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l components in cow manure
biochars on the adsorption and competitive
adsorption of oxytetracycline and carbaryl†

Mengwei Li,a Zhendong Zhao,a Xiaodan Wu,c Wenjun Zhou*ab and Lizhong Zhuab

In recent years, biochar has been well-documented in the literature as a promising soil amendment for the

sorption and immobilization of organic contaminants in contaminated soils via its organic functional

groups. In this study, original and demineralized cow manure biochars were applied with the aim to

evaluate the impact of their mineral component on adsorption and competitive adsorption of

oxytetracycline and carbaryl. Adsorption increased greatly for oxytetracycline but decreased slightly for

carbaryl after demineralization. Mineral components significantly enhanced overall adsorption of carbaryl

but slightly inhibited that of oxytetracycline to biochars, because the dominant sorption mechanisms of

oxytetracycline and carbaryl on demineralized biochars were established as pore-filling effects and

specific-site sorption, respectively. Competitive adsorption was observed in the binary-solute sorption

system, where oxytetracycline outcompeted carbaryl on original biochars, however, carbaryl showed

a greater competitive adsorption to oxytetracycline on demineralized biochars. Furthermore,

demineralization treatment weakened the competition strength of oxytetracycline to carbaryl but

enhanced that of carbaryl to oxytetracycline. This work demonstrated that the demineralization

treatment altered the physicochemical properties of biochars and the dominant sorption mechanisms of

oxytetracycline and carbaryl, leading to their different changes on competition strength. The results are

useful for the application of biochars in the remediation of combined pollution in agricultural soils.
1. Introduction

The contamination of farmland soils by toxic and/or hazardous
organic pollutants is a global environmental problem.1 The
long-term utilization of agricultural pesticides and repeated
fertilization with animal manure contaminated with antibiotics
have resulted in widespread and co-existing contaminations in
agricultural soils.2,3 Such contaminations pose a potential
environmental risk to humans and microorganisms through
environmental exposure and migration.4,5 Sorption and immo-
bilization are two critical processes that govern the mobility,
bioavailability, and the ultimate fate of the contaminants in
soils.6 Therefore, the possibility of exploiting in situ application
of amendments capable of binding pesticides and antibiotics in
contaminated soils, thereby reducing their environmental risk,
has received great attention recently.7,8
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Biochars are carbonaceous materials produced by the
pyrolysis of biomass residues from agricultural and forestry
production under oxygen-decient condition.9 Increasingly,
these materials are receiving recognition as potential amend-
ments that could help reduce the migration and bioavailability
of organic contaminants in soils, thereby reducing their envi-
ronmental risk.9,10

Owing to their large specic surface area (SSA), and high
hydrophobicity and aromaticity, biochars exhibit an extraordi-
narily strong adsorption affinity for a number of hydrophobic
organic contaminants (HOCs).11,12 A better understanding of the
sorption characteristics and mechanisms of pesticide and
antibiotic onto biochars is essential for effective implementa-
tion of biochars as amendments to agricultural soils.

To date, much work has been conducted to investigate the
sorption of organic contaminants by biochars. Several recent
studies have revealed that the sorption affinity and maximum
capacity of biochars for pesticides and antibiotics depended on
their degree of carbonization, and surface and bulk properties
such as the pore size distribution, specic surface area, hydro-
phobicity, and polarity.6,11,13,14 In addition, the physicochemical
properties of the sorbates (e.g., the molecular weight, hydropho-
bicity, and polarity) and the solution chemistry conditions (e.g., pH
and ionic strength) were also found to play a key role in deter-
mining the sorption mechanisms of pesticides and antibiotics by
RSC Adv., 2017, 7, 2127–2136 | 2127
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biochars.15–17 Most of these studies have focused on examining the
source material from which the biochar was produced and the
thermochemical conditions employed in the biochar pyrol-
ysis,6,18,19 as these parameters are known to affect the specic
surface area, microporosity, and surface chemistry of biochars. To
date, however, investigations directed at examining the impact of
the biochar mineral component and its interactions with organic
matters of biochars are rather limited in the literature.20–25

The published studies examining the impact of the mineral
content of natural soils and carbonaceous materials on the sorp-
tion of organic pollutants have focused mainly on single-solute
sorption system.6,15,20,21,23–27 The results of these studies have
shown that themineral components and their interactionswith the
organic matter present in carbonaceous materials exerted a great
inuence on their overall sorption capacity. On one hand, mineral
components can inhibit the non-specic adsorption of organic
molecules by blocking access to the pores of carbonaceous mate-
rials.15,21,25,28 On the other hand, mineral surfaces can enhance the
sorption of polar organic chemicals through site-specic interac-
tions such as electron donor–acceptor and hydrogen-bonding
interactions.22,25,29,30 For ionic organic compounds, minerals may
provide sites for cation or anion binding interaction.16 Therefore, it
seems reasonable to hypothesize that polar pesticide and ionic
antibiotic could be capable of forming strong complexes with (i) the
hydroxyl groups of inorganic silicates and other minerals, and (ii)
the electron-rich aromatic structures of organic components (e.g.,
graphite surfaces) associated with biochars. Combined together,
the mineral components of biochars and their interactions with
organic moieties are expected to inuence the overall sorption
characteristics of pesticides and antibiotics on biochars. However,
studies examining the impact ofmineral content of biochars on the
overall adsorption and competitive adsorption of co-existing
pesticides and antibiotics are extremely scarce.

