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KOH made a great recovery of soluble biopolymers from WAS, resulting in highly-efficient
catalytic pyrolysis. The Brunner-Emmett-Teller and pore volume of BBCs prepared at 800°C
(BBC800 ) reached the maximum at 2633.89 m2 ·g−1 and 2.919 m3 ·g−1 , respectively. X-ray pho-
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toelectron spectroscopy suggested that aromatic carbon in the form of C=C was the dom-
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inant fraction of C element in BBCs. The N element in BBCs were composed of pyrrolic ni-

Biopolymers-based carbons

trogen and pyridinic nitrogen at 700°C, while a new graphitic nitrogen appeared over 800°C.

Adsorption

As a refractory pollutant of wastewater treatment plants, tetracycline (TC) was selected to

Tetracycline

evaluate adsorption performance of BBCs. The adsorption behavior of BBCs towards TC was
conformed to the pseudo-second-order kinetic and the Langmuir models, signifying that
chemisorption of monolayers was dominant in TC adsorption. The adsorption capacity of
BBC800 reached the maximum at 877.19 mg·g−1 for 90 min at 298 K. Thermodynamic analysis indicated that the adsorption process was endothermic and spontaneous. Hydrogen
bonding and π-π stacking interaction were mainly responsible for TC adsorption, and interfacial diffusion was the main rate-control step in adsorption process. The presence of sol-
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uble microbial products (SMPs) enhanced TC removal. This work provided a novel strategy
to prepare bio-carbon with ultrahigh SSA using WAS for highly-efficient removal of organic
pollutants.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Waste activated sludge (WAS) is the major by-product during the biotreatment of municipal wastewater, developing
eco-effective technology for excess sludge disposal is the key
challenge for environmental engineering field (Werther and
Ogada, 1999). McCarty et al. (1924) expected that the volume
of US sludge had gone in an exponential way. According to
the reports, 40 million tons of sludge (containing over 80 wt%
of water) were produced in 2018 in China, which was expected to be increased to 60 million tons in 2020 (Wang et al.,
2017; Huang, 2017). Moreover, the cost of sludge disposal represents a significant amount (30%-60%) of the total operation cost in typical municipal wastewater treatment plants
(MWTP) (Zhao and Kugel, 1996; Wang et al, 2016), it is urgently
to develop eco-sufficient technology to meet the increasingly
stringent criteria of subsequence disposal. For decades, the
conventional sludge disposal strategy includes composting
and land use (Pritchard et al., 2010), landfilling (Lo et al.,
2002), incineration (Werther and Ogada, 1999), and reutilization for making building materials such as cement paste
(Zhang et al., 2006). However, these methods are no longer reliable due to the negative impacts on environment. For example, land use and landfilling may cause pathogens and parasite eggs in WAS to spread through the air, threatening public health (Dumontet et al., 1999; Zhang et al., 2014). Harmful substances in WAS such as heavy metals (mercury, lead,
etc.) and polycyclic aromatic hydrocarbon can be eroded and
leaked through rainwater, leading to secondary pollution in
groundwater and soil (Rozada et al., 2008). Thus, it is necessary to develop sustainable technologies for safe disposal of
sludge (Saby et al., 2002; Tay and Show, 1997).
Recently, pyrolysis carbonization has attracted extensively
attentions due to the high carbon content properties of
sludge, and the carbon-based functional materials can be further used for fixing environmental issues (Kim et al., 2015;
Rozada et al., 2003). However, the sludge-based carbons (SBCs)
fabricated through conventional sludge carbonization are always poorly in carbon quality, high ash content and low specific surface area (SSA). The low carbon content and SSA in
SBCs were mainly caused by inorganic component in sludge,
which limited the efficiency of chemical activation (Shao et al.,
2010). Generally, the Brunner-Emmett-Teller (BET) of SBCs
were varied from 45.9 m2 ·g−1 to 257.9 m2 ·g−1 prepared by direct physical carbonization (Feng et al., 2018; Silva et al., 2016;
Yang et al., 2016). Even activated with KOH and ZnCl2 (Lin and
Tsai, 2006; Wang et al., 2008), the BET of SBCs could just reach
at 757 ± 55 m2 · g−1 and 382 m2 ·g−1 , respectively.
The low specific surface area property of SBCs was always
caused by a variety of inorganic substances in sludge. Wastewater activated sludge contains large amounts of biopoly-

