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Abstract
In this study, the biocarbon derived from aerobic granular sludge with different nutritive proportions wasmodified by Cu(NO3)2•3H2O
(Cu-BC) to improve its adsorption capacity of doxycycline hydrochloride (DOX). The surface area, pores, functional groups, and
element composition of biocarbon were characterized by scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET)
surface area, X-ray photoelectron spectrometer, X-ray diffraction (XRD), the X-ray photoelectron spectrometer, and Fourier transform
infrared spectrometry (FT-IR), respectively. Effects of DOX concentration, initial pH, and background electrolyte on adsorption effects
of composite were analyzed. Furthermore, the adsorption kinetics, isotherm, thermodynamics, and diffusion model were investigated.
Results demonstrated that biocarbons which were prepared with aerobic granular sludge under different nutritive proportions presented
different performances. The BET specific surface area of Cu-NaAC/AGS-BC was 260.1592 m2/g, and the micropore volume was
0.054101 cm3/g. The BET specific surface area of Cu-GLC /AGS-BC was only 10.6821 m2/g, and the micropore volume was
0.008687 cm3/g. Both kinds of modified biochar contain a large number of oxygen-containing functional groups. The highest
adsorption efficiency of Cu-BC could reach 99.54%. The adsorption of DOX on two modified biocarbons conforms to the pseudo-
second-order dynamic model and Temkin isothermal model.
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Introduction

Due to the abundant uses of antibiotics in recent years, the
antibiotic content in environment has climbed up dramatical-
ly, and the antibiotic pollution has been intensifying gradually
(Kümmerer 2009). This brings a great threat to human and
livestock health. The antibiotic consumption in China reached
100,000 tons in 2013 only. Among them, only 52% were
veterinary antibiotics, which was 200 times that in U.K. in
the same period and more than 5 times that in USA in 2012
(Zhang et al. 2015b). Antibiotics in wastewater have great
toxicity, and they can bring considerable damages to

microorganism in the environment. Some antibiotics which
are discharged into water bodies in the environment can exist
stably for a long period. They are not only easy to induce
germination of resistance genes, but also can cause health
damages after entering into the human and animal bodies
through enrichment (Aydin et al. 2014). Professor G.
Lofrano from the University of Salerno detected spiramycin
in the effluent from a sewage treatment plant in a region of
Italy (Lofrano et al. 2018). Professor D.R. Van Stempvoort
from the Burlington, Ontario, tested the underground water in
a city of Canada, and found that the concentration of sulfon-
amide antibiotics reached 46 ng/L (Van Stempvoort et al.
2013). Antibiotics in the environment can decrease human
immunity and induce microorganisms to produce resistance
genes. Moreover, some antibiotics even have carcinogenicity,
teratogenicity, and mutagenicity, and disturb physiological
functions of human (Yu et al. 2016). DOX is widely used in
livestock farms as a common veterinary drug. Due to incom-
plete metabolism, DOX often produces residues in the
environment to cause adverse environmental influences
(Zhang et al. 2020). Hence, it is crucial to find a high-
efficiency disposal of DOX.
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At present, disposal techniques of antibiotic pollutants in
water bodiesmainly include biological method, physicochem-
ical method, and advanced oxidation process (AOP) (Tang
et al. 2018). Specifically, membrane technology, bioremedia-
tion, and AOP are the best in antibiotic wastewater processing.
Nevertheless, these methods often claim high costs and com-
plicated operations (Chen et al. 2018). In contrast, the adsorp-
tion technique is advantageous of easy operation, low cost,
high removal rate, nontoxic, and harmless (Yan et al. 2020).
So far, many materials have been applied to pollutant adsorp-
tion, such as carbon nanotube (CNT) (Kim et al. 2014),
montmorillonoid (Zhao et al. 2012), kaolin (Li et al. 2010),
graphene (Gao et al. 2012), and apatite (Cui et al. 2014).
However, these materials might have some problems, such
as high cost, poor adsorption performances, and secondary
pollution (Chen et al. 2018). By contrast, biocarbons which
are prepared by plant residues (Tan et al. 2015), animal wastes
(Wang et al. 2016), and sewage sludge (Yang et al. 2016) have
small influences on the environment. Nowadays, biocarbon
has been extensively used to eliminate antibiotic pollutants
in water.

As a biomass-derived carbon material, biocarbon is char-
acteristic of high carbon content, high porosity, and easy prep-
aration (Kim and Hyun 2018; Ahmad and Danish 2018). The
surface properties of biocarbon can be altered by simple mod-
ification (Danish et al. 2018; Danish et al. 2013). Functional
groups on the biocarbon surface also are changed after the
modification, so that BC is easier to be adsorbed by bonding
with pollutants through hydrogen bonds, π-π bonds, and elec-
trostatic forces (Chen et al. 2017). The raw materials of
biocarbon have extensive sources (Wang et al. 2013).
Straws, household wastes, feces, and sludge all can be used
as the matrix of biocarbon. The biocarbon that uses sludge as
the matrix is often used to eliminate various pollutants since it
is rich of functional groups and has extensive sources of
sludge (Yan et al. 2020).

Aerobic granular sludge (AGS) is the aggregation formed
by microbial self-flocculation (Wan et al. 2017). With charac-
teristics of stable compact structure, high biomass, good set-
tling performances, and high carbon content, AGS has large
specific surface area and can generate abundant small pores
during carbonization, thus improving its adsorption perfor-
mance significantly (Amorim et al. 2017). Hence, biocarbon
prepared by AGS is expected to be a new adsorbent. At pres-
ent, biocarbon is mainly used to eliminate pollutants likemetal
ions (Dong et al. 2017) and dyes (Zhang et al. 2015a, 2015b)
through adsorption. There are few studies on the application
of biocarbon to adsorption of antibiotic pollutants. Ordinary
BC shows poor adsorption effect due to the limited specific
surface area and few adsorption sites. Hence, activation mod-
ification of BC is necessary to increase its specific surface area
or adsorption sites, aiming to improve its adsorption efficiency
of pollutants (Wang et al. 2017). Many modifiers, such as

ZnCl2(Yan et al. 2020), FeCl3(Xiangdong et al. 2014), and
O3(Huber et al. 2005), have been applied to modification of
biocarbon. Moreover, many studies have proved that
biocarbon modified by metal salts could increase removal
efficiency of target pollutants (Liu et al. 2017).

