanopore size distribution, and one figure shows the
sorption isotherms by different models.
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