mers (approximately 40%-70% g/g dry sludge cake), including protein, humic acid, polysaccharide and other biological derived substances, which can be an ideal precursor for
preparing sludge biopolymer-based carbon. The biopolymers
(proteins and polysaccharide) recovery strategies from WAS
included heat treatment, alkali heat treatment, and ultrasonic treatment (Neyens et al., 2003, 2004; Xiao et al., 2018;
Murugesan et al., 2014). Alkali treatment can cause deprotonation and increase solubility, showing a high biopolymers recovery efficiency. Ali and Kim (2016) found that sludge dissolution efficiency of SBPs reached 70% treated by 1 mol/L NaOH
solution for 2 hr. Meanwhile, Alkali (KOH) treatment can couple the recovery of soluble biopolymers from sludge to subsequent biocarbon catalytic pyrolysis, which was potentially to
fabricate ultrahigh-surface area carbon materials.
As previous studies reported, the adsorption capacities of
SBCs were various by physicochemical characteristics of carbons, the type of pollutants and solution chemistry conditions. For example, Ding et al. (2012) suggested that pore filling and hydrogen bond reactions played the key role in the
adsorption of antibiotics by SBC. Yang et al. (2016) found that
ion exchange, surface precipitation and surface complexation contributed to Pb (II) adsorption by iron activated sludgebased carbon, while pore filling, hydrogen bond and π -π stacking interaction were mainly responsible for TC adsorption. In
summary, adsorption capabilities of SBCs were significantly
affected by the SSA of SBCs (Ding et al., 2012; Yang et al., 2016).
This work employed waste activated sludge (WAS) as carbon source to prepare ultrahigh specific surface area (SSA)
biopolymers-based carbons (BBCs) through alkali (KOH) treatment coupled to pyrolysis strategy. The main objectives of this
study were to: (1) optimize pyrolysis condition for BBCs preparation, and investigate the physical structure and chemical
composition of BBCs; (2) evaluate the adsorption behavior and
mechanisms of TC removal by BBCs; (3) study the effects of
soluble microbial products (SMPs) on TC removal.

1.

Materials and Methods

1.1.

Experimental materials

Tetracycline (TC, analytical reagent), sodium hydroxide
(NaOH, analytical reagent), potassium hydroxide (KOH, analytical reagent), hydrogen chloride (HCl, analytical reagent)
and hydrofluoric acid (HF, analytical reagent) were purchased
from Sinopharm Chemical Reagent Co., Ltd. in China. Highpure nitrogen (N2 , purity >99.999 %) was purchased from
WISCO oxygen gas cylinder inspection plant. The wasted
activated sludge (WAS) used was from secondary sedimentation in Xiaohongmen wastewater treatment plant (WWTP) in
Beijing, China. And some parameters of WAS were shown in
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Appendix A TableS1. Raw water was also from the secondary
settling pond in Xiaohongmen wastewater treatment plant
(WWTP) in Beijing, China.

1.2.

Recovery of soluble biopolymers (SBPs)

The pH values of WAS were adjusted to 13 using KOH (1
mol·L−1 ) for recovering biopolymers. After 30 min, WAS were
centrifugated at 5320 r·min−1 for 10 min (LDO-9036A, Shanghai Longyue Instrument Equipment Co., Ltd., China). Then, the
soluble biopolymers (SBPs) were collected, and dried at 105°C
for 12 hr in an oven.

1.3.

Preparation of biopolymers-based carbons (BBCs)

Three different biopolymers-based carbons (BBCs) were prepared from SBPs at 700°C, 800°C and 900°C under nitrogen
atmosphere using a tube furnace (SXZ-2-5-10TP, Shanghai
Yiheng Technology Co., Ltd., China), respectively, the duration time is 2 hr and the heating rate is controlled by 5
°C·min−1 . Meanwhile, the raw sludge cake was pyrolyzed at
700°C (sludge-based carbon, SBC) under the same condition,
as a reference. After pyrolysis treatment, BBCs and SBC were
dispersed in HCl (1 mol·L−1 ) solution to remove the surface impurities and then washed using 2 % (V/V) HF to remove silica
(SiO2 ), and dried at 105°C in an electric oven (DZF-6020, Shanghai Jinghong Experimental Equipment Co., Ltd., China). Finally,
the obtained BBCs and SBC were ground into fine particles for
further characterization, as well as applied in adsorption experiments.

1.4.

