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• Swine manure biochars had higher sorption capacity, due to its higher ash content.
• Pore filling could dominate the sorption of tested biochars.
• Surface polarity and aliphatic C affect sorption of low temperature wood biochars.
• Aromatic C may regulate the sorption of biochars produced at high temperatures.
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a b s t r a c t

Sorption behavior of acetochlor (ACE), dibutyl phthalate (DBP), 17α-Ethynyl estradiol (EE2) and phenan-

threne (PHE) with biochars produced from three feedstocks (maize straw (MABs), pine wood dust (WDBs)

and swine manure (SWBs)) at seven heat treatment temperatures (HTTs) was evaluated. The bulk polarity

of these biochars declined with increasing HTT while the aromaticity and CO2-surface area (CO2-SA) rose.

The surface OC contents of biochars were generally higher than bulk OC contents. The organic carbon

(OC)-normalized CO2-SA (CO2-SA/OC) of biochars significantly correlated with the sorption coefficients (n

and logKoc), suggesting that pore filling could dominate the sorption of tested sorbates. SWBs had higher

logKoc values compared to MABs and WDBs, due to their higher ash contents. Additionally, the logKoc

values for MABs was relatively greater than that for WDBs at low HTTs (≤400 °C), probably resulting

from the higher CO2-SA/OC, ash contents and aromaticity of MABs. Surface polarity and the aliphatic C

may dominate the sorption of WDBs obtained at relatively low HTTs (≤400 °C), while aromatic C af-

fects the sorption of biochars at high HTTs. Results of this work aid to deepen our understanding of the

sorption mechanisms, which is pivotal to wise utilization of biochars as sorbents for hazardous organic

compounds.

© 2015 Elsevier Ltd. All rights reserved.

1

b

t

a

e

b

s

i

t

e

s

t

K

d

h

0

. Introduction

Biochars, which are products of the pyrolytic processing of

iomass materials (Chun et al., 2004; Chen et al., 2008), has at-

racted increasing interest since their application to soil could act

s effective sorbents for organic pollutants (Chun et al., 2004; Chen

t al., 2008), may enhance the sequestration of atmospheric car-

on dioxide (Lehmann et al., 2006), and simultaneously improve
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oil fertility (Sohi et al., 2010). Studies have shown that the phys-

ochemical properties of biochars, which would govern their sorp-

ion capacity for hydrophobic organic compounds (HOCs) (Chen

t al., 2008; Sun et al., 2011a, 2012), vary remarkable with feed-

tock sources and pyrolysis process conditions, among which heat

reatment temperature (HTT) is a key factor (Chen et al., 2008;

eiluweit et al., 2010; Sun et al., 2012). Generally, biochars pro-

uced at lower HTTs (250–400 °C) are not fully carbonized, but

ave higher yields and contain more diversified organic structures,

ncluding aliphatic and cellulose structures (Novak et al., 2009).

hile those made at relatively high HTTs (400–700 °C) are well

http://dx.doi.org/10.1016/j.chemosphere.2015.08.042
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carbonized with large amounts of condensed aromatic C structures

(Keiluweit et al., 2010) and exhibit rigid surfaces along with con-

siderable pores for nonlinear adsorption of HOCs (Chen et al., 2008,

2012; Sun et al., 2011a). The question on how these different phys-

iochemical properties can be correlated to the difference in sorp-

tion capacity for HOCs has been the subject of much recent work.

For biochars produced at various HTTs from chitin and cellu-

lose, the sorption capacity (e.g., organic carbon (OC)-normalized

distribution coefficient (Koc)) for phenanthrene (PHE) and naphtha-

lene (NAPH) was enhanced as the aromatic domains and surface

area (SA) of the chars increased with increasing HTTs (Wang and

Xing, 2007). In contrast, the sorption of polar phthalic acid esters

(PAEs) was found to be controlled by the aliphatic and polar do-

mains within biochars derived from both high and low HTTs (Sun

et al., 2012). Furthermore, there is emerging evidence to indicate

that chars appeared to have a higher surface capacity for a polar

sorbate than for a nonpolar sorbate (Chun et al., 2004; Sun et al.,

2012). Based on these, it can be reasonably assumed that due to

the hydrophobicity and structure difference of sorbates, dissimilar

sorption mechanisms would take place between different sorbates

and biochars. Moreover, with respect to the same sorbate, sorption

mechanisms also possibly vary with the HTT at which biochars

were produced. In order to systematically probe the mechanism

underlying the interactions between HOCs and biochars, biochars

produced at a set of HTTs were used as sorbents, acetochlor (ACE),

dibutyl phthalate (DBP), 17α-Ethynyl estradiol (EE2) and PHE were

selected as sorbates owing to their different polarity, element com-

position, electron polarizability and aromaticity.