Biochars derived from livestock manure usually possess
a high mineral content,6,15,19 for this reason, we employed cow
manure biochars as the adsorbents in this study. A carbamate
insecticide (carbaryl) and a tetracycline antibiotic (oxytetracy-
cline) were selected as a model pesticide and antibiotic,
respectively. These compounds have been selected in particular
because they have been widely detected in the surface water and
in agricultural soil.31,32 The adsorption of carbaryl and oxytet-
racycline on original and demineralized biochars in single- and
binary-solute systems were investigated and the main adsorp-
tion mechanisms were discussed. The objectives of this study
are to evaluate the impact of mineral components in biochars
on the adsorption and competitive adsorption of a pesticide and
an antibiotic, and thus develop a better understanding of their
sorption mechanisms. The obtained results are expected to
provide a rm theoretical groundwork for further analyses of
the potential application of biochars in the remediation of
combined pollution in agricultural soils.

2. Materials and methods
2.1. Materials

Carbaryl (CBL) was obtained from Sigma-Aldrich (USA) with
a reported purity of 97%. Oxytetracycline hydrochloride (OTC)
2128 | RSC Adv., 2017, 7, 2127–2136
was supplied by J&K Chemical Co. Ltd. (Beijing, China) with
a reported purity of 95%. Other chemicals used in this study
were purchased from Aladdin Chemistry Co. Ltd. (China)
(analytical or HPLC grade). The molecular structure and
selected physicochemical properties of OTC and CBL are pre-
sented in Table 1.

Cow manure stock was collected from a hoggery in Longyou
County, Zhejiang, China. The samples were air-dried, ground,
passed through a 2 mm sieve, and pyrolyzed in a preheated
muffle furnace at either 300, 400, 500, 600, or 700 �C for 6 h
under oxygen-decient conditions as described by Zhu et al.11

The prepared biochars were referred to as CMBCX, where CMBC
referred to the cow manure-derived biochar, and X referred to
the pyrolysis temperature. The produced biochars were ground
and passed through 200-mesh sieve and stored in amber glass
bottles at room temperature for later use.

Demineralized biochars were prepared using the method
described by Yang et al.33 for elimination of inorganic compo-
nents. Briey, the original biochars CMBC600 and CMBC700
were rst treated by repeated rinsing with aqueous HCl (1 M),
followed by rinsing with a mixture of aqueous HCl (1 M) and HF
(1 M), and lastly, by rinsing with distilled water several times
until solution pH was neutral, in order to remove any residual
acid and soluble salts. The resulting products were freeze-dried
and stored in desiccators for later use. Using the original
notation based on the pyrolysis temperature, these demineral-
ized biochar samples were referred to as DCMBC600 and
DCMBC700, where D denotes demineralized. The prepared
biochars were characterized by bulk elemental compositions
analysis and surface elemental compositions analysis using an
elemental analyzer (Thermo Finnigan Flash EA 1112), and X-ray
photoelectron spectroscopy (XPS) (ULVAC-PHI PHI 5000 Ver-
saProbeII, Japan). The ash content of biochars was measured by
determining the residual weight aer the biochars were heated
at 900 �C for 4 h. The oxygen content was calculated by mass
difference. The surface area, pore volume, and identity of
surface functional groups were characterized using the Bru-
nauer–Emmett–Teller (BET) analysis, and Fourier-transform
infrared spectroscopy (FTIR).
2.2. Batch sorption experiments

Batch experiments were conducted to determine the sorption of
OTC and CBL onto the original (CMBCs) and demineralized
biochars (DCMBCs) in triplicate in single- or binary-solute
systems. These experiments were performed in 22 mL Corex
centrifuge tubes equipped with Teon-lined screw caps, in
which an appropriate amount of the biochar was mixed with 20
mL of aqueous solutions containing OTC and/or CBL. The
background solution (pH ¼ 5.5) contained CaCl2 (0.01 M) and
NaN3 (200 mg L�1) in order to maintain a constant ionic
strength and to inhibit microbial activity, respectively. On the
basis of preliminary tests, the samples were equilibrated on
a reciprocating shaker (160 rpm) for 24 h at 25 � 1 �C, and then
centrifuged at 3000 rpm for 6 min. An appropriate aliquot of the
supernatant was ltered through a 0.45 mm glass ber
membrane into 2 mL glass vials for the analysis of the OTC and
This journal is © The Royal Society of Chemistry 2017
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Table 1 Molecular structure and selected physicochemical properties of oxytetracycline (OTC) and carbaryl (CBL)

