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A B S T R A C T

Steam-activated biochar (SBC) was prepared and showed excellent performance for synergistic removal of Cu2+

and tetracycline (TC). The adsorption capacity of SBC and mutual effect of TC and Cu2+ were investigated via
single and binary system and the adsorption isotherm. The adsorption capacity of TC was significantly enhanced
when it coexisted with Cu2+. Likewise, increased amounts of Cu2+ were adsorbed in the presence of TC. The
presence of NaCl exerted a negative influence on the adsorption of Cu2+, while the inhibitory effect of salinity on
TC was neutralized by bridge enhancement in the binary system. Bridge enhancement and site competition were
involved in the synergistic removal of TC and Cu2+. Considering the stable application in simulated and real
water samples, SBC showed great potential for synergistic removal of antibiotics and heavy metals.

1. Introduction

Environmental pollution has become increasingly serious (Qasemi
et al., 2018a, 2019; Qasemi et al., 2018b; Rezaei et al., 2019); in par-
ticular, the combined pollution of heavy metals and antibiotics has
gained wide public attention (Chen et al., 2016; Gong et al., 2017; Ling

et al., 2013). Cu2+ has been extensively used as a feed additive in the
livestock and poultry industry because of its growth-promoting effect.
However, Cu2+ cannot be degraded and is released into the environ-
ment (Ding et al., 2018). Meanwhile, tetracycline (TC), which is a ty-
pical antibiotic (Dehghan et al., 2018), has been widely used in live-
stock breeding (Sarmah et al., 2006). Owing to the poor metabolization

https://doi.org/10.1016/j.jhazmat.2019.121470
Received 5 March 2019; Received in revised form 10 October 2019; Accepted 12 October 2019

⁎ Corresponding author at: College of Environmental Science and Engineering, Hunan University, Changsha, Hunan, 410082, People’s Republic of China.
E-mail address: huangdanlian@hnu.edu.cn (D.-L. Huang).

Journal of Hazardous Materials 384 (2020) 121470

Available online 14 October 2019
0304-3894/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2019.121470
https://doi.org/10.1016/j.jhazmat.2019.121470
mailto:huangdanlian@hnu.edu.cn
https://doi.org/10.1016/j.jhazmat.2019.121470
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2019.121470&domain=pdf


or absorption of TC in vivo, 40–90% of parent compounds are dis-
charged into aquatic environments (Sarmah et al., 2006). Therefore, the
surrounding water body is easily polluted by TC and
Cu2+simultaneously. TC and Cu2+ are harmful to animals and humans.
Moreover, TC and Cu2+ can easily form complexes, which make their
environmental behaviors more complicated. The toxicity of complex
species is generally greater than that of precursors (Ling et al., 2013).
Therefore, it is imperative to remediate combined pollution.

Various methods have been used to remove antibiotics and heavy
metals, including ion exchange, chemical precipitation, membranes,
adsorption, etc. (Guo et al., 2018; Huang et al., 2016; Zhou et al.,
2017a; Dehghani et al., 2018; Qasemi et al., 2018c). Owing to its ad-
vantages, including its low cost, high efficiency (Gong et al., 2018;
Dehghani et al., 2017a,b), simplicity of design (Huang et al., 2015;
Fazlzadeh et al., 2017a; Khosravi et al., 2018a), and ease of operation
(Zhou et al., 2018; Fazlzadeh et al., 2017b), adsorption among the most
reliable alternatives. However, it is more difficult to simultaneously
remove antibiotics and heavy metals than it is to remove single pollu-
tants because of (i) competition for the adsorption site, (ii) strong
complexation of solutes, or (iii) formation of ternary surface complexes
(Ling et al., 2013). Thus, selection of the adsorbent is very important.

Biochar (BC) is an emerging carbon-rich material produced by
biomass pyrolysis under no or oxygen-limited conditions (Huang et al.,
2019a, 2018; Gong et al., 2019). It possesses a porous structure,
abundant surface functional groups, and high specific surface area,
which are conducive to the removal of heavy metals and antibiotics
(Huang et al., 2019b). In addition, BC can be produced from a variety of
raw materials such as agricultural residues, sewage sludge, and live-
stock manure. BC may be an appropriate alternative to remove pollu-
tants. Recently, steam-activated biochar (SBC) has displayed good ad-
sorption capacity for separate organic pollutants or heavy metals
(Rajapaksha et al., 2015; Shim et al., 2015). It is possible to enhance the
pore volume and surface area of BC by removing the trapped products
of incomplete combustion during thermal treatment and can then en-
hance the adsorption capacity of pollutants (Rajapaksha et al., 2014).
Furthermore, it is relatively simple and economically feasible
(Rajapaksha et al., 2016). SBC may have the potential to simultaneously
remove antibiotics and heavy metals. Antibiotics can form complexes
with heavy metals, which may influence the removal efficiency of
pollutants. It is necessary to study the mutual effect of coexistent pol-
lutants. Additionally, the removal mechanisms of Cu2+ and TC in
binary systems are much more complicated than those in single sys-
tems. Thus, the mechanisms of simultaneously removing TC and Cu2+

by SBC need to be studied.
Thus, a bamboo-SBC was synthesized for the removal of Cu2+ and

TC, and the main experimental contents of this research included (i)
discussion of the mutual effect of coexisting pollutants on the removal
of TC or Cu2+; (ii) study of the simultaneous adsorption ability of SBC
for TC and Cu2+ using key parameters (the initial concentration of TC
or Cu2+, pH, and ionic strength) and applications in tap water and
Xiangjiang River water; and (iii) investigation of underlying mechan-
isms of TC and Cu2+ adsorption onto SBC.