A recent study found that minerals within biochars may ex-

ert an influence upon the organic matter (OM) spatial arrange-

ment within biochars, thereby influencing the sorption of HOCs

by biochars (Sun et al., 2013). While the focus of most current

studies has been on sorption with low-mineral plant residue-

derived biochars (PLABs), the sorption properties of high-mineral

animal waste-derived biochar (ANIBs) have rarely been investi-

gated. Therefore, it is necessary to further probe the characteristics

of high-mineral biochars along with their sorption behavior.

Thus, the major works of this study were to 1) systemati-

cally examine the bulk and surface characteristics of biochars pro-

duced from feedstock materials with different mineral levels, in-

cluding the maize straw, pine sawdust and swine manure at dif-

ferent HTTs; 2) investigate the sorption characteristics of ACE, DBP,

EE2 and PHE by tested biochars; and 3) further test the roles of

biochars characteristics (i.e., minerals, polarity, aromaticity and SA)

in HOCs sorption.

2. Materials and methods

2.1. Sorbates

ACE (98 + %), a non-ionic and non-volatile herbicide, and DBP

(99 + %), one of the most widely used PAEs, were purchased from

Dr. Ehrenstorfer GmbH (Augsburg, Germany). EE2 (98 + %), one of

the most frequently studied endocrine disrupting chemicals (EDCs)

in environmental research, was obtained from Aldrich Co. (Mil-

waukee, WI). PHE (98 + %), which is a ubiquitous polycyclic aro-

matic hydrocarbon (PAHs) in the environment, was purchased from

Sigma–Aldrich Chemical Co. Selected physicochemical properties of

ACE, DBP, EE2 and PHE are presented in Table S1, Supplementary

data.

2.2. Sorbents

The specific processes of biochar preparation were reported in

a previous study (Sun et al., 2013). Briefly, maize straw (Henan

Province, China), pine sawdust (Heilongjiang Province, China) and
ewatered swine manure (Beijing, China) samples were obtained

nd air-dried at room temperature. Maize straw and pine wood

ust were washed with deionized water (DI water) before use.

hen all dried feedstock materials were ground to obtain a par-

icle size of less than 1.5 mm and then pyrolyzed for 1 h at seven

TTs (i.e., 250, 300, 350, 400, 450, 500, and 600 °C) under oxygen-

imited conditions in a muffle furnace. Next, the biochars were

reated with 0.1 M HCl to decrease pH values of biochars and re-

ove some nutrients (soluble salts and potassium compounds),

arbonates, and dissolved organic matter (DOM) as well, which

ould prevent other factors mainly including pH values and DOM

f biochars from impacting HOCs sorption by biochars. After the

upernatants were removed by centrifugation, the residues were

ashed with DI water until the aqueous phase became nearly neu-

ral and then dried at 105 °C. Subsequently, the biochars were

ently milled to pass a 0.25 mm sieve (60 meshes) for further

nalysis. According to their feedstocks and HTTs, the 21 biochars

re hereafter referred to as: MAXXX (maize straw), WDXXX (pine

ood dust) and SWXXX (swine manure), with XXX indicating the

harring temperature (250–600 °C). For comparison, samples of

he feedstock, MA0, WD0 and SW0, were also analyzed. Here,

he biochars were classified to PLABs (maize biochars (MABs) and

ood dust biochars (WDBs)) and ANIBs (swine biochars (SWBs))

ccording to the feedstock sources. The biochars produced at low

emperatures and high temperatures were named as LTBs and

TBs, respectively.