Compound OTC CBL

Structure and sizea

Formula C22H24N2O9 C12H11NO2

MWb 460.43 201.22
Sw (mg L�1)c — 82.6
Kow

d 0.11–0.34 2.36
pKa

e 3.27, 7.32, 9.11 —

a Values obtained from Ji et al.20 and Zhang et al.15 b MW, molecular weight. c Sw, solubility in water (in mg L�1), data from Marie et al.39 d Kow,
octanol–water partition coefficient, data from Kulshrestha et al.29 and USEPA.40 e pKa, acid dissociation constant, data from Kulshrestha et al.29

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
0/

27
/2

02
5 

8:
59

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
CBL content by HPLC. The concentration of the adsorbed solute
was calculated simply by taking the difference between the
initial and the equilibrium solute concentrations in the
aqueous phase.

In single-solute sorption experiments, the initial aqueous
concentrations of OTC and CBL were 4–40 mg L�1 and 8–80 mg
L�1, respectively. Binary-solute sorption experiments were
conducted on CMBC600 and CMBC700, and the corresponding
demineralized biochars DCMBC600 and DCMBC700. In these
experiments, OTC or CBL was selected as the primary sorbate
(4–40 mg L�1 concentration range), with CBL or OTC as the co-
sorbate at a xed concentration of 32 mg L�1.
2.3. Quantication and data analysis

The concentrations of OTC and CBL in the aqueous solution
were quantied using an Agilent 1100 HPLC (USA) tted with
a UV detector and an Agilent Eclipse XDB-C18 column (4.5 � 15
mm, 5 mm). Acetonitrile/oxalic acid (0.01 M) (20 : 80, v/v) and
acetonitrile/oxalic acid (0.01 M) (65 : 35, v/v) at a ow rate of 1.0
mLmin�1 were employed as themobile phase for OTC and CBL,
respectively. The UV wavelengths were set at 360 nm for OTC
and 254 nm for CBL, respectively.

The isotherm data obtained in this study were tted to the
Freundlich model adsorption as described by eqn (1) or (2):

Qe ¼ KFCe
n, (1)

or

log Qe ¼ log KF + n log Ce, (2)

where Qe (mg kg�1) and Ce (mg L�1) represent the equilibrium
solid and aqueous concentrations, respectively. KF [in (mg kg�1)
(mg L�1)�n] and n denote the sorption affinity and the nonlin-
earity index, respectively.
This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1. Characterization of biochars

The bulk elemental compositions, ash content, atomic ratios,
surface area and pore volume parameters of the biochars tested
in this study are shown in Table 2. The mineral content of
original CMBCs was found to be (i) signicantly higher than
that of biochars derived from plant sources8 and (ii) to increase
with the increasing pyrolysis temperature. The atomic ratios of
H/C, O/C, and [(O + N)/C] are generally recognized as indexes for
aromaticity, hydrophobicity, and polarity, respectively.13,14

These three atomic ratios determined for the original biochars
were found to decrease with the increasing pyrolysis tempera-
ture, indicating an increase in the bulk aromaticity and hydro-
phobicity, but a decrease in the bulk polarity. These results are
also supported by the acquired FTIR spectra (Fig. S1†). Briey,
the transformation of the aliphatic carbons into aromatic
carbons can be evidenced by the reduction in the intensity of
the peaks at 2993 and 1489 cm�1 and the enhancement in the
intensities of the bands at 849, 709, and 638 cm�1.34 The
diminished intensity of the bands at 3690 cm�1 and 1783–1106
cm�1 indicates a reduction in polarity.

The demineralization treatment of CMBC600 and CMBC700
resulted in essentially complete removal of the mineral
components (Table 2). The surface elemental compositions as
determined by XPS and surface atomic ratios of the prepared
biochars are presented in Table S1.† Carbon was found to be the
dominant surface element, followed by oxygen. The main
mineral element present on the surface of these biochars was Si.
The content of most surface elements decreased, with the
exception of C and N, while most mineral elements could even
not be detected at all. The surface C content of original CMBCs
was obviously higher than their corresponding bulk C, sug-
gesting the minerals of these original biochars were likely
covered by organic component as well as the structural
heterogeneity within biochars as reported by Zhang et al.15 and
RSC Adv., 2017, 7, 2127–2136 | 2129
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Table 2 Bulk elemental composition, atomic ratios, surface area, and pore volume parameters of original (CMBCs) and demineralized (DCMBCs)
biochars

