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Adsorption of Tetracycline from Aqueous Solution by  
Aerobic Granular Sludge-based Biochar: Affecting Factors,  
Kinetics, Isotherms, and Mechanisms

L. L. Yan,* W. T. Chen, S. Liu, Y. Q. Zheng,  
J. S. Jiang, and Y. Liu
School of Resource and Environment,  
Northeast Agricultural University, Harbin 150030 China

In this experiment, the influencing factors of tetracycline (TC) removal by adsorp-
tion with the aerobic granular sludge-based biochar (BC) were analyzed. In particular, 
the specific surface area, pore size distribution, and functional groups of the biochar were 
studied. In addition, the kinetics, isotherms, and diffusion models of TC removal were 
examined. The adsorption of TC reached a maximum (16.59 mg g–1) when the biochar 
carbonization temperature and time were 700 °C and 2 h, respectively. With increasing 
initial TC concentration, the adsorption capacity of BC to TC increased gradually. The 
optimal pH value of TC adsorption with BC was 7.0, and a low concentration of salt was 
found to promote the adsorption of TC. The pseudo second-order kinetic model and 
Langmuir isotherm model were found to correlate well the adsorption of TC by BC. Both 
the internal diffusion and liquid film diffusion were the rate-controlling steps of the ad-
sorption process. The alkali-modified BC was found to be the best adsorbent for TC.
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Introduction

The rapid development of industry and agricul-
ture, along with the improvement of living standard 
have led to the discharge of a large number of toxic 
and harmful pollutants via industrial and agricultur-
al wastewater, and municipal sewage plants into the 
aquatic environment. As a major producer and user 
of antibiotics, China produces approximately 
210,000 tons of antibiotics each year, accounting 
for more than half of global consumption. Tetracy-
cline (TC) is a natural or semisynthetic antibiotic 
that can inhibit gram-positive and gram-negative 
bacteria, chlamydia, mycoplasma, rickettsia, spiro-
chetes, and protozoan parasites. TC has become the 
most commonly used antibiotic in the prevention 
and control of human and animal diseases due to its 
low production cost, good effectiveness, wide spec-
trum, and high antibacterial activity.1 It has been 
widely used in agriculture and animal husbandry.2 
TC has good water solubility and a long half-life, is 
relatively stable under acidic conditions, and easily 
accumulated and enriched in the environment. Its 
broad-spectrum antibacterial activity and stable 
naphthalene structure make TC hard to degrade, and 
only a small amount of tetracycline is metabolized 

and absorbed in the body while the rest is directly 
released into the environment through excrement. 
Residual TC will not only lead to the production of 
various drug-resistant bacteria, but will affect the 
life of aquatic animals; in addition, these residues 
will enter the human body through drinking water 
and the food chain, reducing human immunity.3

There are many ways to remove antibiotics 
from wastewater, but the ability of conventional 
techniques to remove antibiotics is usually limited 
because these contaminants may be concentrated in 
repeated water cycles. For this reason, it is neces-
sary to develop a new efficient removal technology 
for antibiotic-containing wastewater. Although bio-
logical methods can effectively remove convention-
al nutrients,4 they cannot effectively remove antibi-
otics due to inhibition of biological activity. The 
adsorption method has the advantages of low cost, 
simple operation, good effectiveness, environmental 
friendliness, and nontoxicity.5 It is one of the most 
promising technologies, and has been widely used 
to treat wastewater containing antibiotics. To im-
prove their adsorption capacity, much research has 
been done on the preparation of adsorbents and in-
fluencing factors6,7 such as the solution pH,8 tem-
perature, concentration.9,10 reaction time11 and salt 
concentration.12 Further attempts were made to 
modify adsorbents by means of physical methods, 
chemical methods, and mineral impregnation meth-
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ods to improve their adsorption capacity. Compared 
with physical methods, the latter two have the ad-
vantages of simple operation, easy process control, 
and short reaction time.13 Currently, commonly used 
modifiers for biochar adsorbents include H3PO4,