2. Materials and methods

2.1. Materials

All chemicals, including HCl, NaOH, NaCl, Na2CO3, MnCl2·4H2O,
KH2PO4, MgCl2·6H2O, CaCl2·6H2O, Pb(NO3)2, and Cu(NO3)2·3H2O,
were analytical reagent grade. All solutions were prepared using ul-
trapure water (resistivity of 18.25MΩ/cm). TC (purity of 99.5%) was
purchased from the Sigma-Aldrich Chemical Co.

2.2. Preparation of steam-activated biochar

The bamboo was obtained from local farmers (28°18'N, 112°41'E),

and was washed several times. It was subsequently dried at 60 °C and
smashed to pass through a 100 mesh sieve (0.147mm). Under oxygen-
limited conditions, the prepared ground bamboo was pyrolyzed in an
OTF-1200X-L tubular furnace with a heating rate of approximately 8 °C
/min. The bamboo was pyrolyzed at 500 °C for 2 h. After, the BC was
treated with steam (5mL/min) for 45min under 500 °C (Rajapaksha
et al., 2015). The samples obtained from bamboo with and without
steam activation were called SBC and BC, respectively.

2.3. Batch adsorption experiment

To investigate the adsorption behavior of TC and Cu2+on SBC,
batch adsorption experiments were conducted. The adsorption experi-
ments were conducted in three different modes, namely (i) Mode 1:
Cu2+ only, (ii) Mode 2: TC only, and (iii) Mode 3: Cu2+ and TC mix-
ture. First, 0.02 g of BC was added to a 20mL solution in vials. Then,
0.1 M HNO3 and NaOH solution was applied to regulate the desired pH.
The adsorption capacities of SBC and BC were compared with the initial
Cu2+ concentration in the range of 0–3mmol/L and initial TC con-
centration in the range of 0–0.6mmol/L. The effect of pH on the ad-
sorption of Cu2+ and TC by SBC was determined with an initial pH
range from 2 to 7. The effect of ionic strength on the removal of TC and
Cu2+ by SBC was investigated with an NaCl concentration range of
0mmol/L to 100mmol/L. The effects of CaCl2, MgCl2, MnCl2, Pb
(NO3)2, Na2CO3, and KH2PO4 on the adsorption of TC and Cu2+ were
also studied. The concentration of each of the six electrolytes was
100mmol/L. After the adsorption experiment, the mixtures were col-
lected and filtered through 0.45 μm pore size nylon filters. The residual
concentrations of Cu2+ and TC were determined.

2.4. Measurement of the Cu2+ and tetracycline concentrations

Atomic adsorption spectrophotometry (THERMO, USA) and UV–vis
spectrometry (Agilent 8453, USA) were applied to detect the residual
concentrations of Cu2+ and TC, respectively. According to the fol-
lowing Eqs. (1) and (2), the removal efficiency and adsorption capacity
(q; mg/g) of Cu2+ or TC on SBC were calculated. The limit of detection
(LOD) and limit of quantification (LOQ) of the method for Cu2+ were
0.008mg/L and 0.032mg/L, respectively. The LOD and LOQ of the
method for TC was 0.017mg/L and 0.068mg/L, respectively. Fur-
thermore, the value of qTC/qCu was the ratio of the adsorption capacity
of TC to the adsorption capacity of Cu2+. Meanwhile, the value of
qCu2+/qTC was the ratio of the adsorption capacity of Cu2+ to the ad-
sorption capacity of TC.

Adsorption (A) % = (C0−Ce)/C0 (1)

q = (C0−Ce)*V/m (2)

where C0 and Ce are the initial and equilibrium concentrations of Cu2+

or TC (mg/L), respectively; V is the volume of the solution (L); and m is
the weight of added SBC (g).