Sorbent

Bulk elemental compositiona (%) Atomic ratioc

SBET
d (m2 g�1) Vt

e (cm3 g�1) Vmic
f (cm3 g�1)C H N O fom

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

CMBC300 45.7 3.2 2.6 17.3 65.2 34.8 0.84 0.28 0.33 8.8 0.029 0.000
CMBC400 45.3 2.6 2.3 14.5 57.7 42.3 0.69 0.24 0.28 15.2 0.03 0.000
CMBC500 42.5 1.5 2.1 11.5 50.9 49.1 0.42 0.20 0.24 21.1 0.038 0.006
CMBC600 44.3 1.1 2.0 8.1 47.5 52.5 0.29 0.14 0.18 81.4 0.061 0.036
CMBC700 41.8 0.6 1.2 6.7 45.8 54.2 0.18 0.12 0.15 161.4 0.11 0.074
DCMBC600 49.2 1.7 1.0 43.6 95.4 4.6 0.40 0.67 0.68 246.6 0.20 0.090
DCMBC700 49.5 1.3 1.0 40.5 92.2 7.8 0.31 0.61 0.63 321.3 0.26 0.12

a Determined using an elemental analyzer. b Organic matter content. c Calculated from the atomic ratio of the bulk elements. d Determined by N2
adsorption using the Brunauer–Emmett–Teller (BET) method. e Total pore volume, determined at P/P0 ¼ 0.99. f Micropore volume, calculated using
the t-plot method.41
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Sun et al.21 Furthermore, the increased surface C contents of the
CMBCs aer demineralization was consistent with their
increased bulk C amounts (Tables 2 and S1†), suggesting that
minerals of these CMBCs had no obvious effect on the spatial
distribution of organic matter, which is not consisted with the
result reported by Sun et al.21

The demineralization treatment also decreased the bulk
aromaticity and hydrophobicity, while at the same time
increased the bulk polarity of the original biochars, as indicated
by the increasing atomic ratios of H/C, O/C, and [(O + N)/C] in
the demineralized biochars (Table 2). The FTIR spectra can also
verify the result mentioned above (Fig. S1†). However, the
surface hydrophobicity of original biochars was found to
increase while the surface polarity decreased aer demineral-
ization treatment (Table S1†), which was a trend opposite to
that observed for the bulk properties. This difference in prop-
erties suggests that abundant minerals of biochars would
benet the exposure of polar groups on the surface of the tested
biochars, which could exhibit higher surface polarity of original
biochars than their corresponding demineralized ones.21

The surface area and the pore volume of all biochars were
found to increase with increasing pyrolysis temperature, and
a particularly large difference was observed for the biochars
produced at the highest temperature (Table 2). For CMBC600
and CMBC700, the micropore volumes accounted for a signi-
cant proportion (58–69%) of the total pore volumes (Fig. S2†).
Aer demineralization, the surface area and the micropore
volume of biochars increased much more signicantly, with the
greatest change observed for DCMBC700. However, the
percentage of the micropore volume in the total pore volume
decreased to 44–47% for DCMBC600–DCMBC700 because of
the increase in their mesopore volume.
Fig. 1 Adsorption isotherms of oxytetracycline (OTC) and carbaryl
(CBL) on original biochars pyrolyzed at different temperatures (300–
700 �C).
3.2. Sorption isotherms of oxytetracycline and carbaryl on
original cow manure biochars

The sorption isotherms and Freundlich model tting parame-
ters determined for the adsorption of oxytetracycline and
carbaryl on ve original CMBCs are shown in Fig. 1 and Table
S2,† respectively. The sorption isotherms of oxytetracycline and
2130 | RSC Adv., 2017, 7, 2127–2136
carbaryl on original CMBCs were nonlinear and the sorption
datas were tted successfully to the Freundlich model (R2 > 0.95
in each case). The sorption affinities of the original biochars for
both oxytetracycline and carbaryl increased with increasing
pyrolysis temperature. This increase was found to be especially
noticeable for CMBC600 and CMBC700. The corresponding
adsorption affinity (KF) for OTC and CBL increased from 103.05

to 103.77 and from 103.32 to 104.43, respectively, which are
This journal is © The Royal Society of Chemistry 2017
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markedly higher than the values reported in other studies for
OTC (102.58 to 102.9) and CBL (102.9 to 103.74) on biochars.8,17 In
addition, the sorption amount and the sorption affinity KF of
CMBCs for CBL were found to be higher than those for OTC.
The nonlinearity of the CBL sorption isotherms increased with
increasing pyrolysis temperature, and the values of n decreased
from 0.762 to 0.282. Moreover, the values of n in the OTC
sorption isotherms were much lower than those obtained for
CBL on CMBCs, exhibiting a slight increase from 0.247 to 0.395
(except CMBC600). The lower value of n for the biochars indi-
cates a higher number of heterogeneous glass, hard or
condensed sorption domains, and a larger sorption site energy
distribution.35 These results are indicative of a better distribu-
tion of high-energy adsorption sites for OTC than for CBL on the
original biochars.