.3. Biochar characterization

The bulk organic carbon (OC, the carbonate–free basis), H, N,

nd O contents of all the biochars were measured using an El-

mentar Vario ELIII elemental analyzer via complete combustion.

sh contents of the biochars were determined by heating sam-

les at 750 °C for 4 h. To get more information on the chem-

cal composition of biochars, solid-state cross-polarization magic

ngle spinning 13C nuclear magnetic resonance (13C NMR) spec-

ra were obtained using a Bruker Avance 300 NMR spectrometer

Karlsruhe, Germany) operated at a 13C frequency of 75 MHz and a

agic angle spinning rate of 12 KHz. Surface area (CO2-SA) using

O2 isotherm at 273 K was detected by gas adsorption using an

utosorb-1 gas analyzer (Quantachorme Instrument Corp., Boynton

each, FL) and calculated using nonlocal density functional theory

NLDFT) (Braida et al., 2003). The surface functionalities and do-

ain spatial arrangement of samples were determined using X-ray

hotoelectron spectra (XPS) with a Kratos Axis Ultra electron spec-

rometer using monochromated Al Kα source operated at 225 W,

nd more detailed information of XPS characterization was de-

cribed elsewhere (Yang et al., 2011; Sun et al., 2013). (The C1s

inding energy levels were assigned as following: 284.9 ev for C–C,

86.5 ev for C–O, 287.9 ev for C=O, and 289.4 ev for COO.)

.4. Sorption experiments

The sorption isotherms were obtained by a batch equilibration

f biochar samples in glass vials with Teflon-lied screw caps. For

he sorption of ACE, 8 mL glass vials were used for all the sor-

ents; for DBP and EE2, 15 mL glass vials were used for biochars

roduced at 500 and 600 °C, and 8 mL glass vials for the rest sor-

ents; and for PHE, 8 mL were used for feedstock samples, 40 mL

or the biochars produced at 250–350 °C, and the 60 mL for the

est sorbents. The background solution contained 0.01 M CaCl2 to

aintain a constant ionic strength and 200 mg/L NaN3 as a bio-

ide. The initial concentrations of test solutions ranged from 100 to

00,000 μg/L for ACE, from 100 to 6000 μg/L for DBP, from 50 to

000 μg/L for EE2, and from 2 μg/L to 1000 μg/L for PHE, respec-

ively. The sorption experiment was carried out on a rotary shaker
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Fig. 1. Comparison of bulk and surface organic carbon (OC) content (a); bulk and

surface polarity ((O + N)/C) (b); bulk and surface polar C content (b); surface

area determined by CO2 adsorption (CO2-SA) (c); the OC-normalized CO2-SA (CO2-

SA/OC) (c); OC-normalized distribution coefficients (logKoc) (d) and octanol/water

distribution coefficient (logKow)-normalized logKoc (logKoc/logKow) (e) among these

three kinds of biochars produced from maize straw (MABs), wood dust (WDBs) and

swine manure (SWBs), respectively. The connection of the data points by lines in

above figure has no specific meaning but indicate the changing trends of biochars

as the heat treatment temperature increased. (Bulk polar C: 45–93 ppm + 165–

220 ppm; Surface polar C: surface C–O + surface C=O + surface COO).
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or 7 d (ACE, DBP and EE2) or 10 d (PHE) at 23 ± 1 °C. Our prelim-

nary experiments showed that the time period was long enough

o reach the sorption equilibration.

After all vials were placed upright for 24 h, the supernatant

as transferred to a 2 mL vial for HPLC (reversed phase C18,

5 cm × 4.6 mm × 5 μm (ACE, DBP and PHE) or 15 cm ×
.6 mm × 5 μm (EE2)) analysis. ACE was analyzed with a UV de-

ector at 222 nm. The mobile phase was 75:25 (v:v) of acetoni-

rile and deionized water and the flow rate was 1 mL/min. The

oncentration of DBP was determined by using an UV detector at

28 nm. The mobile phase was a mixture of 80:20 (v:v) of ace-

onitrile and deionized water and the flow rate was 1 mL/min.