2.5. Characterization methods

Many characterization methods were applied to investigate the
physicochemical properties of SBC, and the detailed methods are de-
scribed in our previous study (Wang et al., 2018). To study the un-
derlying mechanisms of TC and Cu2+ adsorption onto SBC, X-ray
photoelectron spectroscopy (XPS) was applied to study the changes in
surface functional groups in SBC before and after adsorption in single
and binary systems.
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3. Results and discussion

3.1. Properties of the prepared biochar material

After steam activation, the characteristics of BC may change.
Table 1 presents the physicochemical characteristics of BC and SBC.
Compared with BC, SBC had a higher ash content and pH. Similar re-
sults were observed by Rajapaksha (Rajapaksha et al., 2015). The total
C content was slightly increased after steam activation. Generally, the
H/C and (O+N)/C ratios are used to predict the aromaticity and po-
larity of BC, respectively. It was observed that the H/C ratio of SBC did
not change much. Meanwhile, the polarity index ((O+N)/C) of SBC
was lower than that of BC, thereby suggesting that the surface polar
functional groups concentration decreased (Rajapaksha et al., 2014). In
addition, the reduction of the molar O/C ratio may have reduced the
hydrophilic properties of BC (Shim et al., 2015). The specific surface
area and pore volume of the SBC were slightly larger than those of the
BC. Azargohar and Dalai (2008) also found that steam activation can
increase the total pore volume of BC samples, which favors the ad-
sorption of pollutants.

The C1s spectrum of BC was deconvoluted into four peaks at 284.6,
285.2, 287.3 and 289.7 eV, which were associated with C, CeO, C]O
and OeC]O, respectively (Fig. 1). After steam activation, the ratio of
graphitic carbon increased, which was advantageous to the removal of
TC. The graphite-like structure could act as a π-acceptor and interact
with the protonated aniline ring of the TC molecule. The ratios of CeO
and C]O both decreased. Conversely, the ratio of OeC]O increased
from 9.65% to 17.97% after steam activation, which was consistent
with the results of Mandal et al. (2017). The OeC]O group was ben-
eficial for the adsorption of heavy metals and organic pollutants. These
findings suggested that steam activation influenced the properties of BC
and that some effects were beneficial for the removal of pollutants.

3.2. Mutual effect of Cu2+ and tetracycline uptake by steam-activated
biochar and biochar

Studies have shown that the mutual effect of Cu2+ and TC uptake is
complicated. On one hand, Cu2+ and TC can easily form complexes.
This may be beneficial for the synergistic removal of Cu2+ and TC. The
complexes are predominately in the form of [Cu-TC], [Cu-TC]+,
[CuTC]0 with a minor quantity of the [Cu-2TC] complex (Ling et al.,
2013). In addition, the promotive effect of complexes can be described
by Eqs. (3)–(6). On the other hand, Cu2+ and TC may be absorbed by
the same adsorption sites and compete for the adsorption sites (Chen
et al., 2016). Thus, the mutual effects of Cu2+ and TC uptake by SBC
and BC were investigated.

Free Cu2+ + BC ⇔ [BC-Cu2+] (3)

Free TC+BC ⇔ [BC-TC] (4)

Free Cu2+ + [BC-TC] ⇔ [BC-TC-Cu2+] (5)

Free TC+ [BC-Cu2+] ⇔ [BC-Cu2+-TC] (6)

3.2.1. Impact of the initial tetracycline concentration on the adsorption of
Cu2+

The impact of the initial TC concentration on the removal of Cu2+

by SBC and BC was investigated with the increase in initial TC con-
centration from 0mmol/L to 0.6 mmol/L. As shown in Fig. 2a, the
adsorption of Cu2+ increased in the presence of TC. When the initial
concentration of TC ranged from 0.05mmol/L to 0.40mmol/L, the
adsorption capacity of Cu2+ gradually increased. Meanwhile, the ad-
sorption of TC by SBC increased (Fig. 2b). The increased amount of
Cu2+ may have been adsorbed owing to the complexation with the
increased in adsorbed TC molecules (Eq. (5)), and the complex may
have acted as a bridge between Cu2+ and the adsorbent (Ma et al.,
2014). However, when the initial TC concentration increased to
0.6 mmol/L, the adsorption of Cu2+ decreased. A large amount of TC
may have occupied the adsorption sites and competed with Cu2+,
thereby leading to the decrease in Cu2+ adsorption (Ma et al., 2014).
Similarly, the uptake of Cu2+ by BC was also enhanced when TC co-
existed in the solution. Most importantly, when the initial TC con-
centration ranged from 0mmol/L to 0.6 mmol/L, the adsorption capa-
city of SBC was higher than that of BC.

In addition, in order to understand the adsorption process of TC and
Cu2+ by SBC in binary systems, the qCu/qTC values are evaluated and
the obtained results are shown in Fig. 2c. When the concentration of TC
was 0.05mmol/L, the value of qCu/qTC was larger than 3. This could be
explained by the fact that the concentration of Cu2+ (0.20mmol/L) was
larger than that of TC (0.05 mmol/L), and most of the Cu2+ was

Table 1
Physicochemical properties of BC and SBC.