According to the results presented above, CMBCs derived at
different temperatures displayed dissimilar sorption charac-
teristics for OTC and CBL. To further elucidate the factors that
govern the adsorption of OTC and CBL on CMBCs, the chemical
structural parameters of these biochars were correlated with the
organic carbon-normalized sorption coefficient (log Koc values
at three different sorbate concentrations, Table S2†) and the
nonlinearity index (n values, Table S2†) of OTC and CBL (Fig. S3
and S4†). This comparison showed that the log Koc values of
OTC and CBL at all three different sorbate concentrations were
signicantly negatively correlated with the H/C, O/C, and [(O +
N)/C] atomic ratios of the original biochars, revealing the
positive effect of the aromatic and hydrophobic carbon contents
of biochars and the negative effect of their bulk polarity on the
OTC and CBL adsorption. These observations are in agreement
with the ndings presented in recent studies,15,20,36 which have
shown that OTC and CBL can interact strongly with the
aromatic surfaces of carbonaceous adsorbents via strong p–p

electron donor–acceptor (EDA) interactions. Additionally, it has
been well-documented in literatures11,37 that the adsorption of
HOCs to carbonaceous adsorbents can be inhibited by surface
polar oxygen-containing functional groups because these
groups can facilitate formation of larger and denser water
molecule clusters around them, and in turn, creates a stronger
competition for the surface area available on the graphitized
carbon of adsorbents. Hence, in the present study, the decrease
in the H/C and O/C atomic ratios of the original biochars is
expected to enhance the p–p EDA interactions, contributing to
the sorption of OTC and CBL. Additionally, the aromaticity of
CMBCs in this study was higher than the aromaticity of bio-
chars examined in the prior sorption study for OTC and CBL,8,17

and thus, the CMBCs showed a higher sorption affinity for both
OTC and CBL.

Fig. S4† clearly shows that the values of n in the CBL sorption
isotherms on the original CMBCs were signicantly positively
correlated with the H/C, [(O + N)/C], and O/C atomic ratios, but
no signicant correlation was found between the n values in the
OTC sorption isotherms and the chemical structure parameters
of the original biochars. Therefore, the increase in the aromatic
and hydrophobic organic components in the CMBCs with an
increasing pyrolysis temperature is the major factor contrib-
uting to the nonlinearity of the CBL sorption isotherms, which
This journal is © The Royal Society of Chemistry 2017
can provide specic sorption sites for p–p EDA interactions and
hydrophobic effect. Although no signicant correlation was
found between the values of n for OTC and the chemical
structural properties of the original biochars, the n values of
OTC were markedly lower than those of CBL. This difference
suggests that pore-lling at the limited surface and/or interior
sites may be the dominant mechanism for OTC adsorption.35 In
comparison to CBL, OTC is a much larger molecule (1.41 nm
versus 0.71 nm, see Table 1), and it may, therefore, experience
pronounced steric hindrance when approaching the sorption
domains in the micropores, resulting in a weaker sorption
affinity than that of CBL.
3.3. Impact of mineral components on the adsorption of
oxytetracycline and carbaryl on biochars

As evidenced by the characterization analyses of biochars, the
demineralization treatment has signicantly increased the
surface area and themicropore volume of original biochars. The
treatment also altered their chemical characteristics, whichmay
manifest in completely different sorption characteristics of the
demineralized biochars when compared to the original bio-
chars. To test this hypothesis, the sorption isotherms of OTC
and CBL on the original biochars and the corresponding dem-
ineralized biochars are compared in Fig. 2, and the Freundlich
model parameters are listed in Table 3. It is observed that the
sorption isotherms of OTC and CBL on the demineralized bio-
chars also exhibit nonlinearity, and the corresponding values of
n decreased drastically aer the demineralization treatment.
Therefore, the demineralization treatment increased the degree
of nonlinearity of the OTC and CBL sorption isotherms on
biochars. However, the demineralization showed different
effect on the sorption affinity of OTC and CBL on the biochars.
It can be clearly seen from Fig. 2 that the OTC uptake onto the
selected biochars decreased in the following: DCMBC700 >
DCMBC600 > CMBC700 > CMBC600, and for CBL uptake:
CMBC700 > DCMBC700 > CMBC600 > DCMBC600. These
trends show that the demineralization treatment increased
signicantly the adsorption of OTC on biochars, but decreased
slightly the adsorption of CBL.

The demineralization treatment removed the majority of the
mineral components and created a large number of additional
micropores on the biochars, which possess a wide distribution
of sorption site energies and can increase the degree of
isotherm nonlinearity.21,35 Therefore, demineralization may
enhance the site-specic interactions and pore-lling on the
biochars and give rise to the signicantly nonlinear adsorption
of OTC and CBL. This sorption enhancement, however, could be
somewhat counteracted by the contributions of the mineral
components—it is well documented in the literature that
tetracyclines can adsorb strongly on the surfaces of iron/
aluminum hydroxides and clay minerals via surface complexa-
tion (e.g., mediated by H-bonding) and/or ion exchange reac-
tions.29,30 Furthermore, studies have shown that clay minerals
can adsorb CBL through site-specic interactions between the
carbamate functional groups and the exchangeable cations
present on the mineral surface.26
RSC Adv., 2017, 7, 2127–2136 | 2131
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Fig. 2 Comparison of the adsorption isotherms of oxytetracycline
(OTC) and carbaryl (CBL) on original (CMBCs) and demineralized
(DCMBCs) biochars. The solid and dotted lines represent the estimated
Freundlich adsorption isotherms for CMBC700 and CMBC600,
respectively.