Therefore, AGS was domesticated firstly with different
proportions of sodium acetate and glucoses. The prepared
AGS was used as the raw material to prepare Cu-BC and
Cu(NO3)2•3H2O was used as the modifier. Secondly, specific
surface area, porosity, structural characteristics, and functional
groups of Cu-BC were characterized. Thirdly, the adsorption
laws of DOX on Cu-BC were explored by controlling differ-
ent factors like concentration, background electrolytes, and
pH. Meanwhile, adsorption kinetics, isotherm, thermodynam-
ics, and intragranular diffusion model of DOX on Cu-BC
were discussed. This study provides a new way to eliminate
antibiotic wastewater effectively.

Materials and methods

Reagents and materials

DOX was bought from Macklin Biochemical Co (China) and
other reagents including Cu(NO3)2·3H2O, HCl, NaOH,
C6H12O6, MgSO4, FeCl3, CaCl2, NH4Cl, K2HPO4, and
KH2PO4 were purchased from the Tianjin Damao Chemical
Reagent Factory (China). Two types of aerobic granular sludge
were from the sequencing batch intermittent sludge reactor in the
laboratory. The AGS domesticated in the high proportion of
sodium acetate (mCH3COOH:mC6H12O6=13:9.24) was named as
NaAC/AGS, and the AGS domesticated in the low proportion
of sodium acetate (mCH3COOH:mC6H12O6=8.4:12.6) was named
as GLC/AGS. The active sludge which was used for curing of
aerobic granular sludge was collected from the Sewage
Treatment Plant in Anning, Lanzhou City, China. In the experi-
ment, deionized water was used to prepare sludge nutrition and
ultrapure water from an ultrapure water instrument (UPHW-I-
90T, China) was used in other procedures. The electrical resis-
tivity of ultrapure water could reach as high as 18.25 MΩ.

Adsorbents preparation

AGS was filtered by a 60-mesh sieve after it was dried under
105 °C and grinded, and then put in a tube furnace. The fur-
nace was vacuumized three times and supplied with N2 three
times to assure the N2 inert atmosphere. The grinded AGSwas
calcined under 700 °C for 2 h, and the temperature rise rate
was set 5 °C·min−1. Subsequently, AGS was cooled to room
temperature under the continuous N2 flows.

Twenty grams of Cu(NO3)2·3H2O powder was placed in a
1-L volumetric flask, dissolved with water and diluted to the
marking line, 250 ml of this solution was placed in an iodine
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flask, and 2.5 g of AGS-BCwas added and mixed evenly. The
solution was placed in a water bath thermostatic oscillator and
oscillated for 16 h at 25 °C and 160 r·min−1.Later, it was dried
in a vacuum oven under 60 °C and then sealed up and stored.
NaAC/AGS and GLC/AGS were processed in the same way.
The non-modified biocarbon was named as NaAC/AGS-BC
and GLC/AGS-BC, while the modified biocarbon was named
as Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC. NaAC/AGS-
BC and GLC/AGS-BC was processed by the same method of
Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC except the modi-
fication steps.

Characteristics of adsorbents

Structures and morphologies of sludge and adsorbents were
characterized by a scanning electron microscope (SEM,
SIGMA500/VP, Germany). Specific surface area, porosity,
and pore volume of adsorbents were analyzed and determined
by a Brunauer-Emmett-Teller (BET, ASAP2020, USA) ana-
lyzer. Samples were analyzed by a X-ray diffractometer
(XRD, D/max-2500, Japan) by using CuKá as the radiation
source under the scanning range of 2θ=10°−80° and the scan-
ning rate of 5°·min−1. Qualitative and quantitative analyses of
elements on Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC sur-
face were performed by an Escalab 250Xi X-ray photoelec-
tron spectrometer (XPS, Thermo Fisher, USA). Moreover, the
Fourier transform infrared spectra of Cu-NaAC/AGS-BC and
Cu-GLC/AGS-BC between 4000 and 400 cm−1 were record-
ed by Fourier transform infrared spectrometry (FT-IR) at the
resolution rate of 4 cm−1; the measurement was made by KBr
transmission method.

Sorption experiments

To study effects of initial concentration of DOX on adsorp-
tion, a batch of experiments were carried out by using DOX
solution with a concentration gradient of 10~100 mg·L−1.
Later, 0.02-g Cu-NaAC/AGS-BC was added into 20-mL
DOX solution (50 mg·L−1) and stirred for 24 h under
160 rpm and 25 °C. Next, the solution was filtered by a
0.45-μm syringe filter and then spectrophotometry was per-
formed under the 346 nm wavelength (UV2800A, UNICO,
China). The absorbance of the prepared DOX solution was
measured at the same wavelength, and the standard curve
was drawn. The detection range was 0–100 mg/L. The stan-
dard curve is shown in Fig. 1, and other data measurements
were made at the same wavelength. The DOX adsorption
scheme by non-modified biocarbon was used as the control
group. Experiments were carried out simultaneously to de-
crease error to the maximum extent. DOXwas stored in iodine
flasks wrapped by tinfoil in these experiments and follow-up
experiments in order to decrease influences of light degrada-
tion on experiment. Three parallel experiments were set in the

whole adsorption experiment, and mean results were chosen.
To discuss influences of pH of initial solution on DOX ad-
sorption, the pH value of initial solution was adjusted between
2 and 11 by using 0.1 mol·L−1 NaOH and HCl. A batch of
experiments were carried out within the pH range of 2~11,
through which the best pH for DOX adsorption was gained.
All follow-up experiments were performed under the best pH
value. A total of 20 groups of 50-mg·L−1 DOX solution was
taken as the base, and they were mixed with NaCl, KCl,
CaCl2, NaNO3, and Na2HPO4 electrolytes. Each electrolyte
had four concentrations, and the optimal pH was adjusted.