BC SBC

pH 10.02 10.86
Ash (%) 4.57 5.05
C (%) 81.53 82.52
H (%) 4.45 4.39
O (%) 13.14 10.80
N (%) 0.11 0.18
Molar H/C (×10^−1) 0.55 0.53
Molar O/C 0.16 0.13
Molar (O+N)/C 0.16 0.13
Surface area (m2 g−1) 1.22 2.12
Pore volume (×10^−1 cm3 g−1) 0.01 0.02
Pore diameter (nm) 1.85 4.06

Fig. 1. X-ray photoelectron spectroscopy spectra of biochar (BC) (a) and steam-activated biochar (SBC) (b).

R.-Z. Wang, et al. Journal of Hazardous Materials 384 (2020) 121470

3



removed by way of Eq. (3) instead of Eq. (5). When the concentration of
TC increased to 0.2mmol/L and the concentration of Cu2+ was
0.2 mmol/L, the value of qCu/qTC was larger than 1, thereby suggesting
that the adsorption capacity of SBC for Cu2+ was higher than that for
TC. When the concentration of TC increased to 0.6mmol/L, the value of
qCu/qTC was reduced to less than 1. The initial concentration of Cu2+

(0.2 mmol/L) was significantly lower than that of TC (0.6mmol/L), a
large amount of TC was adsorbed, and a relatively small amount of
Cu2+ was removed. These results were consistent with those obtained
by Ma et al. (2014). In conclusion, when the initial concentration of TC
increased from 0.05mmol/L to 0.40mmol/L, the adsorption of Cu2+

(0.20 mmol/L) by SBC gradually increased. Once the concentration of
TC exceeded 0.4 mmol/L, the bridge enhancement decreased and the
competition effect was enhanced, so the adsorption capacity and en-
hancement were decreased.

3.2.2. Effect of the initial Cu2+ concentration on the adsorption of
tetracycline

The effect of the initial Cu2+ concentration on the removal of TC by
SBC and BC is shown in Fig. 3. With the addition of Cu2+, the ad-
sorption capacity of TC significantly increased. When the initial con-
centration of Cu2+ increased from 0.2mmol/L to 1.0 mmol/L, the ad-
sorption capacity of TC by SBC gradually increased (Fig. 3a).
Meanwhile, the adsorption of Cu2+ also increased (Fig. 3b). It was
suggested that the complexation-bridging between Cu2+ and TC on the
adsorbent increased the adsorption amount of TC (Ling et al., 2013).
However, when the concentration of Cu2+ continued to increase, the
adsorption amount of TC decreased (Fig. 3a). This phenomenon may
have been attributed to the fact that Cu2+ occupied more active sites
than TC, thereby leading to the decrease in TC adsorption. Chen et al.

also found similar results (Chen et al., 2016). In brief, when the initial
concentration of Cu2+ increased from 0.2mmol/L to 1.0 mmol/L, the
adsorption of TC (0.2mmol/L) by SBC gradually increased. Once the
concentration of Cu2+ increased to more than 1.0mmol/L, the com-
petition effect increased and neutralized part of the bridge enhance-
ment. The adsorption capacity and enhancement were decreased. In
addition, when the initial Cu2+ concentration was in the range of
0–3.0mmol/L, the adsorption capacity of SBC for Cu2+ was higher than
that of BC, thereby suggesting that steam activation was conducive to
increasing the adsorption capacity of BC.

As shown in Fig. 3c, when the initial concentration of Cu2+ in-
creased from 0.2 to 3.0mmol/L, the ratio of qTC/qCu decreased. Cu2+

ions were compactly distributed on the SBC surface and was accom-
panied by more significant steric resistance (Ma et al., 2014), thereby
leading to the decreased adsorption of TC. In addition, the values of
qTC/qCu were lower than 1, thereby indicating that a small amount of
the adsorbed Cu2+ ions was attached to TC.

3.3. Adsorption isotherm

The Langmuir isotherm assumes that the surface of the adsorbent is
uniform and that no interactions between adsorbate molecules on ad-
jacent sites exist. The Freundlich isotherm deems that multilayer ad-
sorption is involved in the uptake of pollutants (Zhou et al., 2017b;
Naghizadeh et al., 2016). The equations are expressed as follows
(Qasemi et al., 2018d):

Qe = KLQmCe/(1+KLCe) (7)

Qe = KFCe
1/n (8)

Fig. 2. Effect of the concentration of tetracycline (TC) on the adsorption of Cu2+ (a) and TC (b), and the ratio of qCu/qTC (c) by biochar (BC) and steam-activated
biochar (SBC) (dosage= 1.0 g/L; C0, Cu

2+ was fixed at 0.2 mmol/L; C0, TC ranged from 0–0.6 mmol/L; 298 K; pH=5).

Fig. 3. Effect of the concentration of Cu2+ on the adsorption of tetracycline (TC) (a) and Cu2+ (b), and the ratio of qTC/qCu (c) by biochar (BC) and steam-activated
biochar (SBC) (dosage= 1.0 g/L; C0, TC was fixed at 0.2 mmol/L; C0, Cu

2+ ranged from 0 to 3mmol/ L; 298 K; pH=5).
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where Qm (mg/g) is the maximum adsorption capacity; Qe (mg/g) and
Ce (mg /L) are the amount of adsorbed Cu2+ or TC and the con-
centration of Cu2+ or TC in the solution at equilibrium, respectively; KL

is the affinity constant; and KF (mg g−1) and n are the adsorption
equilibrium constant.