Table 3 Freundlich model parameters and concentration-dependent dis
adsorption/competition isotherms on selected original (CMBCs) and dem

Sorbent Competitor log KF

OTC CMBC600 — 3.59
32 mg L�1 CBL 3.48

CMBC700 — 3.77
32 mg L�1 CBL 3.76

DCMBC600 — 4.15
32 mg L�1 CBL 3.87

DCMBC700 — 4.42
32 mg L�1 CBL 4.25

CBL CMBC600 — 4.11
32 mg L�1 OTC 3.60

CMBC700 — 4.43
32 mg L�1 OTC 3.98

DCMBC600 — 4.02
32 mg L�1 OTC 3.92

DCMBC700 — 4.37
32 mg L�1 OTC 4.25

a Koc is the concentration-dependent organic carbon-normalized sorption
where foc is the percentage of carbon content of biochar. b For OTC, Ce1, Ce2
Ce3 equaled to 0.005Sw, 0.05Sw, and 0.5Sw, respectively. Sw (mg L�1) is the

2132 | RSC Adv., 2017, 7, 2127–2136
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In order to determine the impact of the mineral components
in the original biochars on its overall adsorption of OTC and
CBL, the measured adsorption isotherms for the demineralized
biochars were fractionalized according to the content of organic
matter of the original biochars. The corresponding Freundlich
tting curves (estimated isotherms) are also shown in Fig. 2,
representing the adsorption capacity of the organic matter
fraction in the original biochars. The differences between the
measured and the estimated sorption isotherms represent the
minimum adsorption contribution or adsorption inhibition of
the mineral fraction. For OTC, the estimated isotherms were
located slightly above the measured isotherms, with differences
of less than 25% for CMBC700, and less than 15% for CMBC600.
However, these trends were completely reversed for CBL, as
showed in Fig. 2. Namely, the estimated CBL isotherms were
placed well below the measured isotherms for both CMBC600
and CMBC700, with a difference of more than 50% in each case.
Based on the comparison of the estimated and the measured
sorption isotherms for OTC and CBL, it can be established that
the mineral components inhibit slightly the overall sorption of
OTC to the original biochars, and enhance signicantly the
sorption of CBL. However, this observation is not consistent with
previously reported studies,15,20 in which the mineral content
was found to have a negative inuence on the overall adsorption
of CBL to biochars, and a signicant positive contribution for
tetracycline adsorption to black carbon. This discrepancy could
be attributed to the differences in the main mechanisms of
adsorption of OTC and CBL on the demineralized biochars.

The demineralization treatment decreased the bulk aroma-
ticity and hydrophobicity of biochars but increased their bulk
polarity, while the log Koc of OTC still increased signicantly,
which means that it is not the site-specic sorption mechanism
tribution coefficients (Koc) for oxytetracycline (OTC) and carbaryl (CBL)
ineralized (DCMBCs) biochars

n R2

log Koc
a at

Ce1
b Ce2

b Ce3
b

0.323 0.969 4.499 3.822 3.145
0.364 0.964 4.361 3.725 3.089
0.395 0.978 4.646 4.041 3.436
0.428 0.923 4.683 4.011 3.339
0.171 0.989 5.038 4.209 3.380
0.338 0.995 4.641 3.979 3.317
0.164 0.983 5.309 4.473 3.637
0.254 0.981 5.076 4.330 3.584
0.382 0.973 4.783 4.165 3.547
0.845 0.995 4.096 3.941 3.786
0.282 0.887 5.159 4.441 3.723
0.667 0.976 4.561 4.228 3.895
0.213 0.997 4.630 3.843 3.056
0.268 0.990 4.509 3.777 3.045
0.162 0.989 4.997 4.159 3.321
0.223 0.997 4.853 4.076 3.299