14 
NaOH,15 KOH,16 FeCl3,

17 Fe3O4,
18,19 etc.

Sewage treatment plants are not only reservoirs 
of antibiotics but also sources of antibiotics. In re-
cent years, China’s sewage treatment rate has grad-
ually increased, and its environmental water quality 
has gradually improved. However, sewage treat-
ment plants also produce significant amounts of re-
sidual sludge when treating sewage.20 According to 
statistics, China’s annual sludge production has 
continued to grow since 2011, with dry sludge pro-
duction exceeding 12 million tons in 2017.21 Com-
pared with sewage treatment, sludge treatment, dis-
posal, and resource utilization are relatively 
underdeveloped in China. Common sludge treat-
ment methods include incineration, landfilling, and 
farmland application.22 However, because sludge 
contains many heavy metals, pathogenic microor-
ganisms, parasite eggs, and toxic and harmful sub-
stances,23 incineration produces a large amount of 
toxic smoke and ash, and application to farmland 
and landfills can cause harmful substances to slow-
ly penetrate the soil and groundwater environment, 
causing secondary environmental pollution.22,24 Ex-
cess sludge contains a large amount of biomass, or-
ganic matter, and rich functional groups,25 which 
can be used to prepare biochar and solve the prob-
lem of sludge treatment while realizing resource 
utilization. Aerobic granular sludge (AGS) has the 
characteristics of high carbon content, large surface 
area, good sedimentation, a variety of microorgan-
isms, compact structure, etc.,26,27 and the internal 
pores are abundant after its carbonization. The use 
of biochar for adsorption of heavy metals has broad 
application prospects,28 but little research has been 
done on the removal of antibiotics, and its antibiot-
ic-removal ability is limited.

From the perspective of environmental friendli-
ness, AGS was used as the substrate to prepare bio-
char. The purpose of this paper was to optimize the 
preparation parameters of AGS-based biochar (BC) 
and to characterize the morphological structure, sur-
face functional groups, pores, and specific surface 
area of the adsorbent. Factors affecting the adsorp-
tion capacity and the adsorption kinetics, isotherms, 
and diffusion characteristics were evaluated. Fur-
thermore, different modification methods were cho-
sen to improve the adsorption performance of TC. 
This study is expected to provide some reference 
value for exploring low-cost, high-efficiency, and 
nontoxic adsorbents, and provide a reference for the 
removal of macromolecular organic pollutants such 
as antibiotics.

Materials and methods

Materials and reagents

AGS from the laboratory sequencing batch re-
actor (SBR) of Northeast Agricultural University 
was used to prepare the adsorbent in the experi-
ment. In the SBR, AGS particle sizes greater than 
2.0 mm, 1.2–2 mm, and 0.5–1.2 mm accounted for 
95 %, 3 %, and 2 % of the AGS, respectively. Tet-
racycline (C22H24N2O8; CAS Number: 60-54-8) was 
purchased from Shanghai Macklin Biochemical Co. 
All other drugs used in this study were of analytical 
purity.

Preparation of adsorbent

The AGS from the SBR was air-dried naturally. 
After being crushed through a 100-mesh sieve, it 
was placed into a tube furnace. N2 was continuously 
pumped into the tube furnace to ensure an inert en-
vironment, and then the AGS was heated to the des-
ignated carbonization temperature at a rate of 5 °C 
min–1. The temperature was kept constant for a cer-
tain time, and then cooled to room temperature. Af-
ter grinding and sieving, the sample was washed 
with 2 mol L–1 hydrochloric acid 2–3 times, and 
then dried at 105 °C for use.

Characterization of the adsorbent

The structure and morphology of BC were 
characterized by scanning electron microscopy 
(SU8010, Hitachi, Japan). N2 adsorption-desorption 
was carried out under liquid nitrogen. The pore size 
distribution of the adsorbent was calculated by the 
Dubinin-Radushkevic and Barrett-Joyner-Halenda 
methods at a relative pressure ratio of p/p0 = 0.994, 
and the specific surface area of the carbon materials 
was calculated by Brunauer-Emmett-Teller method 
(ASAP2020, Micromeritics, USA). Fourier trans-
form infrared spectroscopy (SPECTRUM ONE B, 
PerkinElmer, USA) was used to analyze chemical 
bonds and functional groups on the surface of the 
carbon materials.29 The isoelectric point of the ad-
sorbent was measured by the pH drift method.29

Adsorbent preparation and adsorption 
experiment

To select the best preparation conditions, BC 
was prepared at different carbonization tempera-
tures (400 °C, 500 °C, 600 °C, and 700 °C) and dif-
ferent carbonization times (1 h and 2 h) to adsorb 
TC. Twenty mL TC solution (20 mg L–1) was placed 
into a 50-mL conical flask, 0.015 g BC was added, 
and the flask was sealed with parafilm. The mixture 
was then shaken at 160 rpm and 25 °C for 1440 min 
in the dark (to minimize photodegradation), centri-
fuged at 4000 rpm for 10 min, and filtered through 
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a 0.22 μm filter. The absorbance was then measured 
at 365 nm by an ultraviolet spectrophotometer, and 
the corresponding solution concentration and ad-
sorption amount were calculated according to the 
standard curve. The TC solution without BC was 
used for control experiments. All experiments were 
performed simultaneously in triplicate.

To study the influence of the amount of adsor-
bent on the adsorption capacity, 0.005, 0.010, 0.015, 
0.020, 0.025, and 0.030 g (pH = 5.0) were added to 
20 mL (20 mg L–1) TC solution. The mixture was 
shaken at 160 rpm and 25 °C for 1440 min in the 
dark, and centrifuged at 4000 rpm for 10 min. The 
supernatant was filtered through a 0.22 μm filter, 
and the TC concentration was determined.