E2 was detected by a fluorescence detector at 206 nm (excita-

ion wavelength) and 310 nm (emission wavelength). The mobile

hase was 50:50 (v:v) of acetonitrile and deionized water and the

ow rate was 1 mL/min. The concentration of PHE was quantified

n a fluorescence detector at 250 nm (excitation wavelength) and

64 nm (emission wavelength) for the concentration range of 0.5–

0 μg/L, and on a UV detector at 250 nm for the samples with

oncentrations higher than 50 μg/L. The mobile phase was 90:10

v:v) of methanol and deionized water for PHE and the flow rate

as 0.8 mL/min. Because the loss of solute due to volatilization

as negligible, sorbed chemicals were determined by mass differ-

nce between initial (C0) and equilibrated concentrations (Ce). All

amples including the blanks were conducted in duplicates.

.5. Data analysis

In this work, Freundlich model (FM) was used to fit the sorption

sotherms:

og qe = log Kf + n log Ce (1)

d = qe/Ce (2)

oc = Kd/ foc (3)

here qe (μg/g) is the equilibrium solid-phase concentration of

orbates, Ce (μg/L) is the equilibrium aqueous concentration, n is

he isotherm nonlinearity index, Kf [(μg/g)/(μg/L)n] is the affinity

oefficient of Freundlich model, Kd is the sorption distribution co-

fficient, and foc is OC content. The Koc values were calculated at

hree selected concentrations (Ce = 0.01, 0.1 and 1Sw, water solu-

ility of solutes).

The investigated correlations among properties of sorbents as

ell as the sorption coefficients of ACE, DBP, EE2 and PHE (Pearson

orrelation coefficients: P and R2 values) were obtained from the

earson correlation analysis by SPSS 16.0 software (SPSS Inc., USA).

. Results and discussion

.1. Characteristics of biochars

The PLABs had higher OC contents than ANIBs (Fig. 1a). With

ncreasing HTT, the OC contents of the PLABs increased. However,

similar trend was not observed in ANIBs (Fig. 1a), which can

robably be attributed to the relatively higher mineral contents of

NIBs (Table S2, Supplementary data). For all 21 biochars, the po-

arity index (O/C and (O + N)/C ratios) varied inversely with the

TT (Fig. 1b and Table S2, Supplementary data), indicating a reduc-

ion of the polar functional groups and an increase in hydropho-

icity (Chen et al., 2008). Moreover, except for those samples at

50 °C, the polarity (O/C and (O + N)/C ratios) of ANIBs was higher

han PLABs (Fig. 1b and Table S2, Supplementary data). This may

esult from the minerals within ANIBs protecting the polar func-

ional groups of OM from being removed during the pyrolysis pro-

ess (Qiu et al., 2014).
The bulk elemental compositions of the initial feedstock and

he resulting biochars were further analyzed using a van Kreve-

en diagram, plotting the atomic ratios H/C versus O/C (Fig. 2).

he straight lines represent changes in the ratios due to dehydra-

ion, decarboxylation, and demethylation processes. High ratios im-

ly the presence of primary plant macromolecules (i.e., cellulose),

hereas low ratios are typical of more condensed (aromatic) struc-

ures (Cao et al., 2013). SW feedstock had H/C and O/C ratios much

igher than MA and WD feedstocks (Fig. 2), which was close to

hat of cellulose. Moreover, the H/C and O/C ratios of SWBs ex-

ibited smaller variations compared to MABs and WDBs (Fig. 2).

s illustrated in Fig. 2, the conversion of SW, MA and WD feed-

tocks with the increasing HTTs is predominantly governed by the

ehydration process (lower H/C ratio) and, from 250 °C to 300 °C,

shift in the O/C ratio of SWBs suggests a demethylation process

ook place, which did not occur with the MABs and WDBs.