The adsorption kinetics of DOX was studied by
adding 0.02-g Cu-NaAC/AGS-BC into 13 groups of
20-mL DOX solution. The mixtures were oscillated un-
der 160 rpm and 25 °C for 5 min, 10 min, 30 min, 1 h,
2 h, 4 h, 8 h, 16 h, 20 h, 24 h, 30 h, 38 h, and 48 h.
Samples were collected regularly and measured. Another
0.02-g Cu-NaAC/AGS-BC was added into one 20-mL
DOX solution and oscillated under 160 rpm for 24 h
for the isothermal experiment of adsorption. Results
were tested. Other steps were the same with the above.
The experiments and processing methods of Cu-GLC/
AGS-BC were the same with above steps.

Adsorption efficiency E (%) and the adsorption capacity qe
(mmol/kg) of DOX were calculated using the following equa-
tions:

E ¼ C0−Ceð Þ
C0

� 100% ð1Þ

qe ¼
C0−Ceð ÞV

m
ð2Þ

where C0 and C0 present the initial and final concentrations
(mol/L) of DOX in the aqueous phase, respectively. V(L)
stands for the volume of solution, and m(kg) is the mass of
sorbent.

Fig. 1 Standard curve of doxycycline hydrochloride
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In addition, all abbreviations are tabled separately in
Table 1, in order to clearly indicate the meaning of each
acronym.

Results and discussion

The appearance of AGS

The cultured AGS and its SEM characterization are shown in
Fig. 2. Obviously, NaAC/AGSwhichwas domesticated under
the high proportion of sodium acetate had compact structures
and appeared as yellow ellipsoids, accompanied with some
thorn balls. The grain size was 3–5 mm. The morphology of
GLC/AGS is shown in Fig. 2c. The AGS gained by changing
the proportions of mCH3COONa and mC6H12O6 was partially
white, and grain size was about 4–7 mm, which was larger
than that of NaAC/AGS. It appeared as relatively regular
spheres, and the grains formed a loose structure. According
to comparison of SEM of NaAC/AGS and GLC/AGS, fila-
mentous bacteria were the dominant bacteria, and the filamen-
tous bacterial density in NaAC/AGS was higher than that in
GLC/AGS. This might explain why NaAC/AGS was more
compact than GLC/AGS.

Characterization of Cu-BC

SEM maps of NaAC/AGS-BC, Cu-NaAC/AGS-BC and
GLC/AGS-BC, Cu-GLC/AGS-BC are shown in Figs. 3 and
4. NaAC/AGS-BC has a rough surface on which there were
considerable irregular humps and the pore structure was not
obvious. After modification, there were evident adhesions in
uniform distribution on the surface, indicating that the modi-
fied material had more adsorption sites than non-modified

materials. The roughness of material surface increased after
modification compared to that before. This might be because
an adsorption layer was formed on BC during the Cu(II) mod-
ification, which increased the adsorption sites. The surface
properties of GLC/AGS-BC were different from those of
NaAC/AGS-BC. It was observed that GLC/AGS-BC had a
smooth surface and large pores in concentrated distribution.
According to analysis, such internal structural differences
might be caused by the different proportions of nutrients.
The material surface became rough and developed some tiny
pores after modification. This reflected that Cu(II) was em-
bedded into or covered onto the material surface during mod-
ification, thus increasing adsorption sites. However, the adhe-
sion amount of Cu(II) on surface was lower compared to Cu-
NaAC/AGS-BC, and Cu(II) adhesion was uneven, leaving
local smooth surfaces.

XRD diffractogram of NaAC/AGS-BC, GLC/AGS-BC
and Cu-NaAC/AGS-BC, Cu-GLC/AGS-BC are shown in
Fig. 5. According to comparison, Cu-NaAC/AGS-BC had
one sharp peak at 2θ=15.6°, which was corresponding to the
diffraction peak of Cu(OH)2 (Yu et al. 2012). This proved that
Cu(II) was successfully loaded onto the original biocarbon.
Cu-GLC/AGS-BC had a cha rac te r i s t i c peak of
Cu(NH3)4(NO2)2 at 2θ=12.54°, but intensity of this peak
was low. Moreover, peak intensity at other positions of Cu-
GLC/AGS-BC was increased compared to those of GLC/
AGS-BC, indicating that copper complexes were generated
at these positions. This proved that Cu(II) was loaded success-
fully onto GLC/AGS-BC, but the loads were relatively lower
than that of Cu-NaAC/AGS-BC. Additionally, no evident
characteristic peak was observed on XRD maps of four mate-
rials at 2θ=20°, and the general peak was encapsulated. This
demonstrated that all four materials were typical amorphous
carbons (Fey et al. 2010)

Table 1 Abbreviations in this
article Full name Abbreviation

Aerobic granular sludge AGS

AGS domesticated in the high proportion of sodium acetate NaAC/AGS

AGS domesticated in the low proportion of sodium acetate GLC/AGS

Non-modified biocarbon based on AGS domesticated in the high
proportion of sodium acetate

NaAC/AGS-BC

Non-modified biocarbon based on AGS domesticated in the low
proportion of sodium acetate

GLC/AGS-BC

Cu-modified biocarbon based on AGS domesticated in the high
proportion of sodium acetate

Cu- NaAC/AGS-BC

Cu-modified biocarbon based on AGS domesticated in the low
proportion of sodium acetate