The adsorption isotherms of Cu2+ and TC onto SBC were de-
termined in single and binary systems. The Langmuir and Freundlich
models were used to simulate the experimental process. As displayed in
Fig. 4 and Table 2, it was found that the Langmuir equation could better
describe the sorption isotherm of Cu2+ and TC, thereby suggesting that
homogeneous adsorption of TC and Cu2+ occurred on the adsorbent
and the adsorption of SBC was likely monolayer (Wang et al., 2018).
The KL and qmax values in the binary system were higher than those in
the single system. Furthermore, compared with other materials, the
prepared SBC showed better adsorption performance for TC and Cu2+

(Table 3). SBC was a good alternative for simultaneously removing TC
and Cu2+.

3.4. Influence of pH on tetracycline and Cu2+ removal

pH is a key parameter in the adsorption of heavy metals or anti-
biotics because it may affect the surface charge of the material and the
speciation of TC (Huang et al., 2017; Lai et al., 2016). Thus, the in-
fluence of solution pH on the removal of TC and Cu2+ was studied. As
presented in Fig. 5 a, the adsorption capacities of Cu2+ in the single and
binary systems increased with the increase in pH. This phenomenon
was mainly ascribed to the Zeta potential of SBC. The point of zero
charge (pHpzc) of SBC was 2–3. When pH < pHpzc, the hydroxyl and
carboxylic groups of SBC were protonated, and the surface of SBC was
positively charged. Electrostatic repulsion between SBC and Cu2+ de-
creased the adsorption capacity. When pH > pHpzc, the hydroxyl and
carboxylic groups of SBC were deprotonated (Zhou et al., 2016), and
[Cu-TC]+ and Cu2+ were existed in solution (Ling et al., 2013), so the
electrostatic attraction between SBC and the pollutant increased,

thereby increasing the adsorption capacity (Yap et al., 2016).
Different from the uptake of Cu2+, when the pH ranged from 2 to 7,

the adsorption capacity of TC in the single and binary system increased
and then decreased (Fig. 5 b). As the pH increased from 2 to 5, the
adsorption amount of TC gradually increased. However, as the pH
further increased, the adsorption capacity of TC decreased. These re-
sults could have been attributed to the Zeta potential of SBC and the
pH-dependent speciation of TC. At a pH of 2, TC mainly existed in
cationic form (TC+ or H3TC+) (Ling et al., 2013) and the hydroxyl and
carboxylic groups of SBC were protonated, so the electrostatic repulsion
caused low adsorption (Zhao et al., 2013). When the pH ranged from 3
to 5, the hydroxyl and carboxylic groups of SBC were deprotonated, so
the electrostatic interaction between H3TC+ and negatively charged
SBC surfaces increased the uptake of TC in the single system
(Rajapaksha et al., 2014; Zhao et al., 2013). In the binary system, the
percentage of TC+ decreased while the percentage of [Cu-TC]+ sig-
nificantly increased. [Cu-TC]+ became the dominant species in the
binary system. The electrostatic interaction between [Cu-TC]+ or TC+

and negatively charged SBC surfaces increased the uptake of TC (Ling
et al., 2013). When the pH value ranged from 5 to 7, the percentage of
H3TC+ or [Cu-TC]+ decreased, and the percentage of HTC− or [Cu-
TC]0 gradually increased (Ling et al., 2013; Zhao et al., 2013), so the
electrostatic interaction between TC and SBC decreased, thereby
causing the decrease in TC adsorption. Moreover, as illustrated in
Fig. 5(b), Cu2+ did not alter the tendency of TC adsorption in solutions
with different pH, but significantly enhanced the adsorption amount of
TC.

3.5. Influence of ionic strength on tetracycline and Cu2+ removal

Ions universally exist in the environment, including in natural water
and wastewater streams, and they may affect the adsorption capacity of
TC and Cu2+ (Wang et al., 2018). Thus, the influences of coexisting ions
on the removal of TC and Cu2+ were investigated, and the results are
illustrated in Fig. 6. With the addition of NaCl, the adsorption capacities
of Cu2+ in the single and binary systems slightly decreased (Fig. 6a).
This could be explained as follows: (i) Cu2+ and Na+ can compete for
the same adsorption sites (Wang et al., 2015); (ii) the addition of Na+

can suppress the electrostatic interactions between the adsorbent and
adsorbate by the electrostatic screening effect (Jung et al., 2018); and
(iii) anions (Cl−) also compete with Cu2+ for the active site through the
mechanisms of charge diffusion and competitive adsorption (Baig et al.,
2014; Hong et al., 2017). Compared with NaCl, other coexisting ions
(CaCl2, MgCl2, MnCl2, Pb(NO3)2, Na2CO3 and KH2PO4) had greater
impacts on the adsorption of Cu2+ (Fig. 6(c)). These coexisting cations
may have had a much greater screening effect on the electrostatic

Fig. 4. Adsorption isotherms of tetracycline (TC) (a) and Cu2+ (b) in single and binary systems fitted by the Langmuir model (solid lines) and Freundlich model
(dashed lines) (dosage= 1.0 g/L; C0, TC ranged from 0–0.6 mmol/L; C0, Cu

2+ ranged from 0 to 3mmol/ L, respectively; 298 K; pH=5).