The determination of surface functionalities by the XPS analysis

xposed obvious differences between the surface and bulk elemen-

al composition of tested biochars (Table S2 and S3, Supplementary

ata and Fig. 1a and b). The surface OC of biochars was generally

igher than their corresponding bulk OC (Fig. 1a), especially for

NIBs. This result implies that OC may be mainly concentrated on
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Fig. 2. Atomic H/C and O/C ratios of the feedstocks and biochars derived from

maize straw, wood dust and swine manure (MA, WD and SW) produced at differ-

ent heating treatment temperatures (HTTs). The atomic ratios for cellulose, lignin

(Dinjus et al., 2011), and bituminous and lignite coals (Berge et al., 2011) are in-

cluded for comparative purposes. Note that the points proceed from right to left in

the figure in the order of the HTT (0, 250, 300, 350, 400, 450, 500, and 600 °C) for

each feedstock material.
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the surface of biochar particles, and the minerals within biochars

are possibly covered by OM within biochars (Sun et al., 2013). In

addition, the surface polarity ((O + N)/C) of all biochars was dif-

ferent from their corresponding bulk polarity (Fig. 1b). Specifically,

bulk polarity values of PLABs at low HTTs (≤400 °C) were higher

than their corresponding surface values (Fig. 1b), indicating that a

higher content of the hydrophobic functionalities in these samples

was located on their exterior. In contrast, the reverse was found

for PLABs at high HTTs (≥450 °C) (Fig. 1b), which indicates that

structural rearrangement may take place in these biochars at high

HTTs. The surface polarity values of the ANIBs were higher than

those of the PLABs (Fig. 1b), similar to the results found for bulk

polarity above. The higher surface polarity of ANIBs (Table S3, Sup-

plementary data) may result partly from their higher ash content,

as seen in the significantly positive correlation between the surface

polarity of biochars and their ash contents (Fig. S1a, Supplemen-

tary data). Moreover, we found that the surface O and surface O/C

ratios of ANIBs were positively relevant to their content of surface

P or Ca or the sum of surface P and Ca content (Fig. S6b and c,

Supplementary data), demonstrating that those minerals contain-

ing P and Ca (e.g. calcium phosphates) may be the major sources

that contribute to the surface O content of ANIBs.

The 13C NMR spectra patterns (Fig. S2, Supplementary data)

of the biochars and the integrated results (Table S4, Supplemen-

tary data) show that the structural characteristics of the biochars

change greatly during pyrolysis. The contents of O-containing func-

tional groups decreased with increasing HTT (Table S4 and Fig. S2,

Supplementary data), which is in line with the decrease in bulk

polarity (Fig. 1b). Moreover, the aliphatic C (0–93 ppm) contents of

MABs, WDBs and SWBs decreased with increasing HTT, while the

aromatic C (93–165 ppm) contents increased remarkably (Table S4,

Supplementary data). These results are consistent with previous

studies that the molecular structure of biochars transitions from

a mainly amorphous characteristic to a crystalline one composed

of inorganic ash, microporous voids and turbostratic stacks of rigid

graphene sheets with increasing HTT (Keiluweit et al., 2010). When

the HTTs were above 450 °C (≥450 °C), all features related to

aliphatic C progressively declined, any residual C functionalities di-

minished and the spectra of these three kinds of biochars became

very similar.

It has been previously proposed that with the rise in HTT,

graphene-like sheets gradually grow at the expense of amorphous

C (Kercher and Nagle, 2003) and since they are often denser than

the original amorphous C forms, this conversion eventually leads

to the formation of nanopores (D < 2 nm) (Keiluweit et al., 2010).
onsistently, CO2-SA of the test biochars rose with increasing HTT

Table S2, Supplementary data and Fig. 1c). Moreover, the CO2-

A values of the two kinds of PLABs (110.2–513.4 m2/g and 85.0–

44.6 m2/g) were remarkably higher than that of the ANIBs (81.0–

06.1 m2/g) at each corresponding HTT. This might be attributed

o the higher OC content of PLABs (Table S2, Supplementary data

nd Fig. 1a), because there was a positive correlation between

he CO2-SA values of all biochars and the OC contents (Fig. S1b,

upplementary data). Nevertheless, the CO2-SA of biochars is not

ominated by their OC content, supported by the incomparable

C-normalized CO2-SA (CO2-SA/OC) values of PLABs and ANIBs

Table S2, Supplementary data). Thus there are other factors also

egulating the CO2-SA of biochars. As expected, the CO2-SA/OC val-

es of all three kinds of biochars were positively related with their

ryl-C or aromaticity (Fig. S1c, Supplementary data), but negatively

ssociated with alkyl-C or aliphaticity (Fig. S1d, Supplementary

ata) and bulk polarity (Fig. S1e, Supplementary data), demonstrat-

ng the influence of aromatic structure of biochars on their poros-

ty characteristics (Han et al., 2014).