Cu- GLC/AGS-BC

Scanning electron microscope SEM

Brunauer-Emmett-Teller analyzer BET

X-ray diffractometer XRD

X-ray photoelectron spectrometer XPS

Fourier transform infrared spectrometry FT-IR
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XPS spectra of C1s, N1s, O1s, and Cu2p of Cu-NaAC/
AGS-BC and Cu-GLC/AGS-BC could be seen in Figs. 6
and 7. After Gaussian fitting, the C1s orbital characteristic

peaks of Cu-NaAC/AGS-BC could be divided into three
peaks at 284.41 eV, 285.16 eV, and 285.66 eV, which were
corresponding to C-C, C-H and C-O(Liu et al. 2017; Yang

Fig. 2 a The morphology of
NaAC/AGS; b The microstruc-
ture of NaAC/AGS; c The mor-
phology of GLC/AGS; d The
microstructure of GLC/AGS

Fig. 3 The SEM surface images
of NaAC/AGS-BC (a, b) and Cu-
NaAC/AGS-BC (c, d)
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and Jiang 2014), respectively. The N1s orbital characteristic
peaks of Cu-NaAC/AGS-BC have three peaks occurred at
398.78 eV, 400.29 eV, and 401.04 eV after Gaussian fitting,
which were corresponding to -CONH, NH2 and N-C(Huang
et al. 2015; Yang et al. 2015), respectively. The O1s orbital
characteristic peaks of Cu-NaAC/AGS-BC, which can be di-
vided into two peaks at 531.78ev and 533.66ev after Gaussian
fitting (Liu et al. 2017). These two peaks were corresponding
to C=O and C-O-H/C-O-C (Peng et al. 2015). Four peaks of
Cu2p were developed at 936.03 eV, 945.16 eV, 956.29 eV,
and 964.16 eV after division. The two evident orbits at
936.03ev and 956.29evwere the Cu2p3/2 and Cu2p1/2 orbits,
while the other two peaks were satellite associated peaks
(Tong et al. 2018). According to XPS analysis, the modified
biocarbon contains a lot of oxygen-containing functional
groups and polar groups. This proved that the adsorbents pre-
pared in the experiments were hydrophilic. XPS characteriza-
tion of Cu-GLC/AGS-BC was generally similar with that of
Cu-NaAC/AGS-BC, but contents of elements and binding
energy were different. This was not introduced in this study.

The FT-IR spectra of NaAC/AGS-BC, Cu-NaAC/AGS-
BC, and DOX-adsorbed Cu-NaAC/AGS-BC are shown in
Fig. 8. The characteristic peak of NaAC/AGS-BC was
changed to some extent after modification compared to that
before. NaAC/AGS-BC has double peaks at 3421 cm−1 and
3479 cm−1, which were produced by the stretching vibration
of -NH2. The peak moved to 3428 cm−1, and the peak form
was changed into a single peak from double peaks after Cu(II)
modification. This single peak was the stretching vibration
peak of –NH, and it might be caused by the production of

Cu-N bond from the reaction between Cu(II) and -NH2

(Prakash et al. 2013). Cu-NaAC/AGS-BC has characteristic
peaks at 560 cm−1, 1053 cm−1 and 1620 cm−1 due to
stretching vibrations of C-H, C-O, and -COOH, respectively.
The peak at about 1053 cm−1 was related with the stretching
vibration of C-O bond in ethyl alcohol (Xu et al. 2013). Since
functional groups on NaAC/AGS-BC surface made complex-
ation with Cu(II) to produce complexes, Cu-NaAC/AGS-BC
had fewer characteristic peaks than NaAC/AGS-BC (Liu et al.
2017). The stretching vibration peak at 3428 cm−1 developed
a drift after the adsorption of DOX, and it returned to a double
peak. This reflected that Cu-N broke during the adsorption
process to reduce -NH into -NH2.

The FT-IR spectra of GLC/AGS-BC, Cu-GLC/AGS-BC,
and DOX-adsorbed Cu-GLC/AGS-BC are shown in Fig. 9.
According to comparison of FT-IR before and after the mod-
ification, the stretching vibration peak of -OH at 3448 cm−1

was split into two characteristic peaks at 3429 cm−1 and 3505
cm−1, which might be attributed to the reaction between some
-OH and Cu(II) (Tan et al. 2016). Besides, a characteristic
peak of C=O was developed at 1384 cm−1 after material mod-
ification (Lingeswarran et al. 2014). This characteristic peak
was existed at the corresponding position in the non-modified
biocarbon, but it was insignificant. Such change after the mod-
ification was caused by the complexation between C(II) and
C=O on material surface. In addition, characteristic peaks at
other positions maintained the similar shape after modification
compared to those before, but the position and vibration de-
gree were changed due to the production of Cu-O bond
(Siddiqui et al. 2016). The FT-IR of DOX-adsorbed Cu-

Fig. 4 The SEM surface images
of GLC/AGS-BC (a, b) and Cu-
GLC/AGS-BC (c, d)
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GLC/AGS-BC presented a red shift, and some characteristic
peaks disappeared, which reflected the corresponding chemi-
cal reaction between Cu-GLC/AGS-BC and DOX in the ad-
sorption process.