Characterization of biopolymers-based carbons

The thermal stability of BBCs was tested using thermogravimetric analysis (TGA, Perkin-Elmer, USA) under high-purity N2
(99.999 %) from 25°C to 1000°C with a constant heating rate
of 10°C·min−1 . In addition, the microstructure of carbons was
observed using a field emission scanning electron microscope
(SEM, SU8010, China) and transmission electron microscope
(TEM, Tecnai G2 F20 s-twin TMP, USA) . The graphitization
spectra of BBCs was recorded in the wavelength of 200–3000
cm−1 at 532 nm through LabRAM HR Evolution Raman spectrum (Horibe, Japan), and the laser intensity was 3.2%. Surface
area and pore volume (PV) of the BBCs were determined using
a TriStar II 3flex volumetric (Micromeritics Instruments, USA).
Zeta potential of samples was measured by a Zetasizer Nano
ZS90 analyzer (Malvern Instruments, UK). X-ray diffractometer (XRD; Bruker AXS D8-Focus, Germany) was adopted and
the diffraction angle was in the range of 10°–80°. Moreover, the
chemical composition of BBCs was examined using an X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250 spectrometer, USA), with monochromatic Al Kα as the emission
source. Fourier transform infrared (FT-IR, Thermo Is 10, USA)
spectra analysis was adopted and the wavelength was from
400 to 4000 cm−1 .

1.5.

Evaluation of BBCs adsorptive capacity

Adsorption experiment was determined by mixing 2 mg of
adsorbent (BBCs) into 40 mL of 20 mg·L−1 TC solution, then
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shaken in an orbital shaker at 180 r·min−1 for 180 min until adsorption equilibrium was reached. BBCs and SBC were
conducted for three replications. Control experiment without
addition of adsorbent was also set. The calculated formula of
adsorption kinetic was put in supporting information.
Effect of pH on TC adsorption: pH of the solution was
ranged from 3 to 13 and adjusted with 0.5 mol·L−1 HCl and
0.5 mol·L−1 NaOH solutions. Besides, Mettler Toledo FE20 pH
meter was used to determine pH values.
Adsorption isotherm and thermodynamics: The TC adsorption isotherm of BBCs was performed under TC solutions
with different initial concentration (20, 50, 100, 150 and 200
mg·L−1 ) at 25°C, 35°Cand 45°C, respectively. In addition, TC
adsorption capability of BBCs were evaluated using Langmuir
and Freundlich models. Then the TC adsorption thermodynamics of BBCs were obtained from isotherm data. Calculated
formula of adsorption isotherm and thermodynamics were
put in Supporting Information.
Adsorption regeneration capacity: NaOH solutions (0 mL,
0.5mol·L−1 ) of triplicate were used to regenerate the adsorbed
adsorbents until no TC was detected in the eluate using UVvisible spectrophotometer.
Effect of soluble microbial products (SMPs) on TC adsorption: Ultra-pure water was replaced by raw water to examine
the effects of SMPs on TC removal under BBCs adsorption at
room temperature (25°C). Meanwhile, raw water was collected
from the second sink, which contained SMPs.

1.6.

Organics analysis

The water samples were filtered through 0.45 μm syringe filter (BOJIN, China), and sent to a Persee TU-1901 UV-visible
spectrophotometer for TC concentration determination at
358 nm immediately. Meanwhile, the maximum adsorption
wave of the solution was determined through full wavelength
scanning using Persee TU-1901 UV-visible spectrophotometer.
Three-dimensional excitation emission matrix (3D-EEM, Hitachi F-4600, Japan) spectra of water samples were recorded
in the excitation wavelength (λex ) range from 200 nm to 400
nm, emission wavelength λem between 220 nm and 550 nm,
slit width of excitation and emission at 5 nm and scanning
speed of 12,000 nm·min−1 .

2.

Results and discussion

2.1.

Characterization of biopolymers-based carbons

2.1.1.

Morphological characteristics of BBCs

Fig. 1 showed SEM and TEM images of BBCs after pyrolysis
from 700°C to 900°C. For comparison, the microstructure of
SBC without activation was also observed by SEM and TEM.
From Fig. 1a, SBC was in disordered stacking of inorganic particles, resulting in agglomeration and insignificant pore structure (Fig. 1b), while porous gel-like network structures were
formed in BBCs (Figs. 1d, f and h). From Fig. 1c, the surface
of BBC700 was relatively smooth, and the aggregation size was
about 37.5 μm. Fig. 1d further showed that BBC700 was consisted of porous network structure. When the pyrolysis temperature reached 800°C, the size of aggregates increased to
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Fig. 1 – Representative SEM images of SBC and BBCs at different pyrolysis temperature: (a and b) SBC, (c and d) BBC700 , (e and
f) BBC800 , (g and h) BBC900 ; TEM images of SBC and BBCs activated at different temperature: (i) SBC, (j) BBC700 , (k) BBC800 , (l)
BBC900 .