.2. Effect of biochar structure on nonlinearity n values

All the sorption isotherms of ACE, DBP, EE2 and PHE (Fig. S3,

upplementary data) onto the tested biochars and the original

eedstocks were fitted well using the Freundlich model. The non-

inearity coefficient (n) values of the original feedstocks were

igher than those of the corresponding biochars, whose n val-

es were all less than 1 (Table S5–S8, Supplementary data). The

values of the four sorbates by all three kinds of biochars, ex-

luding the sorption of DBP onto SWBs and the sorption of PHE

nto WDBs, were positively correlated with their atomic ratios H/C

Fig. S4a–d, Supplementary data). Generally, the n values were sig-

ificantly and positively relevant with their bulk polarity (O + N)/C

Fig. S4e–h, Supplementary data), but negatively correlated with

romaticity (Fig. S5a–d, Supplementary data), which is consistent

ith the report by Zhu and Pignatello (2005) that aromatic do-

ains contribute to nonlinearity. Thus, the increasing nonlinearity

f the sorption isotherms of ACE, DBP and EE2 onto these three

inds of biochars and PHE onto MABs and SWBs with the increas-

ng HTT (Table S5–S8, Supplementary data) is linked to the ris-

ng aromaticity and decreasing H/C and polarity of biochars with

he increasing HTT (Pignatello and Xing, 1995; Ran et al., 2007).

s discussed in the previous section, the changes in these fac-

ors corresponded to an increase in biochar microporosity as mea-

ured by CO2-SA/OC values. Additionally, it has been commonly

ccepted that the microporosity of organic sorbents gives rise to

sotherm nonlinearity (Pignatello and Xing, 1995), which was also

een here with the negative correlation between n and CO2-SA/OC

Fig. S5e–h, Supplementary data).

.3. The impact of heating treatment temperatures and feedstocks on

he sorption capacity (logKoc) of biochars

In general, higher HTT increased the sorption capacity for all

iochars and compounds (Fig. 1d). This agrees with results from

revious studies that higher HTT biochars are more effective in

orption and sequestration of organic contaminants in soils (Chun

t al., 2004; Chen et al., 2008). However, the increase in logKoc

ith increasing HTT is not uniform for WDBs and SWBs. For exam-

le, while the highest logKoc values for the sorption of ACE and EE2

nto SWBs were at 600 °C, SW400 had the highest logKoc values

or DBP and PHE (Fig. 1d). This can probably be attributed to the

igher number of polar functional groups in LTBs, which can be in-

olved in interactions via specific adsorption including H-bonding

nd π–π interactions (Sun et al., 2013). This is consistent with our
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revious studies on the sorption of PAEs and herbicides by biochars

Sun et al., 2011a, 2012).

Among these three kinds of biochars, the SWBs demonstrated

he highest logK oc values (Ce = 0.01 Sw) of all sorbates (Fig. 1d),

ndicating that it is a more promising sorbent for environmen-

al applications than MABs and WDBs. The positive relationship

etween logKoc values of all the biochars and their ash contents

Fig. S6a, Supplementary data) suggests that the high capacity of

WBs is probably due to their ash content.

For the low ash PLABs, MABs with the higher ash content (ex-

ept at 400 °C) tended to have greater logKoc values (Ce = 0.01

w) than WDBs for the sorption of ACE, DBP and EE2 when the

TTs were low (≤400 °C) (Fig. 1d). And above 450 °C (≥450 °C),

t was reversed. For PHE, the MABs logKoc values were higher than

he WDBs for all HTTs (Fig. 1d). Further physical and chemical dif-

erences between the biochars, for example the CO2-SA/OC, may

ccount for the above results. The relationships between logKoc

alues and CO2-SA/OC values were positive for the sorption of all

our kinds of sorbates onto WDBs (p < 0.05 for ACE, DBP and

E2; p < 0.01 for PHE) and the PHE onto MABs (p < 0.05 for

HE) (Fig. 3a and b). Thus, generally the higher sorption capac-

ty of MABs at low HTTs corresponds to their higher CO2-SA/OC

alues than those of WDBs, while the higher CO2-SA/OC values

f the WDBs at high HTTs led to higher logKoc values (Table S2,

upplementary data). An additional factor that plays a role is the

romaticity of the biochars, which could contribute to sorption

hrough π–π interactions with the sorbates. The higher aromatic-

ty of the MABs except for 450 °C (Table S4, Supplementary data)