Table 2
The isotherm parameters for TC and Cu2+ adsorption onto SBC.

Target Langmuir model Freundlich model

KL qm
(mmol/g)

Radj
2 KF 1/n Radj

2

TC 1.5180 0.144 0.9950 0.1067 0.7580 0.9882
TC in binary solution 235.643 0.222 0.9920 0.2950 0.2015 0.8795
Cu2+ 1.2068 5.010 0.9903 3.0358 0.7437 0.9779
Cu2+ in binary

solution
3.0063 5.029 0.9952 5.1933 0.6651 0.9899
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interaction between Cu2+ and SBC than that of NaCl. In addition, these
coexisting cations occupied more active adsorption sites, which were
available for Cu2+ bonding.

The impact of ionic strength on the adsorption of TC was different
from that of Cu2+. As illustrated in Fig. 6b, when the concentration of
NaCl increased, the adsorption capacity of TC increased and then de-
creased in the single system. This phenomenon may have been attrib-
uted to the synergistic effect of the promotive salting-out effect and the
inhibitive electrostatic screening effect of Na+ (Ma et al., 2014; Yu
et al., 2017). In addition, Cl− also had a negative effect on the ad-
sorption of TC. The interaction between anions (Cl−) and the negatively
charged SBC surface made it strongly repellent and have a weak affinity
for TC (Zeng et al., 2017). Different from the impact of ionic strength in
the single system, the adsorption of TC in the binary system was not
inhibited by the presence of NaCl, and the adsorption amount of TC in
the binary system was higher than that of the single system. Cu2+

formed a bridge between the SBC and TC and increased the adsorption
capacity, which neutralized the inhibitive effect of NaCl. However, the
adsorption of TC in the binary system was inhibited by the presence of
CaCl2, MgCl2, MnCl2, Pb(NO3)2, Na2CO3, and KH2PO4. The adsorption
capacities of TC in the presence of coexisting cations were in the order
of NaCl > Pb(NO3)2> CaCl2>MnCl2>MgCl2>Na2CO3>KH2PO4.

These coexisting cations occupied more active adsorption sites for TC
than NaCl. In addition, the bridge enhancement of Cu2+ could not
neutralize the inhibitive effect of these coexisting cations.

3.6. Thermodynamic study

Thermodynamic studies were conducted to evaluate whether the
adsorption process was spontaneous. Three basic thermodynamic
parameters, namely standard Gibbs free energy (ΔG0; kJ/mol)), stan-
dard enthalpy change (ΔH0; kJ/mol)), and standard entropy change
(ΔS0; J/mol·K), were calculated according to the following equation
(Khosravi et al., 2018b):

ΔG0 = -RT lnK0 (9)

where K0 is a thermodynamic equilibrium constant. It was calculated by
plotting ln(Qe/Ce) as a function of Qe. Qe (mg/g) and Ce (mg/L) are the
amount of adsorbed Cu2+ or TC and the Cu2+ or TC concentration in
the solution at equilibrium, respectively. R is the universal gas constant
(8.3145 J/(mol·K)) and T is the temperature of the solution (K). ΔH0

(kJ/mol) and ΔS0 (J/(mol·K)) could be calculated using the van’t Hoff
equation, as follows:

Table 3
The comparison of remove efficiencies for TC and Cu2+ by SBC and other materials.

Target Concentration
(mmol/L)

Conditions
(mmol/L)

qmax

(mmol/g)
Material Ref.

TC 0∼0.6 [Cu] = 0 0.011 Chelating Resin (Ling et al., 2013)
[Cu]=0.2 0.029

TC 0∼0.25 [Cu] = 0 0.054 Amino-Fe(III) functionalized mesoporous silica (Zhang et al., 2015)
[Cu]=0.25 0.093

TC 0∼0.2 [Cu] = 0 0.039 Zeolite (Huang et al., 2012)
[Cu] = 0.1 0.154

TC 0∼1.06 [Cu] = 0 0.054 Chitosan (Jin et al., 2010)
[Cu]=0.25 0.087
[Cu] = 0.50 0.093

TC 0∼0.5 [Cu] = 0 0.066 Struvite-loaded zeolite (Wang et al., 2019)
TC 0∼0.6 [Cu] = 0 0.144 SBC This study