BC (0.015 g) was added to 20 mL TC solution 
(20 mg L–1), and 0.1 mol L–1 NaOH or HCl solution 
was used to adjust the pH values of the initial TC 
solutions to 4.0, 5.0, 6.0, 7.0, and 8.0 to study the 
influence of pH on the adsorption capacity. BC 
(0.015 g) was added to 20 mL TC solution (pH = 
5.0), TC concentration (10, 20, 30, 40, 50, 60, 70, 
80, 90, and 100 mg L–1), different reaction times (0, 
5, 10, 20, 30, 40, 50, 60, 90, 120, 180, 300, 480, 
720, 1080, and 1440 min), and coexisting salt ions 
(0, 0.2, 0.4, 0.6, 0.8, 1 and 2 mol L–1 NaCl and 
CaCl2) were investigated. The other procedures 
were the same as above.

Adsorbent modification is an effective method 
to improve the adsorption capacity for TC. The ad-
sorbents were immersed in 1.0 mol L–1 CH3COOH, 
14 % H3PO4, 4.0 mol L–1 NaOH, 2.0 mol L–1 KOH, 
2.0 mol L–1 Na2CO3 and 2.0 mol L–1 FeCl3 for 1440 
min. They were then dried at 105 °C and placed into 
a tube furnace. N2 was injected into the furnace for 
10 min to ensure an inert atmosphere, and then the 
temperature was increased to 700 °C at a rate of  
5 °C min–1. The temperature was maintained for 
120 min, then dropped to room temperature, and N2 
flow was continued during the cooling process. 
 After cooling, the samples were ground and 
screened, cleaned in 2.0 mol L–1 hydrochloric acid, 
dried at 105 °C, and sealed for storage.

In addition, 0.015 g BC was added to 20 mL 
TC solution (20 mg L–1, pH = 5.0) and shaken at 
160 rpm and 25 °C for 1440 min in the dark. Sam-
ples were collected and measured regularly, and ki-
netics and diffusion experiments were carried out. 
Furthermore, 20 mL TC solution (0–100 mg L–1) 
was mixed with 0.015 g BC and stirred for 1440 
min in the dark. Samples were collected and mea-
sured for the isotherm experiment.

Formulas and models

The calculation formula of equilibrium adsorp-
tion capacity qe (mg g–1) is as follows:29 – 31

 0( )e
e

Vq
m

g g−
=  (1)

where γ0 (mg L–1) is the concentration of the initial 
TC solution, and γe (mg L–1) is the concentration of 
the TC solution at equilibrium. V (L) is the volume 
of TC solution added. m (g) is the amount of carbon 
material added.

Pseudo first-order kinetics, pseudo second-or-
der kinetics, and the Elovich equation were used to 
describe the kinetics of the TC removal pro-
cess.11,17,32 The Langmuir model, Freundlich model, 
and Temkin model were further used to describe the 
TC adsorption isotherm,30–33 and internal diffusion 
and liquid film diffusion models were used to de-
scribe the diffusion process of TC.34,35

For pseudo first-order kinetics,11 the formula is 
as follows:

 ( )e 1log logt eq q q K t− = −  (2)

where qe and qt (mg g–1) are the adsorption amounts 
of TC on carbon materials when the adsorption re-
action reaches equilibrium and at a certain time in 
the adsorption reaction, K1 (min–1) is the pseudo 
first-order adsorption rate constant, and t (min) is 
time.

For pseudo second-order kinetics,17 the calcula-
tion formula is as follows:
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where K2 (g (mg min)–1) is the pseudo second-order 
adsorption rate constant.

For the Elovich equation,33 the formula is as 
follows:

 1 1ln lntq ab t
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   = +   
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where a is the chemisorption rate, and b is a con-
stant related to the surface coverage of the carbon 
material.

For the Langmuir equation,33 the formula is as 
follows:
 1 1 1

L ee m mq q K qg
= +  (6)

where qm (mg g–1) is the maximum saturated ad-
sorption capacity related to surface coverage, and 
KL (L mg–1) is a constant related to adsorption effi-
ciency. In addition, the separation factor (RL) based 
on the Langmuir model is used to evaluate the reac-
tion process, and the equation is as follows:
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where γ1 (mg L–1) is the initial concentration of the 
TC solution. The results of RL show that the adsorp-
tion reaction is favorable (RL>1), unfavorable 
(RL<1), irreversible (RL = 0) or linear (RL = 1).

For the Freundlich equation,30 the formula is as 
follows:
 1ln lne F eq K

n
= + g  (8)

  
where KF is the adsorption capacity in units of con-
centration, and n−1 is the intensity of adsorption. n−1 
is the type of isotherm, (n−1 < 0), the reaction is irre-
versible; (0 < n−1 < 1), spontaneous; (n−1 > 1) non-
spontaneous.