52.1 μm (Fig. 1e), and the surface of BBC800 became relatively
rough. Moreover, pore network structure of BBC800 was filled
with opening and interconnected pores (Fig. 1f). However, the
porous structure of SBC900 (Fig. 1g) was destroyed and aggregation size decreased to 20.6 μm (Fig. 1g). Meanwhile, the TEM
images of SBC particles (Fig. 1i) were tightly packed and compacted together and was less transparent, indicated that SBC
had a greater thickness. BBC700 showed a sheet-like and folded
microstructure. When temperature was increased to 800°C,
sheet-like microstructure became much more thinly layered
and uniform with the disappearance of folded characteristic.
Further increasing the activation temperature to 900°C, layer
in sheet-like microstructure became disordered, which was in
consistent with SEM results.

2.1.2.

Specific surface area and Pore size distribution of BBCs

Specific surface area (SSA) and the pore size distributions
of SBC and BBCs were explored by nitrogen adsorptiondesorption isotherms. From Fig. 2a, all three BBCs displayed
type Ⅰ nitrogen adsorption-desorption isotherms. An obvious
increasement occurred at relative pressure (P/Po ) less than
0.01 in the inset of Fig. 2a, and gave a rise to a relatively gentle
increase at higher pressures, indicating the existence of the
micropores structures (Wang et al., 2013). Moreover, high adsorption was observed at a relative pressure (P/Po ) from 0.2 to
0.8, indicating the high mesopores content in BBCs (Silva et al.,
2016). From Fig. 2b, it could be observed that the pore size of
BBCs was evenly distributed from micropores to mesopores.
As shown in Table 1, both micropores (<2 nm) and mesopores

87

journal of environmental sciences 106 (2021) 83–96

Fig. 2 – N2 adsorption-desorption isotherms of SBC and BBCs (a), wash without HF(b); pore size distributions of SBC and
BBCs (c), wash without HF (d).

Table 1 – Specific surface area and pore volume paraments of SBC and BBCs.
Materials

SBET a (m2 ·g−1 )

Smic b (m2 ·g−1 )

Vmic c (cm3 ·g−1 )

Vmeso d (cm3 ·g−1 )

Vt e (cm3 ·g−1 )

Dp f (nm)

SBC
BBC700
BBC800
BBC900

70.97
1508.22
2633.89
1673.84

31.952
1032.265
1628.670
997.711

0.011
0.557
0.771
0.483

0.173
1.093
2.148
1.355

0.184
1.650
2.919
1.838

10.56
4.63
4.66
4.74

a
b
c
d
e
f

: Determined by N2 adsorption using the Brunauer–Emmett–Teller (BET)method.
: Micropore Area, determined by NLDFT.
: Micropore volume, determined by NLDFT.
: Mesopore volume, determined by NLDFT.
: Total volume, determined by NLDFT.
: Adsorption average pore width (4v/A by BET).

(2-50 nm) were found in large numbers among these three
BBCs. Besides, as a primary factor to porous structure, micropores/mesopores ratio of SBC was relatively poor (Dai et al.,
2020). Naturally, BBC800 had the most ideal pore size distribution with excellent pore volume of both micropores and
mesopores. After activation, the SSA of BBC800 also reached

the maximum at 2633.89 m2 ·g−1 , which was 37.1-folds to SBC.
BBC700 and BBC900 had the relatively low pore volume of micropores and mesopores compared to BBC800 . Moreover, it was
reported that when the pyrolysis temperature was over 900°C,
prolonging the carbonization time would lead to further collapse and shrinkage of the porous structure of the materials
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Fig. 3 – Thermogravimetric analysis (TGA) (a), Raman spectra(b), X-ray diffractometer (XRD) patterns(c), Fourier transform
infrared (FITR) spectra (d) of SBC and BBCs.

(Inguanzo et al., 2001), which reconfirmed the reason why pore
volume became lower when activation temperature rose to
900°C.

2.1.3.