[Cu]=0.2 0.222
Cu2+ 0∼3.0 [TC] = 0 1.208 Chelating Resin (Ling et al., 2013)

[TC]= 0.2 1.418
Cu2+ 0∼2.5 [TC] = 0 0.475 Amino-Fe(III) functionalized mesoporous silica (Zhang et al., 2015)

[TC] = 0.1 0.567
Cu2+ 0∼2.0 [TC] = 0 1.856 Chitosan (Jin et al., 2010)

[TC] = 0.1 1.486
Cu2+ 0∼0.6 [TC] = 0 2.182 Struvite-loaded zeolite (Wang et al., 2019)

[TC] = 0.1 0.379
[TC] = 0.35 0.166

Cu2+ 0∼3.0 [TC] = 0 5.010 SBC This study
[TC]= 0.2 5.029

Fig. 5. Effect of pH on the adsorption of Cu2+ (a) and tetracycline (TC) (b) in the single and binary systems (dosage=1.0 g/L; C0, Cu
2+ was fixed at 0.2 mmol/L (a);

C0, TC was 0.15mmol/L (b); 298 K).
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lnK0 = ΔS0/R- ΔH0/RT (10)

The plot of ln K0 versus 1/T should be linear with a slope equal to
ΔH0/R and an intercept equal to ΔS0/R. The calculated values of the
thermodynamic parameters are listed in Table 4. As shown in Table 4,
the ΔG0 values of Cu2+ and TC were negative, thereby indicating that
the adsorption of Cu2+ and TC on the SBC was a spontaneous and
thermodynamically feasible process (Yu et al., 2011). With the increase
in temperature, the absolute values of ΔG0 increased. The adsorption
process was more favorable at higher temperatures. Furthermore, the
values of ΔH0 for Cu2+ and TC were positive. The adsorption process
for Cu2+ and TC was an endothermic reaction (Zhu et al., 2014). The
ΔH0 values for both Cu2+ and TC were greater than 20 kJ/mol, thereby
indicating a chemisorption process. On the other hand, the positive
values of ΔS0 indicated that the adsorption process was irreversible and
favorable for the sorption stability (Zhu et al., 2014).

3.7. Removal mechanism

The adsorption kinetics (Fig. S1) showed that a pseudo-second-order
equation could better fit the experimental data of TC, thereby sug-
gesting that chemisorption was involved in the process and may have
been the rate-limiting step in the process of TC adsorption by SBC.
Hydrogen bonding, electrostatic interaction, and π-π electron donor-

acceptor interactions may have played significant roles in the removal
process of TC (Zhou et al., 2017b; Kah et al., 2017). After steam acti-
vation, the graphitic carbon ratio of BC increased. This was beneficial to
the removal of TC because the graphite-like structure could act as a π-
acceptor and interact with the protonated aniline ring of the TC mo-
lecule. In addition, owing to the increase in the ratio of OeC]O, the
hydrogen bonding between TC and OeC]O of the SBC may have been
improved. Moreover, the influence of pH on TC adsorption suggested
that electrostatic interaction was involved in the removal of TC. Ac-
cording to the XPS results of the SBC before and after the adsorption of
Cu2+ (Fig. 7), surface complexation between Cu2+ and oxygen-con-
taining functional groups may have participated in the removal of
Cu2+. After Cu2+ uptake, the ratio of metal oxide increased from
13.71% to 18.28%, while that of the CeOH group decreased from
31.81% to 27.78%, which indirectly proved that Cu2+ was adsorbed on
the SBC by surface complexation. Furthermore, the SBC contained ash,
so precipitation or cation exchange have also been involved in the re-
moval of Cu2+ (Wang et al., 2018). The impact of pH on the Cu2+

removal also suggested that electrostatic interaction was involved in the
removal of Cu2+.

According to the results of the mutual effect of Cu2+ and TC uptake
by SBC, bridge enhancement may have participated in the synergistic
adsorption process. To further confirm the bridge enhancement, XPS
was applied to characterize the SBC before and after adsorption. The
XPS spectrum of O1s (Fig. 7) was deconvoluted into four peaks with
binding energies of 530.6, 531.49–531.78, 532.18–532.69 and
533.18–533.62 eV, which corresponded to metal oxide, C]O, CeOH,
and CeO, respectively. After TC and Cu2+ uptake, the ratio of metal
oxide in SBC+TC+Cu2+ was greater than that of SBC+Cu2+, and
that of CeOH decreased to 25.01%. This phenomenon suggested that
TC may have acted as a bridge between Cu2+ and the adsorbent be-
cause of the formation of a TC-Cu2+ complex. This enhanced the ad-
sorption capacity of Cu2+. After Cu2+ adsorption, the three peaks were
presented at 935.31, 942.86, and 954.88 eV (Fig. 7), which were as-
signed to Cu 2p3/2, Cu 2p1/2, and Cu 2p1/2, respectively (Jia et al.,

Fig. 6. Effect of ionic strength on the adsorption of Cu2+ (a, c) and tetracycline (TC) (b, d) in the single and binary systems (dosage=1.0 g/L; C0, Cu
2+ was fixed at

0.2 mmol/L (a, c); C0, TC was 0.15mmol/L (b, d); 298 K; pH=5).