For the Temkin equation,32 the formula is as 
follows:
 ln lne T eq a K a= + g  (9)

where KT (L mg–1) is the equilibrium bond constant 
related to the maximum energy of the bond.

For intraparticle diffusion,34,35 the formula is as 
follows:
 t t tq K t c= +  (10)

where Kt (mg g–1 min1/2) is the intraparticle diffusion 
rate constant, and c (mg g–1) is a constant involving 
the thickness and boundary.

For liquid film diffusion,15 the formula is as 
follows:

 ln 1 t
fd

e

q K t
q

 
− = − 
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where Kfd (min–1) is the liquid film diffusion coeffi-
cient.

Results and discussion

Optimization of preparation conditions and 
selection of sludge particle size

The adsorption results of TC by BC prepared at 
different carbonization temperatures and times 
showed that the BC prepared at 700 °C for 2 h had 
the best adsorption capacity for TC (Fig. 1). Pyrol-
ysis temperature affected the adsorbent pore struc-
ture and adsorption capacity for organic pollutants.36 
The organic matter in pores burned at high tempera-
ture. Meanwhile, the moisture and volatile compo-
nents were gradually released from the BC in the 
form of gas during the dehydration and pyrolysis 
process, which improved the pore structure, form-
ing a large specific surface area and many pores, 
helping to improve the adsorption performance. 
However, too high temperature causes a violent va-
porization reaction, leading to the destruction of mi-
cropores and reducing the surface area.37 In addi-
tion, long-term heat treatment causes the pores of 

BC to collapse or be destroyed, while too short py-
rolysis time leads to insufficient reaction of compo-
nents in the sludge, which is not conducive to the 
formation of pores.

Characterization of adsorbent

At low magnification, the surface of BC was 
rough and had a wrinkled structure (Fig. 2a). At 
high magnification, many pores and cavities were 
observed on the surface of BC. The carbon frame 
structure was clear and obvious, the porous struc-
ture was neatly arranged, and the pore distribution 
was concentrated and uniform. This was because 
the sludge contained a large number of organic sub-
stances, which gasified and volatilized under high 
temperature conditions, resulting in a large number 
of pores.

The N2 adsorption-desorption isotherm of BC 
deviated from the Y-axis at the low-pressure end 
(0.0–0.1), indicating that BC had a strong adsorp-
tion capacity for nitrogen and more micropores 
(Fig. 2b). Due to the strong adsorption potential in 
the micropores, the adsorption curve was type I at 
the beginning, and the adsorption reached saturation 
rapidly, which indicated a typical monolayer ad-
sorption and a characteristic micropore filling.38 The 
medium pressure end (0.3–0.8) was mostly the con-
densation accumulation of nitrogen in the material 
pores, including the pores generated by the accumu-
lation of sample particles, and the Barrett-Joyner-Ha-
lenda (BJH) method was based on the pore size data 
obtained in this section. The isotherm of the 
high-pressure section (0.9–1.0) rose sharply, which 
indicated that there were macropores (pore size 
greater than 50 nm) and uneven particles in BC.25 In 
the process of adsorption and desorption, the curves 

F i g .  1  – Effect of different carbonization temperatures and 
times on TC adsorption
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F i g .  2  – (a) Scanning electron microscopy of BC; (b) Nitrogen adsorption-desorption curve of BC; (c) Pore size distributions of BC; 
(d) FTIR spectra of BC (700 °C); (e) pHpzc of BC

(a)

(b) (c)

(d) (e)
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did not overlap, but a hysteresis loop appeared, in-
dicating that capillary agglutination occurred during 
N2 adsorption and desorption of the BC.

It has previously been reported that pollutants 
cannot be adsorbed effectively due to the size ex-
clusion effect when the average pore size of biochar 
is less than 1.7 times the second widest dimension 
of the molecule.39 Similarly, Liou reported that the 
pore structure of carbon materials affected the ad-
sorption process of organic matter, and a large num-
ber of pores were necessary for the rapid transfer of 
adsorbate to biochar.40 In addition, Risvera-Utrilla 
et al. reported that biochar needed a sufficiently 
large pore size so that pollutant molecules could 
easily enter the adsorption sites in the pores.41 The 
average pore size of BC in this experiment was 
169.322 Å, which was much larger than the size of 
the TC molecule (12.9 Å in length when fully pro-
tonated) (Fig. 2c). It is speculated that BC can effi-
ciently adsorb TC,39–41 and pore filling may be one 
of the mechanisms of adsorption of TC by biochar.42