Microstructure of BBCs

Fig. 3a showed that SBC had higher thermal stability than
other three BBCs, which was attributed to the higher inorganic
mineral content in SBC. The thermal stability of BBCs was positively correlated with its pyrolysis temperature, higher pyrolysis temperature led to better thermal stability. Moreover, the
volatile matter was easy to be removed at under higher pyrolysis temperature through volatilization, which contributed
to more production of porous network structures (Wang et al.,
2008; Gu and Karthikeyan 2005).
X-ray diffractometer (XRD) was used to analyze mineral
content and graphitization of SBC and BBCs. From Fig. 3b,
the peaks at 21.1° and 26.1° are present in SBC which are
correlated to quartz (Neyens et al., 2004). Two broad diffraction peaks at 23° and 44° indexed to (002) and (100) facets
of BBCs, indicating the occurrence of graphitization in BBCs
during the pyrolysis process (Zhang et al., 2015). Compared
with BBC700 and BBC900 , BBC800 had an extremely narrower
and larger diffraction peak at 23°, suggesting that the degree of
graphitization of BBC800 was relatively higher (Gai et al., 2018).
In the Raman spectrum, sample displayed two distinct bands -

D band (1350 cm−1 ) and G band (1580 cm−1 ) (Zhang et al., 2014).
Generally, the intensity of D band indicates the concentration
of disordered carbon in the samples, while G band represents
graphitized carbon. The intensity ratio of graphitized carbon
in BBCs can be estimated by the value of IG /ID . As shown in
Fig. 3c, the IG /ID ratio of the SBC was about 0.980. Meanwhile,
the IG /ID ratio of BBCs increased from 0.974 (BBC700 ) to 1.004
(BBC800 ) with the increase of pyrolysis temperature. When the
pyrolysis temperature reached 900°C, the IG /ID decreased to
0.972, signifying that BBC800 had the highest degree of graphitization. This was because that the graphitic nitrogen was converted to pyrrolic nitrogen when pyrolysis temperature exceeded 900°C, and graphitization structure of BBCs was destroyed simultaneously.

2.1.4.

Chemical composition of BBCs

The FI-TR spectra was displayed in Fig. 3d. A strong absorption band between 3100 and 3700 cm−1 corresponded to the
stretching vibration peak of -OH and -NH (Pan et al., 2011). A
distinct absorption peak was found at 1631 cm−1 , which was
associated with aromatic skeleton vibrations (C=C/C=O). The
broad absorption peak at 1100 cm−1 can be detected in SBC
demonstrated the stretching vibration peak of Si-O-C or Si-OSi in the inorganic compound silicate (Pritchard et al., 2010).
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Fig. 4 – High-resolution N1s XPS of SBC and BBCs.

XPS was used to analyze the chemical composition of BBCs
as well as the type of functional groups. From the XPS results,
there were three peaks, C1s, N1s and O1s in all BBCs and SBC.
Calculated content of C, N, O was shown in Appendix A Table
S2. BBCs contained a higher proportion of C but a lower proportion of N compared to SBC, while there was no significant
difference in O element. It was obvious that BBC800 had the
highest C content. To further investigate the chemical composition of BBCs, carbon-containing and nitrogen-containing
functional groups were characterized by high-resolution N 1s
and O 1s spectra. The C 1s spectra were differentiated into
three functional groups, C-O=C (288.9 eV), C=O (286.4 eV) and
C=C (285.1 eV) (Denisa et al., 2009; Girdana et al., 2014), respectively, and the relative percentages were shown in Appendix
A Fig. S2. The relative content of C=C bond in BBC800 is the
largest among three SBCs. At the high pyrolysis temperature,
the aromatic structure would be isomerized, increasing the
SSA of BBCs (Bagreev et al., 2001). The N1s spectra were divided
into three functional components (see in Fig. 4), graphitic nitrogen (401.7 eV), pyrrolic nitrogen (400.8 eV) and pyridinic nitrogen (398.5 eV), respectively. Pyridinic nitrogen and pyrrolic
nitrogen were contained in SBC and BBC700 at 700°C (SBC and
BBC700 could not be fitted well by three functional N1s peaks
model). After pyrolysis treatment at 800°C, graphitic nitrogen
was formed in BBCs. The content of total nitrogen and pyridinic nitrogen were decreased rapidly with further increase
pyrolysis temperature to above 800°C due to intensification of
gasification and decomposition of nitrogen. At the same time,
the pyridinic nitrogen was converted into more stable pyrrolic

and graphitic nitrogen. From 800°C to 900°C, graphitic nitrogen began to convert to more stable pyrrolic nitrogen, suggesting that the pyrolysis temperature above 900°C destroyed the
graphitic structure of BBCs.