Table 4
Various thermodynamic constants for TC and Cu2+ adsorption onto SBC.

Target Temperature
(K)

ΔG0

(kJ mol−1)
ΔH0

(kJ mol−1)
ΔS0
(J mol−1 K−1)

TC 298 −12.47 23.52 120.53
308 −13.02
318 −13.95

Cu2+ 298 −7.70 24.50 108.18
308 −8.59
318 −9.24
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2015; Wu et al., 2013). After TC adsorption, the three peaks of Cu2+

2p2/3 shifted to 935.18, 943.27 and 954.48 eV, respectively, further
suggesting the formation of a TC-Cu2+ complex (Jia et al., 2015). These
results demonstrated that bridge enhancement was involved in the sy-
nergistic removal of TC and Cu2+.

3.8. Potential of steam-activated biochar in actual water samples

In order to study the potential of SBC in actual water, adsorption
experiments were conducted in tap water and Xiangjiang River water
(the overall composition of Xiangjiang River is presented in Supporting
Information). As illustrated in Table 5, SBC exhibited good adsorption
performance in river and tap water. The removal efficiency of Cu2+ in
river water was slightly higher than that of tap water and ultrapure
water. This might have been attributed to the organic matter in river
water, which could act as a bridge to increase the interaction between
Cu2+ and SBC (Zhao et al., 2011). As for TC, when the Cu2+ con-
centration was 0.2mmol/L, the removal efficiency in river water was

lower than that in tap water and ultrapure water, which might have
been ascribed to the coexisting ions (Table S1). These ions may have
competed for the active adsorption sites. When the Cu2+ concentration
increased from 1.0 mmol/L to 2.0mmol/L, the removal efficiency of TC
in the river water was higher than that in ultrapure water. The in-
creased amount of TC may have been adsorbed by complexation with
the increased adsorbed Cu2+. The complex acted as a bridge between
Cu2+ and the adsorbent. When CTC= 0.2mmol/Land CCu

2+

=2.0mmol/L, the adsorption efficiency of SBC for Cu2+ and TC
reached 84.0% and 84.5% in river water, respectively. SBC showed
great application potential for the simultaneous removal of TC and
Cu2+ from actual water.

3.9. Reusability test

The reusability of SBC for the adsorption of TC and Cu2+ in binary
systems was investigated by repeating the adsorption–desorption cycle
for four times. As shown in Fig. 8, after three cycles, the removal effi-
ciency of TC and Cu2+ by the SBC decreased to approximately 83.25%
and 80.59%, respectively. SBC exhibited excellent reusability for the
adsorption of both target compounds.

4. Conclusions

In this study, TC and Cu2+ could be effectively and simultaneously
removed by SBC. When CTC =0.15mmol/L and CCu= 0.20mmol/L,
the removal efficiency of TC and Cu2+ reached 95.75% and 94.66%,
respectively. Bridge enhancement and site competition were involved
in the synergistic adsorption of TC and Cu2+. SBC exhibited good ad-
sorption capacity for TC and Cu2+ in tap water and river water. SBC is a
promising adsorbent for the removal of combined pollution containing
TC and Cu2+. This work provided an effective method for the si-
multaneous removal of antibiotics and heavy metals from aquatic en-
vironments.

Fig. 7. X-ray photoelectron spectroscopy spectra of O1s and Cu2p in the samples of steam-activated biochar (SBC), SBC+Cu2+, and SBC+ tetracycline (TC) +
Cu2+.

Table 5
Practical application of SBC in Co-removal of Cu2+ and TC in different waters.

Solutions (mmol/L) Watera Ce,TC
b Ae,TC

c Ce,Cu
2+b Ae,Cu

2+c

C0,Cu
2+=0.2, C0,TC= 0.2 UW 0.132 66.0 0.185 92.5

TW 0.115 57.5 0.186 93.0
RW 0.107 53.5 0.188 94.0

C0,Cu
2+=1.0, C0,TC= 0.2 UW 0.138 69.0 0.862 86.2

TW 0.177 88.5 0.874 87.4
RW 0.147 73.5 0.882 88.2

C0,Cu
2+=2.0, C0,TC= 0.2 UW 0.140 70.0 1.619 81.0

TW 0.187 93.5 1.666 83.3
RW 0.169 84.5 1.680 84.0

a UW, TW, and RW are ultrapure water, tap water, and river water, re-
spectively.

b Ce,TC and Ce,Cu are the adsorption capacity of TC and Cu2+, respectively.
c Ae,TC and Ae,Cu are the removal efficiency of TC and Cu, respectively. The

units of Ce and A are mmol/g and %, respectively. The pH of UW, TW, and RW
are 7.04, 6.91 and 7.15, respectively.
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