The results of infrared spectroscopy showed 
that the surface of BC was rich in oxygen-contain-
ing polar functional groups (Fig. 2d). The peak at 
3447 cm–1 corresponds to the stretching vibration of 
the intermolecular hydrogen bond association of al-
cohol and phenol hydroxyl (–OH). The peak at 1123 
cm–1 represents a characteristic peak of benzene 
rings or aromatic groups (C=C),43 indicating that 
BC contained benzene rings. At 2917 cm–1, aliphat-
ic or cycloaliphatic –CH2 and –CH3 stretching vi-
brations were observed.44 At the characteristic ab-
sorption peaks at 668 cm–1 and 1558 cm–1, ether 
bond (C–O–C) and carbonyl group (C=O) bending 
vibrations representing saturated six-membered di-
oxane ethers were observed. These oxygen-contain-
ing functional groups can act as π electron accep-
tors in π-π electron donor-acceptor interactions45 
and then form π-π conjugates with the aromatic ring 
structure in TC. In addition, these hydrophilic oxy-
gen-containing functional groups can also establish 
a strong H bond with the phenolic groups of TC,36 
which can easily attract water molecules to form 
three-dimensional water groups and reduce the hy-
drophobic effect,46 and this is also beneficial to the 
entire adsorption process. The characteristic peak at 
2359 cm–1 may have been caused by CO2 in the air 
when the sample was tested. During the entire reac-
tion process, no carboxyl group (–COOH) was 
found. This may be because at a higher carboniza-
tion temperature (700 °C), the aromaticity of BC 
increased, and oxygen-containing functional groups 
on the surface, such as carboxyl groups, were ignit-
ed, resulting in the loss of carboxyl groups.47

The isoelectric point results showed that the 
isoelectric point of BC was approximately 3.2 (Fig. 

2e). When the pH of the solution <pHpzc, the surface 
of the adsorbent was positively charged; when the 
pH of the solution> pHpzc, the surface of the adsor-
bent was negatively charged.25

Factors affecting the adsorption of TC

The adsorption capacity of BC on TC increased 
with increasing adsorbent dose (Fig. 3a). It first in-
creased, then tended to stabilize, essentially reach-
ing an equilibrium state at 0.015 g. In the initial 
stage, the adsorbent dose was small, and the adsorp-
tion sites were limited, so the amount of TC ad-
sorbed was also limited. With increasing adsorbent 
dose, more exposed adsorption sites were provided 
for the adsorption of TC;10 thus, more TC could be 
absorbed. However, when the adsorption reached 
the saturation state, the continuously increasing ad-
sorbent could not be fully utilized, resulting in va-
cant sites. In contrast, the density of the adsorption 
sites was too high, which covered each other and 
caused blockage, leading to a slow increase in the 
amount of TC removed by the adsorbent. Taking 
into account the cost of raw materials and compre-
hensive analysis of the removal results, 0.015 g was 
selected as the optimal addition amount of BC in 
the experiment.

TC is a hydrophilic amphiphilic molecule con-
taining weakly acidic enoic and phenolic hydroxyl 
groups and basic dimethylamino groups. The solu-
bilities of TC at 15.15, 20.15, and 30.15 °C were 201, 
311, and 430 mg L–1, respectively,9 and pH had a 
great influence on the state in which it was present.8

The adsorption capacity first increased and 
then decreased (Fig. 3b), and reached its maximum 
(17.19 mg g–1) at pH = 7.0. At the same time, it can 
be seen that the adsorption capacities of TC were 
similar in the pH range of 5.0–7.0. Different adsor-
bent materials had different optimal pH values. For 
example, the optimal pH value of pig manure and 
straw biochar modified by H3PO4 was 9.0.48 In the 
process of increasing the pH value from 4.0 to 7.0, 
TC mainly existed in the form of TC H2

0, and the 
surface of the adsorbent was negatively charged. At 
this time, the electrostatic repulsion was small,16 so 
the adsorption capacity was high. When the pH val-
ue further increased above 7.7, TC mainly existed 
in the form of TC H– and TC,2,3,5–8 and the electro-
static repulsion between the anion and the negative-
ly charged adsorbent increased, so the adsorption 
capacity decreased. In addition, when the solution 
was more alkaline, the active sites on the surface of 
the biochar may be passivated, thereby reducing 
their ability to remove TC, while part of the TC was 
still adsorbed at this time. It is inferred that pore 
filling, π-π interactions, and hydrogen bonding are 
also involved in the TC adsorption process.31
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F i g .  3  – (a) Effect of adsorbent dosage on TC removal efficiency; (b) Effect of pH value on TC removal efficiency; (c) Effect of 
initial TC concentration on TC removal efficiency; (d) Effect of contact time on TC removal efficiency; (e) Effect of salt concentration 
on TC removal efficiency
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With the increase in the initial concentration of 
TC solution, the TC adsorption capacity of BC 
gradually increased (Fig. 3c). In the initial stage, the 
TC concentration was higher. As the driving force 
of the concentration difference increased,9 more TC 
molecules moved from aqueous solution to adsorp-
tion sites on the surface of the BC; at this time, BC 
had a higher TC adsorption capacity. When the con-
centration of TC solution gradually increased from 
20 mg L–1, the probability of adsorbed molecules 
decreased, and the adsorption rate became slower 
because the adsorption sites were limited and most 
of them were bound.10