2.2.
The pore-forming effect of silica in the process of
catalytic pyrolysis
In the Fig. 2c and 2d, BBCs without hydrofluoric acid (HF)
treatment were tested in nitrogen adsorption-desorption
isotherms to explore the pore-forming effect of silica. Potassium hydroxide (KOH) treatment dissolved silica (SiO2 ) in the
solid phase of WAS into SBPs (in Reaction (1)). During the catalytic pyrolysis process, the silicate in BBCs was retained due
to its high thermal stability.
2KOH+SiO2 =K2 SiO3 +H2 O

(1)

SiO3 2− +4HF=SiF4 +2OH− +H2 O

(2)

Hydrochloric acid (HCl) can remove most of impurities in
BBCs due to its acidity and reducibility, while HF could react with silicate (in Reaction (2)). From Fig. 3b, obvious sharp
diffraction peaks of silicate were found in XRD results. After washing with HF, the volume adsorbed (related to specific
surface area) of BBC700 and BBC800 in nitrogen adsorptiondesorption isotherms were 1.21-folds and 1.67-folds to those
BBCs without HF treatment (Fig. 2a and b), this was because
that the silicate was dissolved by HF and more pores were
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Fig. 5 – The effect of pH on TC removal (a) and Zeta potential of BBC800 (b).

formed. With the comparison between Fig. 2c and Fig. 2d, HF
caused the increase in mesopores of BBCs, which was more
beneficial to organic pollutants adsorption process.

2.3.

Adsorption performance of BBCs

2.3.1.

Effect of pH on TC removal

The SBCs properties and forms of TC can be affected significantly by the solution condition, especially for pH values.
Fig. 5a presented that BBCs were positively charged at pH <
6.94 and showed a low positive charge density between pH
3 and 6. TC was in the form of TCH3 + at pH <3.3 and neutral TCH2 0 in 3.3<pH<7.7 (Gu et al., 2005). Therefore, the electrostatic effect was not the main force under acidic-neutral
conditions. As the solution condition transferred from acidic
to neutral condition, π -π interaction weakened but hydrogen
bonding effect was enhanced (Ge et al., 2019), resulting in a
slight decrease in adsorption capacity as shown in Fig. 5b.
When pH> 6.94, BBCs were negatively charged, and the zeta
potential decreased rapidly with the increase of pH. TC was
in the form of TCH− from 7.7 to 9.7 and TC2− at pH > 9.7
(Feng et al., 2018), both of them were anions. From neutral
to alkaline conditions, BBCs and TC were negatively charged
simultaneously, and electrostatic repulsion increased significantly with the increase of pH values. Hydrogen bonding was
also weakened under alkaline condition. As a result, an evident reduction of adsorption performance of TC was observed.
This suggested that TC was desorbed and BBCs can be regenerated by strong alkali. There were no obvious changes
in adsorption capacity of BBCs from acidic to neutral conditions. With the consideration of practical economics and convenience, pH of 6 was selected for subsequent experiments.

2.3.2.

Adsorption kinetics

It can be seen in Tab. S3 and Fig. 6c that TC adsorption process
could be well described by the pseudo-second-order model,
which means that the TC removal of BBCs adsorbents might
be dominated by chemisorption process (Martins et al., 2013).
There was no obvious linear relationship between the fitted
curves in the internal diffusion model (Fig. 6d), indicated that
the internal diffusion was not the only rate-control step in
the adsorption process (Sheela and Nayaka, 2012). According

to Fig. 6d, TC adsorption process could be divided into three
stages: fast adsorption stage on the outer surface of adsorbents, gradual adsorption stage to the inner porous structure
and the stage reached adsorption equilibrium. Appendix A Table S3 showed that Kint2 was larger than Kint3 in all three BBCs
adsorbents, indicating that internal diffusion in the second
stage was the main rate-limiting step during the adsorption
process (Huang et al., 2014).

2.3.3.

Adsorption isotherms

As shown in Table 2 and fig. 7, Langmuir model could better describe the adsorption isotherm experiment, indicated
that TC adsorptive process was attributed to monolayer adsorption (Ou et al., 2018). At 298 K, the maximum adsorption
capability (qmax ) of three different BBCs were 636.94 mg·g−1 ,
877.19 mg·g−1 and 848.23 mg·g−1 , respectively. These results
re-proved that 800°C was a more suitable pyrolysis temperature for BBCs preparation. Moreover, the values of n in the
Table 2 (related to hydrophilicity) were much higher than the
value of 1, indicating that TC adsorption process was easily
proceeded in an aqueous solution.
In Table 2, the Langmuir model indicated that the adsorption volume reached 877.19 mg·g−1 for BBC800 at 298K. Comparation of adsorption performance between BBCs and some
reported excellent bio-carbons towards TC removal are listed
in Table 3. Among these bio-carbon, it was obvious that BBC800
displayed the maximum adsorption capability in the removal
of the antibiotic contaminants.