The specific surface areas and pore diameters of
NaAC/AGS-BC, GLC/AGS-BC, Cu-NaAC/AGS-BC, and
Cu-GLC/AGS-BC are listed in Table 2. The N2 desorption
curves of NaAC/AGS-BC, GLC/AGS-BC, Cu-NaAC/AGS-
BC, and Cu-GLC/AGS-BC are shown in Fig. 10. It can be
seen from Table 2 that the specific surface area of NaAC/
AGS-BC significantly increased after Cu(II) modification.
Moreover, pore volume of Cu-NaAC/AGS-BC was higher
than that of NaAC/AGS-BC to some extent. According to
previous SEM and XRD characterizations, these might be
caused by the formation of pores after the adhesion of Cu(II)
onto material surface. On contrary, specific surface area and
pore volume of Cu-GLC/AGS-BC were smaller than those of
GLC/AGS-BC. Based on previous characterization results,
this change might be caused by that pores were occupied by

the complexes from the complexation during modification.
According to regulations of International Union of Pure and
Applied Chemistry (IUPAC), pores can be divided into mi-
cropores (<2 nm), mesopores (2–50 nm) andmacropores (>50
nm) (Li et al. 2017). Figure 10a shows similar distributions of
pore diameter between NaAC/AGS-BC and Cu-NaAC/AGS-
BC. Both NaAC/AGS-BC and Cu-NaAC/AGS-BC had abun-
dant mesopores. However, there is great difference in distri-
bution of pore diameter between GLC/AGS-BC and Cu-GLC/
AGS-BC. It can be seen from Fig. 10b that GLC/AGS-BC
was a porous material, whereas Cu-GLC/AGS-BC was main-
ly formed by macropores. This reflected that Cu(II) occupied
the original mesopores during modification. The same result
can be obtained from the N2adsorption-desorption curve in
Fig. 11.

Study on the influencing factors of adsorption
efficiency of two composite carbon materials

Effect of concentration

The influences of DOX concentration on adsorption efficien-
cy of biocarbon as well as differences in adsorption efficiency
before and after the modificationwere disclosed by comparing
BC (NaAC/AGS-BC and GLC/AGS-BC) and Cu-BC (Cu-
NaAC/AGS-BC and Cu-GLC/AGS-BC) under different con-
centrations (10–100 mg/L). In Fig. 12a, the DOX adsorption
efficiency and adsorption stability of modified Cu-BC were
significantly higher than those of BC. The DOX adsorption
efficiency of Cu-NaAC/AGS-BC ranged 96.9–99.38%, and it
was positively related with the DOX concentration. However,
the DOX adsorption efficiency of Cu-NaAC/AGS-BC in-
creased to a small extent with the increase of DOX concentra-
tion, and it generally tended to be stable. The Cu-GLC/AGS-
BC presented lower DOX adsorption efficiency and the poor
adsorption stability than Cu-NaAC/AGS-BC. The DOX ad-
sorption efficiency of Cu-GLC/AGS-BC ranged 92.7–
98.56%. Specifically, Cu-GLC/AGS-BC maintained a rela-
tively stable DOX adsorption efficiency when its concentra-
tion was 60 mg/L or lower, and it achieved the maximum
adsorption efficiency (98.56%) at 40 mg/L. However, the
DOX adsorption efficiency of Cu-GLC/AGS-BC began to
fluctuate downward after 60 mg/L. In a word, the target con-
centration could influence performances of BC before and
after the Cu(II) modification. Moreover, target concentration
influenced BCmore than Cu-BC, and the Cu-NaAC/AGS-BC
was superior to Cu-GLC/AGS-BC in term of DOX
adsorption.

This study was compared with the removal of doxycycline
hydrochloride by different adsorption materials, and it was
found that Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC had
relatively high treatment efficiency. The comparative results
were shown in Table 3.This indicates that the adsorbent in this

Fig. 5 a XRD diffractogram of NaAC/AGS-BC and Cu-NaAC/AGS-
BC; b XRD maps of GLC/AGS-BC and Cu-GLC/AGS-BC
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Fig. 6 XPS spectra of C1s (a),
N1s (b), O1s (c), and Cu2p (d) of
Cu-NaAC/AGS-BC

Fig. 7 XPS spectra of C1s (a),
N1s (b), O1s (c), and Cu2p (d) of
Cu-GLC/AGS-BC
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study is a kind of adsorption material with good application
prospects in removing DOX.

Effect of pH

Initial pH of solution often has significant impacts on the
adsorption process. Variation of pH in solution influences
not only surface properties of adsorbent, but also morphology
of target objects in the solution (Zhou et al. 2017). An exper-
iment with pH gradient was set to discuss influences of pH of
solution on the adsorption process of two types of Cu-BC.
Moreover, performances of two absorbents under different
pH values were investigated. It can be seen from Fig. 12b that
two modification materials were affected greatly by higher or
lower pH. Besides, pH influences Cu-GLC/AGS-BC more

than Cu-NaAC/AGS-BC, especially at pH=2 and pH=11.
When pH=2, the DOX adsorption efficiency of Cu-NaAC/
AGS-BC was about 72.86%, but the adsorption efficiency of
Cu-GLC/AGS-BC was only 9.73%. With the increase of pH,
the DOX adsorption efficiencies of both Cu-NaAC/AGS-BC
and Cu-GLC/AGS-BC increased gradually and finally be-
came stable. Both Cu-NaAC/AGS-BC and Cu-GLC/AGS-
BC achieved the maximum DOX adsorption efficiencies
(99.54% and 98.78%) when pH=6. Subsequently, the adsorp-
tion efficiency declined with the continuous increase of pH
and tended to be stable when pH<11. The adsorption efficien-
cy dropped sharply at pH=11. The pH tolerance range of Cu-
NaAC/AGS-BC and Cu-GLC/AGS-BC in the experiment
was large, and Cu-NaAC/AGS-BC can resist pH variation
more than Cu-GLC/AGS-BC.