The adsorption capacity of TC by BC showed a 
trend of rapid increase and achieved stability (the 
adsorption capacity only increased by 0.76 mg g–1 
from 1080 to 1440 min) with time (Fig. 3d). The 
adsorption process was divided into fast adsorption, 
slow adsorption, and equilibrium stages.11 The early 
stage of the TC adsorption reaction was a rapid ad-
sorption process. Approximately 90 % of the ad-
sorption capacity appeared in the initial stage. Ini-
tially, there are abundant active sites on the surface 
of BC, and the initial concentration of TC is rela-
tively high. A higher concentration difference accel-
erates the reaction and produces a greater driving 
force for mass transfer, and the outer surface of the 
adsorbent and the microporous structure of the ad-
sorbent work synergistically so that TC quickly oc-
cupies the adsorption sites on the surface of the BC, 
resulting in a rapid increase in adsorption capacity. 
As time went by, the active sites gradually reached 
saturation, the number of active sites with adsorp-
tion capacity decreased, the concentration differ-
ence of TC in the solid–liquid phase decreased con-
tinuously, so the adsorption rate slowed down until 
it reached equilibrium.

The low-concentration salt ions promoted the 
adsorption of TC by BC. When 0.05 mol L–1 NaCl 
and 0.025 mol L–1 CaCl2 were added, the adsorption 
capacity reached 20.96 and 20.07 mg g–1, respec-
tively, with increases of 2.61 and 1.72 mg g–1, which 
had a significant promoting effect on the adsorption 
process (Fig. 3e). The high concentration of salt 
ions competed with TC for adsorption sites, causing 
electrostatic screening, and thereby inhibiting the 
adsorption capacity of TC. At the same time, when 
the salt ion concentration was so high that it occu-
pied the active sites, the probability of contact be-

tween the pores on the surface of BC and TC mole-
cules was reduced, thereby inhibiting the adsorption 
of TC. In addition, TC can form complexes with 
cations in high-concentration salt solutions,12 which 
also reduces the removal efficiency of TC. Com-
pared with NaCl, CaCl2 had a greater impact on the 
adsorption of TC, which may be because Ca2+ easily 
chelated with the phenolic β-diketone part of TC, 
reducing the probability of binding of functional 
groups on the surface of the BC with TC.49 At the 
same time, Ca2+ had a greater electronic screening 
effect and hydration radius, and more easily occu-
pied adsorption sites than Na+,43 thereby reducing 
the adsorption effect.

Analysis of adsorption kinetics, isotherms, and 
diffusion models

To clarify the adsorption mechanism of TC to 
BC, pseudo first-order, pseudo second-order and Elo-
 vich models were used to analyze the kinetic char-
acteristics of the adsorption of TC by BC (Fig. 4).

Compared with the pseudo first-order model, 
the pseudo second-order model (R2 = 0.996) better 
fitted the kinetic characteristics of TC (Fig. 4 and 
Table 1), which was consistent with literature re-
search.50 The adsorption process of TC to BC was 
mainly dominated by chemical adsorption, includ-
ing electron sharing, electron transfer, and π-π inter-
actions between the adsorbent and pollutant.51 The 
Elovich model also fitted the experimental results 
well, indicating that the surface of BC was hetero-
geneous in energy, and that chemical adsorption oc-
curred on the surface.9 Due to this chemical interac-
tion, the combination of BC and TC had stable 
physical and chemical properties, and caused no 
secondary pollution. According to the calculation 
results of the pseudo second-order kinetic model, 
the maximum adsorption capacity of TC on BC was 
19.17 mg g–1, which was close to the adsorption ca-
pacity measured in experiments (16.59 mg g–1). The 
adsorption process was very fast because the ad-
sorption rate constant was always less than 1.

The adsorption isotherm refers to the relation-
ship between pollutant concentration (γe) and ad-
sorption quantity (qe) in aqueous solution when ad-
sorption reaches equilibrium at a certain temperature. 
The calculation results and related parameters of 
different temperature models are shown in Fig. 5 
and in Table 2.