2.3.4.

Adsorption thermodynamics

The adsorption thermodynamic parameters were calculated
from the data of adsorption isotherms as shown in Table 4.
The values of H for SBC, BBC700 , BBC800 and BBC900 were
21.368, 23.376, 18.811 and 17.205 kJ·mol−1 , respectively, indicating that adsorption processes of BBCs were endothermic
and favorable at high temperatures. As the temperature increased, the G values of all materials decreased and the
values were all negative except SBC. Thus, BBCs had good
affinities towards TC, and adsorption process occurred spontaneously at natural conditions.
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Fig. 6 – The adsorption kinetic curves of SBC and BBCs adsorbents to TC (a), pseudo-first-order kinetic fitting curves (b),
pseudo-second-order kinetic fitting curves (c) and internal diffusion model fitting curves (d).

Table 2 – Fitting parameters of linear Langmuir and Freundlich modeling to adsorption of TC.

Materials

SBC

BBC700

BBC800

BBC900

2.3.5.

T
(K)

298K
308K
318K
298K
308K
318K
298K
308K
318K
298K
308K
318K

Langmuir model

Freundlich model

b
(L·mg−1)

qmax
(mg·g−1 )

R2

n

Kf
(mg1-1/n ·L1/n ·g−1 )

R2

0.00503
0.00665
0.00746
0.14632
0.10267
0.09114
0.39041
0.22565
0.17396
0.18124
0.22588
0.16202

103.41
115.07
136.24
636.94
813.01
1056.08
877.19
1065.30
1263.36
848.23
970.87
1207.84

0.9825
0.9985
0.9922
0.9980
0.9951
0.9964
0.9999
0.9960
0.9882
0.9951
0.9928
0.9929

1.3625
1.4351
1.4552
5.9680
4.4737
3.4920
5.4549
4.9534
4.7708
5.3155
5.2807
4.2510

1.1186
1.7587
2.3292
268.8517
257.7809
252.2927
375.3204
410.7604
458.2203
349.2612
394.3229
391.8386

0.9966
0.9872
0.9762
0.9901
0.9899
0.9811
0.8251
0.6945
0.6395
0.8942
0.6760
0.7694

Adsorption regeneration experiment

As mentioned above, the hydroxide ion in NaOH solution produced negatively charged surface on the BBCs adsorbents, so
a strong electrostatic repulsion was formed between TC and
BBCs under alkaline conditions. Thus, alkali washing was used
to regenerate the BBCs. Five adsorption-analysis cycles were
performed on SBC700 , SBC800 , and SBC900 , respectively (Ap-

pendix AFig. S3). In the fifth adsorption and desorption experiments, SBC700 , SBC800 , and SBC900 still had adsorption efficiency of 78.61%, 84.98%, and 87.06%, respectively. Therefore,
BBCs had good reusability with alkali washing. In addition, the
porous structure of BBCs did not change in the adsorption process of TC, and TC was only adsorbed on the surface of adsorbents.
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Fig. 7 – Fitting of linear Langmuir and Freundlich modeling to adsorption of TC: SBC(a), BBC700 (b), BBC800 (c), BBC900 (d).

Table 3 – Comparation of several high adsorption capacity biomass materials.

Adsorbent source

Adsorbate

pH

T
(K)

BET SSA
(m2 ·g−1 )

Adsorption volume
(mg·g−1 )
Reference

Waste activated sludge
Tyre pyrolysis char
Wasted-expanded polystyrene
Chitosan hydrogel
Engineered biochar from
agricultural waste

TC
TC
TC
phenicol antibiotics
TC

6
6.5-7.5
6.0
5.6
5

298
298
298
298
293

2633.89
814
1041.64
2606.8
796.50

877.19
455
621.12
786.1
302.37

This study
(Acasta et al., 2016)
(Hu et al., 2019)
(Liu et al., 2019)
(Jang and Kan, 2019)

Table 4 – Thermodynamic parameters of the adsorption process.

Materials

T (K)

SBC

298
308
318
298
308
318
298
308
318
298
308
318

BBC700

BBC800

BBC900

S
(J·mol−1 ·K−1 )

H
(kJ·mol−1 )

G
(kJ·mol−1 )

65.969

21.368

89.126

23.376

80.244

18.811

74.354

17.205

1.709
1.049
0.390
-3.184
-4.075
-4.966
-5.102
-5.904
-6.707
-4.952
-5.696
-6.440
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Fig. 8 – 3D EEM: (a) water from the secondary effluent treatment plant, (b) react 0 min, (c) react 30 min, (d) react 120 min.
Diluted four times.