Effect of background electrolytes

Electrolytes in practical wastewater might influence adsorp-
tion efficiency of materials. Hence, it is very necessary to
study influences of common electrolytes on adsorption effi-
ciencies of Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC. An
adsorption experiment was carried out by using DOX solution
which contains different concentrations of NaCl, KCl, CaCl2,
NaNO3, and Na2HPO4 to explore effects of ionic strength on
DOX adsorption efficiency of Cu-NaAC/AGS-BC and Cu-
GLC/AGS-BC. Results are shown in Fig. 12c and d.
Clearly, NaCl, KCl, CaCl2, NaNO3, and Na2HPO4 all can
inhibit DOX adsorption of Cu-NaAC/AGS-BC and Cu-
GLC/AGS-BC to different extents. Such inhibition effect
was related with concentration and type of ions. Na+, K+,
and NO3

− ions can inhibit DOX adsorption of Cu-NaAC/
AGS-BC and Cu-GLC/AGS-BC, but the general effects were
not significant. Cu-NaAC/AGS-BC was superior to Cu-GLC/
AGS-BC in term of adsorption efficiency, which was similar
with previous conclusions. Ca2+ and HPO4

2− could influence
the adsorption efficiencies of Cu-NaAC/AGS-BC and Cu-
GLC/AGS-BC greatly. HPO4

2− influenced Cu-NaAC/AGS-
BCmostly, but it influenced Cu-GLC/AGS-BC less, and Ca2+

influenced Cu-GLC/AGS-BCmore than Cu-NaAC/AGS-BC.
Such differences can be explained as follows: (1) divalent
cations have the higher polarity and ion strength than mono-
valent cations, thus resulting in the relatively stronger salting-
out effect (Jiang et al. 2016). (2) There is a complexation
between DOX and Cu-BC, which might be affected by the
excessive high ion concentration. (3) There is a difference
between Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC in term
of adsorption sites.

Adsorption kinetics

Adsorption kinetics can be used to describe the adhesion rate
of target pollutants by adsorbents (Li et al. 2013). Effects of

Fig. 8 Infrared spectra of NaAC/AGS-BC (a), Cu-NaAC/AGS-BC be-
fore (b), and after adsorption (c)

Fig. 9 Infrared spectra of GLC/AGS-BC (a), Cu-GLC/AGS-BC before
(b), and after adsorption (c)
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adsorption time on DOX adsorption efficiency of Cu-NaAC/
AGS-BCA and Cu-GLC/AGS-BC are shown in Fig. 13a and
b. In the first 240 min, the DOX adsorption capacity of Cu-
NaAC/AGS-BC increased quickly and Cu-NaAC/AGS-BC
basically reached the adsorption balance after 240 min. The
DOX adsorption capacity of Cu-GLC/AGS-BC increased at a
smaller rate and Cu-GLC/AGS-BC took the longer time to
reach the adsorption balance. Moreover, the initial adsorption
capacity and the adsorption capacity at balance were relatively
low. Such difference was caused by the different adsorption
sites and functional groups on surfaces of two types of Cu-BC.

In this experiment, the pseudo-first-order kinetic model and
pseudo-second-order dynamic model were applied in this ex-
periment to analyze the DOX adsorption mechanisms of Cu-
NaAC/AGS-BC and Cu-GLC/AGS-BC. The dynamic curves
of DOX adsorption of Cu-NaAC/AGS-BC and Cu-GLC/
AGS-BC were simulated (Fig. 13c–f). The dynamic expres-
sions were (Bao et al. 2010; Xiangdong et al. 2014)

ln qe−qtð Þ ¼ ln qe−K1t ð3Þ
t
qt

¼ t
qe

þ 1

K2qe2
ð4Þ

where qe and qt are the adsorption capacities at balance and
different time. K1 and K2 are the pseudo-first-order and
pseudo-second-order dynamic constants.

The fitting parameters of dynamics of Cu-NaAC/AGS-BC
and Cu-GLC/AGS-BC are listed in Tables 4 and 5. In this
experiment, experimental results were fitted by a linear

expression. The correlation coefficient of pseudo-first-order
dynamics of Cu-NaAC/AGS-BC was lower than that of the
pseudo-second-order dynamics. Similar results were observed
in Cu-GLC/AGS-BC. Hence, it can determine that the DOX
adsorption data of Cu-NaAC/AGS-BC and Cu-GLC/AGS-
BC conforms to the pseudo-second-order dynamic model.
On this basis, it can be inferred that both Cu-NaAC/AGS-
BC and Cu-GLC/AGS-BC provide chemical adsorption.

To further discuss influences of diffusion on DOX adsorp-
tion mechanism and rate control of composites, the DOX ad-
sorption processes of Cu-NaAC/AGS-BC and Cu-GLC/AGS-
BC were simulated by the intragranular diffusion model (Hai
et al. 2011):

qt ¼ Kpt0:5 þ c ð5Þ

where qt is the adsorption capacity of materials at t. Kp is a
constant of internal diffusion rate. c is a constant, and it is
related with thickness of thematerial surface. The higher value
of c indicates the greater influences of boundary layer on
DOX adsorption.

The intragranular diffusion model curves of Cu-NaAC/
AGS-BC and Cu-GLC/AGS-BC are shown in Fig. 14a and
b. Obviously, the DOX adsorption of Cu-NaAC/AGS-BC and
Cu-GLC/AGS-BC can be divided into three stages, and the
images did not run through the origin. In the first stage, the
adsorption rate is increased quickly, which might be related
with the film diffusion on the surface. In the second stage, the
growth of adsorption rate slows down, and there is a limited

Table 2 The pore structure and
specific surface area parameters
of the biocarbon from different
AGS

Adsorbent BET
surface area
(m2/g)

t-Plot
micropore
area (m2/g)

Single point
volume (cm3/
g)

t-Plot
micropore
volume (cm3/g)

Adsorption
average pore
diameter (Å)

NaAC/AGS-BC 119.0509 39.3342 0.285770 0.021309 96.0159

GLC/AGS-BC 290.9380 284.8647 0.215093 0.150356 29.5724

Cu-NaAC/AGS-BC 260.1592 131.0438 0.316494 0.054101 48.662

Cu-GLC/AGS-BC 10.6821 17.0333 0.017891 0.008687 66.994

Fig. 10 BJH desorption dV/dlog
(w) pore volume of NaAC/AGS-
BC and Cu-NaAC/AGS-BC (a),
GLC/AGS-BC and Cu-GLC/
AGS-BC (b)
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Fig. 11 a The N2adsorption-
desorption curve of NaAC/AGS-
BC; b The N2 adsorption-
desorption curve of GLC/AGS-
BC; c The N2 adsorption-
desorption curve of Cu-NaAC/
AGS-BC; d The N2 adsorption-
desorption curve of Cu-GLC/
AGS-BC