ay explain the different behavior of PHE that logKoc for PHE of

ABs was higher for all HTTs.

.4. Roles of polarity, aliphatic and aromatic C in sorption of each

iven sorbate by biochars

Generally, the order of increasing logKoc (Ce = 0.01

w) values followed the hydrophobicity of sorbates for the

hree kinds of biochars: PHE (octanol/water distribution co-

fficient (logKow) = 4.57) > DBP (logKow = 4.27) > EE2

logKow = 4.15) > ACE (logKow = 4.14) (Table S5–S8, Supple-

entary data), which highlights the significance of the hydropho-

ic effect. However, further sorption mechanisms are involved

ue to the incomparable values of normalized logKoc by logKow

logKoc/logKow) (Table S9, Supplementary data and Fig. 1e), since

f the sorption was only attributed to hydrophobic partition, the

btained logKoc/logKow values should be comparable (Sun et al.,

011b).

Previous studies showed that H-bonding interaction could occur

specially for sorbates and sorbents with polar functional groups

Crittenden et al., 1999). The O atoms of ACE and DBP could act as

-bonding acceptors and EE2 is able to serve as both H-bonding

cceptor and H-bonding donor (Sun et al., 2012). Though the PHE

olecule doesn’t have any H-bonding acceptor or donor atom, it

as been reported that the rings of PHE could act as a weak

-bonding acceptor due to the absence of hydroxyl group (Zhu

t al., 2004). The numerous O-containing functional groups and N-

ontents of the LTBs could have a high potential as H-bonding ac-

epter or donor. Thus, it is reasonable to speculate that the tested

orbate can be adsorbed by LTBs (HTTs ≤ 400 °C) through H-

onding interactions or π-H bonding (Zhu et al., 2004). This is

onfirmed by the significantly positive correlations observed be-

ween logKoc values of all sorbates and the surface polarity of LTBs

p < 0.01 for ACE, DBP, and EE2; p < 0.05 for PHE) (Fig. 3d).

n addition, DBP and EE2, which possess more H-bonding sites

Table S1, Supplementary data), had higher sorption capacities on

he biochars than ACE. However, as the polarity of LTBs declined

ith the increasing HTT, the logKoc of LTBs did not follow the
ame trend except for the LTBs-WDBs (Fig. 1d), implying that there

ould be other factors regulating the sorption ability of LTBs-MABs

nd LTBs-SWBs. Moreover, the logKoc values of DBP and EE2 by

he LTBs-WDBs (≤400 °C) were positively correlated with their

liphaticity (p < 0.05 for DBP and EE2) (Fig. 3e). Additionally,

he logKoc values of ACE and PHE generally were declined as the

liphaticity of the LTBs-WDBs (≤400 °C) decreased with increas-

ng HTT (Table S4, S5 and S8, Supplementary data). These indicate

hat the sorption of the solutes by LTBs-WDBs is also dependent on

heir aliphatic C domains. And since the reduction of aliphaticity

as as a result of the increasing HTTs, these could probably explain

hy the logKoc values of these sorbates on LTBs-WDBs (≤400 °C)

ecreased with the increasing HTT.