Ta b l e  1  – Kinetic parameters of TC adsorption by BC

Dynamic model Kinetic parameter

Pseudo first-order R2= 0.897 q=12.23 mg g–1 K1=1.17·10–3 min–1

Pseudo second-order R2=0.996 q=19.17 mg g–1 K2=7.25·10–4 g (mg·min)–1

Elovich R2=0.969 a=0.93  b=0.31 t0=3.45 min
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F i g .  4  – Adsorption kinetic models of TC adsorption by BC: 
(a) pseudo first-order model; (b) pseudo second-or-
der model; (c) Elovich model

F i g .  5  – Adsorption isotherm models of TC adsorption by 
BC: (a) Langmuir; (b) Freundlich; (c) Temkin 

l /ge ((mg L–1)–1)
l /

q e ((
m

g 
g–1
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Compared with the Freundlich model, the 
Langmuir model had a higher correlation coeffi-
cient (R2 = 0.990) and therefore fitted the experi-
mental data better (Fig. 5 and Table 2), which was 
similar to the results of other literature studies,52 
indicating that the TC monolayer was uniformly ad-
sorbed on the adsorbent, and various adsorption 
sites on the adsorbent surface were equal in energy 
to TC. Furthermore, the maximum adsorption ca-
pacity calculated according to the Langmuir model 
was 20.49 mg g–1, and the calculated separation fac-
tors RL and n–1 were 0.097 and 0.008, respectively. 
The adsorption process of TC on BC was beneficial 
under operating conditions (RL < 1, 0 < n–1 < 1).32 
The Temkin model also fitted the experimental data 
well, indicating that intermolecular forces were in-
volved in the adsorption of TC by BC.9 To under-
stand the adsorption reaction mechanism and rate 
controlling steps in depth, intraparticle diffusion 
and liquid film diffusion models were used to study 
the adsorption process. The diffusion results and re-
lated parameters of TC adsorption by BC are shown 
in Fig. 6 and Table 3.

The adsorption process went through multiple 
stages of external diffusion, adsorption, and equilib-
rium. Usually, the first stage was related to the ex-
ternal diffusion resistance, while the second and 
third stages were related to the internal diffusion of 
particles. The curve fitted by internal diffusion 
model was multilinear (three linear parts) (Fig. 6a). 
The first stage was the external fast adsorption 
stage, and the adsorption amount was almost pro-
portional to the reaction time (Fig. 6a). Kt was sig-
nificantly higher than that of the other two stages 
(Table 3). At this stage, TC molecules migrated 
from the liquid phase to the outer surface of the BC 
through the hydrodynamic boundary layer across 
the water film.13 The two were constantly in contact 
and collided, reflecting the diffusion rate of parti-
cles around the water film. In the second stage, the 

adsorption capacity increased slowly. At this stage, 
TC molecules were adsorbed from the outer surface 
of BC to the active sites of the pores, reflecting the 
internal diffusion rate of particles. In the third stage, 

Ta b l e  2  – Isotherm parameters of TC adsorption by BC

Isotherm model Isotherm parameters

Langmuir R2 = 0.990 qm = 20.49 mg g–1  KL = 9.28·10–2 L mg–1

Freundlich R2 = 0.539 n = 123.76  KF = 10.49

Temkin R2 = 0.851 a = 6.05  KT = 0.29 L mg–1

Ta b l e  3  – Diffusion parameters of TC adsorption by BC

Diffusion model Diffusion parameters

Diffusion

R2 = 0.962  ct = –1.26 mg g–1  Kt = 1.41 mg g–1 min1/2

R2 = 0.965  ct = 9.87 mg g–1  Kt = 0.25 mg g–1 min1/2

R2 = 0.992  ct = 12.29 mg g–1  Kt = 0.17 mg g–1 min1/2

Liquid film diffusion R2 = 0.897   Kfd = 2.69·10–3 min–1

F i g .  6  – Diffusion models of TC adsorption by BC: (a) intra-
particle diffusion; (b) liquid film diffusion
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the adsorption of TC by BC tended to balance, 
which may have been due to the decrease in free 
adsorption sites of BC and the increase in electro-
static repulsion between TC molecules adsorbed on 
the surface of BC and TC molecules in solution.49 
In this experiment, the intercepts of both the inter-
nal diffusion model (Fig. 6a) and the liquid film dif-
fusion (Fig. 6b) fitting curve did not pass through 
the origin and were close to 0, indicating that liquid 
film diffusion also controlled the reaction rate.

Adsorption mechanism

Understanding the mechanism of pollutant ad-
sorption is critical to the design of carbon-based ad-
sorbent materials. Previous studies have shown that 
electrostatic interactions, π-π interactions, hydrogen 
bonding, and pore filling play key roles in the ad-
sorption of TC by biochar.53 To clarify the adsorp-
tion mechanism of TC by BC, this study observed 
the surface structure of BC, analyzed the functional 
groups on the surface of the adsorbent material, and 
comprehensively analyzed the effect of kinetics, 
isotherms, diffusion characteristics, and solution pH 
on the adsorption of TC. It was concluded that the 
TC molecules were first transferred to the surface 
of the carbon material through liquid film diffusion 
and were filled at the active sites on the surface of 
the carbon material through the pores to form mono-
layer TC molecules. As the monolayer adsorption 
approached saturation, the adsorbent began to ad-
sorb TC through chemical adsorption, and there 
were π-π interactions and hydrogen bonds in this 
process.32 In addition, the adsorption process was 
affected by static electricity.