distribution coefficient (Koc ¼ KFCe
n�1/foc), in L kg�1 of organic carbon,

, and Ce3 were 0.2, 2.0, and 20mg L�1, respectively. For CBL, Ce1, Ce2, and
solubility of carbaryl in water under neutral pH.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Adsorbent surface area-normalized adsorption isotherms for
oxytetracycline (OTC) and carbaryl (CBL) on original (CMBCs) and
demineralized (DCMBCs) biochars.
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but another sorption mechanism that contributed to the OTC
sorption the most. The demineralization process removed most
of the mineral content of CMBC600 and CMBC700, thereby
reducing the contribution of the mineral components to the
adsorption of OTC. However, the demineralization simulta-
neously released a large number of additional surface micro-
pore sorption sites as pores and surface areas drastically
increased, thereby enhancing the accessibility of the sorption
sites and pore-lling effect for the adsorption of OTC. Namely,
the increase in the log Koc values and the decrease in the values
of n (well lower than 1) for the OTC sorption isotherms on the
demineralized biochars, together with the increased surface
area and the number of pores are indicative of the pore-lling
mechanism. In addition, the surface oxygen content of the
demineralized biochars was found to be notably lower than that
of the original biochars (see Table S1†). Therefore, the demin-
eralization treatment would be expected to reduce water mole-
cule clusters competition adsorption mentioned above.
Hydrogen-bonding interactions between the OTC and the bio-
chars might also be enhanced6 following demineralization
because the content of certain polar groups increased, as evi-
denced by the changes in the [O + N]/C atomic ratio and the
results of the FTIR spectroscopy analysis. The sorption
enhancements mentioned above could counterbalance the loss
of mineral contents sorption induced by demineralization, and
potentially even can increase the overall adsorption of OTC.
Nevertheless, while the number of micropores and the surface
area increased signicantly aer demineralization, the p–p

EDA and ion exchange interactions between CBL and biochars
may be reduced as a result of the decrease in the aromatic and
mineral content, thus actually leading to an overall decrease in
adsorption. Hence, it is hypothesized that the main mechanism
of OTC sorption on the demineralized biochars is the pore-
lling effect, whereas the CBL adsorption can be attributed to
the specic site adsorption such as p–p EDA interactions.

Fig. S2† shows the results of the pore size distribution
analysis. While the demineralized biochars were found to be
highly microporous, the ratio of micropore volume to the total
pore volume was lower compared to that of original biochars.
This difference can be attributed to the increase in the meso-
pore volume following demineralization. Meanwhile, the two
examined sorbates vary signicantly in molecular size, and
thus, may exhibit size-dependent adsorption on the selected
biochars, regulated by the porosity of the adsorbent. To test this
hypothesis, the adsorbent surface area-normalized adsorption
isotherms of OTC and CBL on two original and two deminer-
alized biochars are shown in Fig. 3. Comparison of the original
sorption isotherms (Fig. 2) and the adsorbent surface area-
normalized adsorption isotherms (Fig. 3) reveals that the
differences in the adsorption affinities between the original and
demineralized biochars for OTC are signicantly larger in the
original sorption isotherms than in the surface area-
normalization sorption isotherms. This outcome indicates
that the higher adsorption affinity of the demineralized bio-
chars for OTC than that of the original ones can be largely
attributed to their larger surface area and mesopore volume,
and further conrms the pore-lling effect as the main sorption
This journal is © The Royal Society of Chemistry 2017
mechanism for OTC on demineralized biochars. In contrast, the
differences in the adsorption affinities for CBL between the
original and demineralized biochars are much more noticeable
in the surface area-normalized isotherms than that in the
original isotherms. This means that it is not the increase in the
biochar surface area that plays a key role in the decrease of the
adsorption affinity for CBL but other factors induced by the
demineralization process. These results have demonstrated
that the sorption of OTC and CBL on demineralized biochars
proceeds through different mechanisms.
3.4. Competitive adsorption of oxytetracycline and carbaryl
on original and demineralized biochars

The competitive sorption between different chemicals generally
occurs at the solid–water interface, and can affect the sorption
characteristic and affinity of the other contaminant on the
adsorbent. Therefore, the adsorption of oxytetracycline and
carbaryl on the original and demineralized biochars in binary-
solute system was investigated. The sorption isotherms for
OTC and CBL on selected CMBCs and corresponding DCMBCs
with and without a co-solute are shown in Fig. 4, and their
Freundlich tting parameters are listed in Table 3. The presence
of OTC was found to signicantly inhibit the sorption of CBL on
the original biochars (CMBC600 and CMBC700), indicating
a competitive effect of OTC on CBL sorption. However, no
signicant changes were observed in the sorption of OTC
RSC Adv., 2017, 7, 2127–2136 | 2133
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Fig. 4 Adsorption isotherms of carbaryl (CBL) and oxytetracycline (OTC) on original (CMBCs) and demineralized (DCMBCs) biochars with and
without a co-solute ([OTC] or [CBL] ¼ 32 mg L�1).

Fig. 5 The values of A determined for the adsorption of carbaryl (CBL)
and oxytetracycline (OTC) on original (CMBC600 and CMBC700) and
demineralized (DCMBC600 and DCMBC700) biochars in the presence
of OTC or CBL as the co-solute (Koc at Ce ¼ 0.05Sw for CBL, Ce ¼
0.2 mg L�1 for OTC).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
0/

27
/2

02
5 

8:
59

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
following the addition of CBL (Fig. 4a and b), suggesting that
the CBL displayed negligible competition with OTC sorption on
CMBC600 and CMBC700. The competitive adsorption between
OTC and CBL was also observed on the demineralized biochars
(DCMBC600 and DCMBC700). For these biochars, an obvious
decrease in the adsorption of both OTC and CBL was observed
in the presence of a co-solute, with a more signicant decrease
determined for the OTC adsorption in the presence of CBL.