In contrast, for the biochars produced at relatively high HTTs

≥450 °C), the logKoc values of the sorbates correlated positively

ith the aromaticity of biochars (p < 0.01 for ACE, DBP, and EE2;

< 0.05 for PHE) (Fig. 3f). So with the increasing HTT, aromatic

oieties become the dominant sorption domains for these sor-

ates rather than aliphatic moieties. There are probably two rea-

ons for this. 1) The residue aliphatic domains of the HTBs could

e masked by the condensed domains, and thus might be inac-

essible for the compounds. With increasing HTT, the aliphatic

contents decreased dramatically, and the molecular structure

f biochars gradually changed into crystalline material with rigid

raphene sheets (Keiluweit et al., 2010). The condensed domains

ay therefore reduce the accessibility of the sorbates to aliphatic

omains. It was proposed that the alignment of crystalline subdo-

ains in semicrystalline polymers could affect the availability of

he amorphous domains for HOCs sorption (Hale et al., 2011). 2)

he larger graphene sheets in biochars could be available for the

orbates via π–π electron–donor–acceptor (EDA) interactions. The

DA interaction is a specific, noncovalent attractive force that ex-

sts between electron-rich (π-donor) and -poor (π-acceptor) are-

as (Wang and Xing, 2007). Previous studies have indicated that

he biochars generated at intermediate energy may be bipolar; aro-

atic rings in the center of a given sheet are electron deficient,

nd carbon rings closer to the edges are left electron rich (Sun

t al., 2012; Zhu and Pignatello, 2005). Moreover, PHE can behave

s donor, while ACE, DBP, and EE2 can act as π-acceptors because

heir benzene rings are electron-deficient. Therefore, π–π EDA in-

eractions between the biochar and the sorbates could be expected.

Apart from H-bonding and π–π EDA interaction, Chun et al.

2004) has reported that pore-filling is one of the dominant mech-

nisms for HOCs sorption to pyrolyzed chars. There were positive

orrelations between logKoc values and the CO2-SA/OC for all the

orbates onto WDBs (p < 0.05 for ACE, DBP and EE2; p < 0.01

or PHE) (Fig. 3a). Although this correlation was not observed in

he sorption of ACE and DBP onto SWBs (p < 0.05 for EE2 and

HE) and for MABs it only existed in the sorption of PHE (p < 0.05

or PHE) (Fig. 3b and c), the n of these sorption isotherms of ACE,

E2, PHE, and DBP were generally correlated inversely with the

O2-SA/OC of all investigated biochars (Fig. S5e–h, Supplementary

ata). Based on our analysis, CO2-SA/OC (ie. pore-filling) may be

ne of the additional factors responsible for the sorption of these

iochars.

. Conclusion

The properties of biochars vary dramatically with HTTs and

eedstock sources, and thus significantly impact their sorption ca-

acity for HOCs. Among the four sorbates investigated in our study,

he logKoc values followed the order of the hydrophobicity of

orbates. The SWBs, the biochars with the highest ash contents,

howed higher sorption capacity than the PLABs. Of the two kinds

f PLABs, we found that MABs tended to have relatively larger

ogKoc values than WDBs when the HTTs were low, probably due
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Fig. 3. Relationships between organic carbon (OC)-normalized sorption distribution coefficients (logKoc) of sorbates and OC-normalized surface area determined by CO2

adsorption (CO2-SA/OC) of wood dust biochars (WDBs) (a), maize straw biochars (MABs) (b) and swine manure biochars (SWBs) (c), between logKoc and the surface polarity

((O + N)/C) of biochars charred at ≤ 400 °C (LTBs) (d), between logKoc of DBP and EE2 and the aliphaticty of biochars charred ≤ 400 °C (LTBs) (e), between logKoc and the

aromaticity of biochars charred at ≥ 450 °C (HTBs) (f). Note that LTBs-WDBs represents the biochars obtained from wood dust at ≤ 400 °C.
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R
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B
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C
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to the higher CO2-SA/OC, ash content and aromaticity of MABs.

Furthermore, our results indicate that different sorption mecha-

nism may take place between LTBs and HTBs: H-bonding and the

aliphatic domains may regulate the sorption of WDBs obtained at

relatively low HTTs (≤400 °C), while aromatic C affects the sorp-

tion of biochars at high HTTs. Pore-filling may be one of the ad-

ditional factors responsible for the sorption of these biochars. The

results of our study contribute to the understanding of the effect

of feedstocks sources and the HTTs on the chemical and physical

properties of biochars, and more importantly, can provide a theo-

retical basis for the efficient use of biochars in environmental ap-

plications as sorbents.
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