2.4.
Effect of soluble microbial products (SMPs) on TC
adsorption by BBCs
Generally, the secondary effluent of wastewater treatment
plant always contains SMPs, such as humic acid, protein
polysaccharide, etc. Thus, the effects of SMPs on the adsorption performance of BBC towards TC removal were investigated. According to Langmuir model in Appendix A Fig. S4
and Table S4, the adsorption capacity reached 1111.1 mg·g−1 ,
which was significantly enhanced when compared to 877.19
mg·g−1 in the absence of SMPs. Furthermore, the affinity of
TC to BBCs in presence of SMPs (7.13) was higher than that in
the pure water (5.45), revealing that TC adsorption was more
readily to proceed in presence of SMPs.
Three-dimensional excitation-emission matrix (3D-EEM)
was used to examine the interaction of TC and SMPs. Appendix A Fig. S5 exhibited substances zoning of 3D-EEM. Aromatic protein I and II, fulvic acid-like, humic acid-like and
soluble microbial by-product-like were all presented in the
secondary effluent, and aromatic protein was the dominant
component (Fig. 8a). Fig. 8b presented that the fluorescent
intensities of aromatic protein in the secondary effluent decreased significantly with the introduction of TC. Moreover,
a new TC characteristic fluorophore appeared at the position of 485nm/370nm (EM/EX). This was mainly due to the
complexation between TC and SMPs, which caused the flu-

orophore quenching for specific SMPs. Characteristic peaks of
both SMPs and TC were significantly reduced after 30 min of
adsorption (Fig. 8c) due to synergistically adsorption of SMPs
and TC by BBC800 . The fluorescent peaks of all substances further reduced after 120 min of adsorption (Fig. 8d).

2.5.
TC adsorption mechanisms on BBCs in the absence
and presence of SMPs
Functional groups such as -OH, -NH, C=C were present in BBCs
(Fig. 3d), and -OH and -NH2 were also existed in TC (Fig. 9a).
Therefore, the polar groups like -OH and -NH (-NH2 ) in BBCs
and TC could be linked by hydrogen bonding. In addition,
coplanar unsaturated bonds (C=C bond) between TC and BBCs
were combined easily and formed π -π interaction. High specific surface area and excellent pore size distribution of BBCs
could adsorb macromolecular pollutants like TC through pore
filling (Xin et al., 2016; Ding et al., 2012). After TC adsorption,
BET surface area of BBC800 decreased from 2633 m2 ·g−1 to1660
m2 ·g−1 . Pore size volume, especially mesopores ranged from
2 nm to 40 nm, reduced rapidly during adsorption process
through pore filling by pollutants (Appendix A Fig. S6).
The mechanisms of TC adsorption by BBCs in presence of
SMPs were shown in Fig. 9b. First, the polar groups of TC and
aromatic protein in SMPs could be linked by hydrogen bond-
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Fig. 9 – TC Adsorption mechanism on BBCs.

ing. SMPs was composed by a large molecular weight, they can
be more easily removed by BBCs adsorption. Due to the formation of π -π interaction between TC and aromatic proteins,
aromatic proteins can enhance TC removal through bridging
action.

3.

Acknowledgement
This study was supported by the National Natural Science
Foundation of China (Nos. 51678546 and 41630318) and the
Major Science and Technology Program for Water Pollution
Control and Treatment (No. 2018 ZX 07110004).

Conclusion

This work proposed a novel method by coupling soluble
biopolymers (SBPs) recovery to catalytic pyrolysis for preparing ultra-high SSA BBCs with alkali treatment. BBC800 showed
3D hierarchical porous structure and possessed surface area
reached 2633.89 m2 ·g−1 . BBCs showed outstanding performance in TC adsorption, and BBC800 had the maximum
adsorption capacity of 877.19 mg·g−1 within 150 min at
25°C. Hydrogen bonding, π -π stacking interaction and pore
filling were mainly responsible for TC adsorption. In addition, the presence of SMPs enhanced TC adsorption removal due to the formation of π -π interaction between
TC and aromatic proteins. It is believed that a high efficiency, easily prepared and efficient adsorbent can be utilized in the advanced processing of wastewater polluted by
antibiotics.

Appendix A Supplementary data
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2021.01.020.
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