The strength of the competitive adsorption can be evaluated
with a parameter A,38 which expresses the percentage decrease
in Koc following the addition of the co-solute and can be
calculated using eqn (3):

A ¼ (Koc � K0
oc)/Koc � 100%, (3)

where Koc and K0
oc are the sorption coefficients for the primary

solute in the single-solute and bi-solute systems, respectively.
The calculated values of A for the adsorption of OTC and CBL on
the original and demineralized biochars in binary-solute
systems are shown and compared in Fig. 5. The OTC was
found to be a much a stronger competitor to CBL than CBL was
to OTC on the original biochars, as suggested by the 2.0–5.8 fold
higher values of A for OTC to CBL than CBL to OTC. In contrast,
CBL exhibited a greater competition to OTC than OTC to CBL on
the demineralized biochars, with 1.6–2.9 fold higher values of A
for addition of CBL to OTC than OTC to CBL.
2134 | RSC Adv., 2017, 7, 2127–2136
The values of n determined in the CBL sorption isotherms on
original biochars in the presence of OTC increased signicantly
(from 0.382 to 0.845 for CMBC600, and from 0.282 to 0.667 for
CMBC700, Table 3). In contrast, there was little change in the
values of n for OTC with CBL as the co-solute, implying that OTC
can occupy and block certain sorption sites specic for CBL.30

For this reason, OTC showed stronger competitiveness relative
This journal is © The Royal Society of Chemistry 2017
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to CBL on CMBC600 and CMBC700. Aer demineralization, the
changes in the values of n in the CBL sorption isotherms with
OTC as the co-solute were not as signicant as those deter-
mined for OTC with CBL as the co-solute. A possible explana-
tion for this observation is that the high-energy sorption sites
offered by micropores are preferentially occupied by the smaller
adsorbates (CBL).20 We have established that the main sorption
mechanism for OTC on demineralized biochars is pore-lling.
Therefore, CBL can occupy the micropores on demineralized
biochars preferentially inducing a strong size-exclusion effect
for the larger OTC molecules. Clearly, demineralization treat-
ment changed the physicochemical properties of biochars and
in turn altered the main sorption mechanisms for OTC and CBL
on these materials, leading to changes in the competitiveness of
OTC and CBL for binding sites. This observation, however, is
not consistent with the sorption affinities—the values of log Koc

for the CBL sorption isotherms were higher than those for the
OTC on the original biochars, but at the same time lower than
those of OTC on the demineralized biochars. In other words,
a higher sorption does not always lead to a stronger competi-
tion. This phenomenon has also been observed in the study of
Wang et al.,38 where the sorption coefficients of sulfamethox-
azole on activated carbon were found to be larger than those of
sulfamethoxazole on single-walled carbon nanotubes. Yet, the
sorption competition strength of sulfamethoxazole to carba-
mazepine was weaker on activated carbon than on single-walled
carbon nanotubes in this study.

The results also reveal that the demineralization treatment
weakened the competition strength of OTC to CBL, but
enhanced that of CBL to OTC. As it can be seen from Fig. 5 that
the values of A for the competition of OTC to CBL on original
biochars were 2.23–2.86 fold higher than those determined on
the demineralized biochars. In contrast, the A values of CBL to
OTC on the original biochars were 2.06–4.19 fold lower than
those determined for the demineralized biochars. This obser-
vation can be attributed to the different main mechanisms for
the adsorption of OTC and CBL on demineralized biochars that
we have established above. The sharp increase in SSA and the
number of pore structures on the demineralized biochars
offered abundant specic sites for CBL adsorption, thereby
weakening the competitiveness of OTC to CBL following the
demineralization treatment. Furthermore, as a result of its
smaller size relative to OTC, CBL can take priority over OTC in
occupying the micropores available on the demineralized bio-
chars, and then markedly reduced the pore-lling effect of OTC.
Ultimately, this phenomenon explains the greater competitive-
ness of CBL to OTC on demineralized biochars.

4. Conclusions

Mineral components of biochars affected both the adsorption
and competitive adsorption of OTC and CBL on CMBCs and
DCMBCs. Specically, mineral component signicantly
enhanced the overall adsorption of CBL but inhibited slightly
that of OTC to CMBCs, since the main sorption mechanisms of
OTC and CBL aer demineralization were altered to pore-lling
and specic-site adsorption, respectively. The changes in the
This journal is © The Royal Society of Chemistry 2017
dominant sorption mechanisms for OTC and CBL led to their
changes in competitive adsorption strength. Therefore, the
impact of mineral component should be carefully considered
when applying biochar as soil amendment to achieve efficient
sorption of co-existed pesticides and antibiotics.
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