Fig. 12 a The influences of DOX
concentration on adsorption
efficiency; b influences of pH on
adsorption efficiency; c
influences of background
electrolytes on adsorption
efficiency of Cu-NaAC/AGS-
BC; d influences of background
electrolytes on adsorption
efficiency of Cu-GLC/AGS-BC
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speed for intragranular diffusion. In the third stage, it is the
final balance stage when the intragranular diffusion slows
down due to the inadequate DOX concentration in the solution

and changes of pore diameter and adsorption sites on material
surfaces. Hence, film diffusion and intragranular diffusion oc-
cur simultaneously during the adsorption of Cu-NaAC/AGS-
BC and Cu-GLC/AGS-BC. It can conclude that intragranular
diffusion is not a sole rate-control step (Li et al. 2013).

Adsorption isotherms

Isotherm of adsorption refers to the relation curve between
solid and liquid concentrations when the solute molecules
reach the adsorption balance on the solid-liquid interface un-
der a certain temperature (Ahmed et al. 2015). In this experi-
ment, experimental data were fitted and analyzed by the
Langmuir, Freundlich, and Temkin isothermal models in

Table 3 Comparison of adsorption efficiency of different adsorbents on
doxycycline hydrochloride

Adsorbent Maximum
removal rate (%)

References

Peanut shell biocarbon
(Cu(II) modified)

93.22 Liu et al. 2017

Magnetic Halloysite 55 Weisheng et al. 2012

Cu-NaAC/AGS-BC 99.38 This study

Fig. 13 a Adsorption of DOX on
Cu-NaAC/AGS-BC with time; b
adsorption of DOX on Cu-GLC/
AGS-BC with time; cpseudo-
first-order of Cu-NaAC/AGS-
BC; d pseudo-second-order of
Cu-GLC/AGS-BC; epseudo-first-
order of Cu-NaAC/AGS-BC; f-
pseudo-second-order of Cu-GLC/
AGS-BC
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order to further investigate characteristics of modified com-
posites when they achieve the adsorption balance.

Langmuir isothermal model has three hypotheses: (1) the
DOX adsorption of composites is a monolayer adsorption at
gas and solid phases. (2) All adsorption sites have equal ad-
sorption affinity. (3) There is no interaction among the
adsorbed pollutants. The L isothermal model can be expressed
as (Gao et al. 2012):

qe ¼
qm � KL � Ce

1þ KL � Ce
ð6Þ

where qe is the DOX adsorption capacity of materials. qm is
the theoretical saturated adsorption capacity of monolayer ad-
sorption.Ce is the concentration of DOX in solution at adsorp-
tion balance. KL is a constant related with affinity of adsorp-
tion sites.

The Freundlich isothermal model is an empirical adsorp-
tion model which is determined according to the adsorption
behaviors of the adsorbents on multi-phase surfaces. It hy-
pothesizes that the adsorption capacity increases infinitely
with the increase of adsorbed substances. It can be expressed
as follows (Bao et al. 2010):

qe ¼ K FCe
1=n ð7Þ

where qe is the balance adsorption capacity of DOX. Ce is the
concentration of DOX at adsorption balance. KF is a constant
related with adsorption capacity and adsorption strength. n is a
constant related with adsorption strength. Values of KF and n
reflect the good adsorption performances of adsorbents.

Temkin isothermal model is often used to analyze chemical
adsorption. It hypothesizes that the adsorbent surface is het-
erogeneous and the adsorbent surface is divided into many
uniform adsorption units. The adsorption heat of each unit is
a constant. The Temkin isothermal model can be expressed as
(Zhou et al. 2017):

qe ¼ alnKT þ alnCe ð8Þ

where qe is the balance adsorption capacity of DOX. Ce is the
concentration of DOX at adsorption balance.KT is the Temkin
isothermal balance constant. The constant a is related with
adsorption heat.

Langmuir isothermal model, Freundlich isothermal model,
and Temkin isothermal model of Cu-NaAC/AGS-BC and Cu-
GLC/AGS-BC under 25 °C, 35 °C, and 45 °C are shown in
Fig. 15. Relevant parameters are listed in Table 6 and Table 7.
Obviously, the fitting coefficients of Temkin isothermal
models of two materials were significantly higher than those
of Langmuir and Freundlich isothermal models. On one hand,
this proved that the Temkin isothermal model had the higher
fitting degree of experimental data, and it was more appropri-
ate to describe the DOX adsorption process of composites. On
the other hand, it proved that Cu-NaAC/AGS-BC and Cu-
GLC/AGS-BC provided chemical adsorption, and the adsor-
bent surface was heterogeneous.

Adsorption thermodynamic

An adsorption thermodynamics experiment was carried out
under 25 °C, 35 °C, and 45 °C to explore effects of tempera-
ture on DOX adsorption efficiency of Cu-NaAC/AGS-BC
and Cu-GLC/AGS-BC. The calculation formula is (Zawani
et al. 2009)

ΔG0 ¼ −RTlnKc ð9Þ

ln Kc ¼ −
ΔH0

RT
þ ΔS0

R
ð10Þ

where Kc is the adsorption thermodynamics equilibrium con-
stant, and it can be expressed as qe/ce. R is the molar gas
constant, and T is the Kelvin temperature. ΔH0 and ΔS0 are
enthalpy change and entropy change, which can be gained
from the slope and intercept of lnKc in relative to 1/T.
Relevant data is shown in Tables 8 and 9.

It could be seen from Tables 8 and 9 that ΔG0 of both Cu-
NaAC/AGS-BC and Cu-GLC/AGS-BC was a negative,

Table 4 Pseudo-first-order and
pseudo-second-order kinetic
models of DOX adsorption on the
Cu-NaAC/AGS-BC

qe,exp Pseudo-first-order Pseudo-second-order

qe,1 (mg·g−1) K1 (min
−1) R2 qe,2 (mg·g

−1) K2 (g·mg−1·min−1) R2

49.73 49.73 −0.0097 0.9218 49.73 0.00138 1

Table 5 Pseudo-first-order and
pseudo-second-order kinetic
models of DOX adsorption on the
Cu-GLC/AGS-BC

qe,exp Pseudo-first-order Pseudo-second-order

qe,1 (mg·g−1) K1 (min
−1) R2 qe,2 (mg·g

−1) K2 (g·mg−1·min−1) R2

49.35 49.35 −0.0033 0.9783 49.35 0.00162 0.9999
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indicating that they adsorbed DOX spontaneously. With the
increase of temperature, the absolute value of ΔG0 decreased,
indicating that high temperature weakened the impetus for
adsorption. ΔH0<0 for both Cu-NaAC/AGS-BC and Cu-
GLC/AGS-BC, which proved that the adsorption process
was an exothermic reaction, and increasing temperature was
against the adsorption. This agrees with the previous adsorp-
tion isothermal experimental results. ΔS0<0 proved that the
DOX adsorption of Cu-NaAC/AGS-BC and Cu-GLC/AGS-
BC was a process with decreasing perplexity.

Adsorption mechanism

According to previous studies on adsorption characteristics of
biocarbon, static electricity and complexation were major
mechanisms for Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC
to remove DOX. Effects of initial pH on DOX adsorption of
materials proved that electrostatic interaction participated in
the adsorption process. Cu-NaAC/AGS-BC had a developed
porous structure and a relatively large specific surface area,
which were beneficial for ion diffusion and exchange. Cu-
GLC/AGS-BC had less developed pore structures and a small-
er specific surface area than Cu-NaAC/AGS-BC, but its ad-
sorption efficiency was similar with that of Cu-NaAC/AGS-
BC. Based on previous FT-IR and XRD analyses, it proved
that functional groups and copper complexes on Cu-NaAC/
AGS-BC and Cu-GLC/AGS-BC surfaces were different.
Both Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC had red
drifts after DOX adsorption, and some characteristic peaks
of Cu-GLC/AGS-BC disappeared after the adsorption. This

fully proved that complexes on material surface had reacted
with DOX. Combining with conclusions on adsorption kinet-
ics and adsorption isotherm, the DOX adsorption mechanisms
of Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC were chemical
adsorption centered at ion exchange and complexation.

Conclusions

To sum up, the biocarbon which is prepared under different
nutritive proportions of aerobic granular sludge and modifica-
tion materials show different performances. According to ex-
perimental results, Cu-NaAC/AGS-BC achieves the higher
adsorption efficiency of DOX than Cu-GLC/AGS-BC, the
highest adsorption efficiency has reached 99.38%. Extreme
pH condition influences the DOX adsorption efficiency of
Cu-NaAC/AGS-BC and Cu-GLC/AGS-BC significantly, the
maximum adsorption efficiency was obtained at pH=6. Ca2+

and HPO4
2− are primary influencing factors of DOX adsorp-

tion, according to the previous experimental results, 0.1 mol·
L−1 HPO4

2− had the greatest effect on Cu-NaAC/AGS-BC,
the adsorption rate was only 87.64%; in the environment of
0.1 mol·L−1 Ca2+, Cu-GLC/AGS-BC had the adsorption rate
of 86.28% for DOX. The pseudo-second-order dynamic mod-
el and Temkin isothermal model can describe dynamics and
isotherm data well. This proves that Cu-NaAC/AGS-BC and
Cu-GLC/AGS-BC eliminate DOX through chemical adsorp-
tion. The thermodynamics results demonstrate that the adsorp-
tion process is a spontaneous exothermic reaction.

Fig. 14 a Intragranular diffusion
kinetics of Cu-NaAC/AGS-BC;
(b) intragranular diffusion kinet-
ics of Cu-GLC/AGS-BC

Table 6 Langmuir, Freundlich,
and Temkin isotherm kinetic
models of DOX adsorption on the
Cu-NaAC/AGS-BC

T (°C) Langmuir model Freundlich model Temkin model

qm KL R2 KF 1/n R2 KT a R2

25 147.06 0.369 0.948 83.84 0.9143 0.904 3.177 104.92 0.985

35 105.26 0.269 0.954 48.82 1.1715 0.940 1.584 131.85 0.996

45 188.68 0.146 0.957 41.09 0.982 0.958 1.471 109.74 0.961
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Table 7 Langmuir, Freundlich,
and Temkin isotherm kinetic
models of DOX adsorption on the
Cu-GLC/AGS-BC

T (°C) Langmuir model Freundlich model Temkin model

qm KL R2 KF 1/n R2 KT a R2

25 136.986 0.202 0.961 44.310 1.0619 0.941 1.507 120.18 0.997

35 102.04 0.123 0.952 16.483 1.3397 0.960 0.678 148.08 0.960

45 81.3 0.092 0.943 8.055 1.4618 0.951 0.433 160.78 0.981

Fig. 15 a Langmuir isotherms
model of Cu-NaAC/AGS-BC; b
Freundlich isotherms model of
Cu-NaAC/AGS-BC; c Temkin
isotherms model of Cu-NaAC/
AGS-BC; d Langmuir isotherms
model of Cu-GLC/AGS-BC; e
Freundlich isotherms model of
Cu-GLC/AGS-BC; f Temkin
isotherms model of Cu-GLC/
AGS-BC
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