Comparison of adsorption performance 
between BC and other adsorption materials

The choice of adsorbent is the core of the entire 
adsorption technology. Finding a cheap and effi-
cient adsorbent is the key to adsorbing and remov-
ing pollutants. For this reason, agricultural waste 
(straw, livestock and poultry manure, bacterial resi-
due), industrial waste, activated sludge, and other 
materials have been used to prepare adsorbents, and 
the synthesis of new adsorbent materials has been 
frequently attempted to efficiently remove pollut-
ants. As a very promising treatment process, AGS 
shows excellent removal efficiency and strong an-
ti-shock capacity in removing pollutants.58 Howev-
er, this process will inevitably produce a large 
amount of excess sludge. The disposal and resource 
utilization of sludge is one of the urgent problems 
to be solved in China’s sewage treatment plants.23 
Table 4 shows a comparison of TC adsorption by 
BC used in this study and other original carbon ma-
terials.

It may be seen from Table 4 that the BC de-
rived from AGS in this study had similar TC ad-
sorption performance to other carbon materials. The 
source of AGS was more widely available than 
waste coffee and reed. The biochar prepared by 
AGS had a larger adsorption capacity than rice 
straw. Compared with carbon nanotubes and 
graphene oxide, AGS caused no potential pollution 
to the environment. Meanwhile, the preparation 
process of BC in this study was simpler, and BC 
with good TC adsorption capacity could be pre-
pared without complex pretreatment, thus reducing 
the manufacturing cost. It not only realized the re-
cycling of residual sludge but also provided a new 
direction for the removal of organic pollutants such 
as antibiotics from wastewater. Thus, BC of this 
study has a good application prospect in the field of 
water treatment.

Modification of different substances

The results of modified BC adsorption experi-
ments showed that the adsorption capacity of TC by 
BC treated with Na2CO3 basically had not increased 
(19.72 mg g–1) (Fig. 7c). The adsorption capacity of 
BC treated with CH3COOH, H3PO4, and FeCl3 was 

Ta b l e  4  – Comparison of TC adsorption performance be-
tween BC and other carbon materials

Raw materials
Surface 

area  
(m2 g–1)

Adsorption 
quantity  
(mg g–1)

Reference

Reed 965.31 173.61 54

Rice straw 13.27 55

Red soil 12 56

Graphene oxide 314 33

Carbon nanotubes 207 192.7 57

AA waste 46.56 11.9 10

Waste coffee 39.22 12

Aerobic granular sludge 6.35 20.96 In this study

Aerobic granular sludge 
(Na2CO3 modified) 19.72 In this study

Aerobic granular sludge 
(CH3COOH modified) 31.97 In this study

Aerobic granular sludge  
(H3PO4 modified) 23.90 In this study

Aerobic granular sludge  
(FeCl3 modified) 28.93 In this study

Aerobic granular sludge  
(NaOH modified) 44.88 In this study

Aerobic granular sludge 
(KOH modified) 45.70 In this study
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limited (31.97, 23.90, and 28.93 mg g–1) (Fig. 7a, 7c), 
while NaOH and KOH greatly improved the TC ad-
sorption capacity of BC (44.88 and 45.70 mg g–1) 
(Fig. 7b). This was because the vapor formed by 
alkali treatment at high temperature had an etching 
effect,59 which increased the porosity of BC13 and 
provided more adsorption sites and spaces.60 Other 

treatment materials that underwent dehydration un-
der the action of carbonization increased the content 
of oxygen-containing functional groups. Oxy-
gen-containing functional groups can be directly 
connected to the benzene ring or aromatic ring of 
BC, which greatly improves the aromaticity of BC 
and its ability to accept π electrons. Thus, the π-π 
interaction between BC and organic pollutants was 
enhanced, which was beneficial to the adsorption of 
TC by BC. However, some studies have shown that 
an increase in carboxyl groups (–COOH) will weak-
en the dispersive force of π-π action on the surface 
of BC, thereby weakening the π-π interaction be-
tween BC and aromatic pollutants.46 In addition, ox-
ygen-containing functional groups formed strong 
hydrogen bonds between BC and water molecules, 
causing the formation of a water film and the accu-
mulation of water on the surface of BC,27 prevent-
ing pollutants from reaching the adsorption site on 
the surface of the adsorbent, thus reducing the ad-
sorption performance.

Conclusions

The TC adsorption capacity of BC was the best 
when the carbonization temperature and time of BC 
were 700 °C and 2 h, respectively, and adsorption 
equilibrium was reached within 24 h. There was lit-
tle difference in the TC adsorption efficiency of ad-
sorbents prepared by pyrolyzing sludges with dif-
ferent particle sizes. BC contained micropores, 
mesopores, and macropores, and its surface mainly 
contained functional groups such as hydroxyl 
groups (–OH), carbonyl groups (C=O), and car-
bon-carbon double bonds (C=C). The maximum TC 
adsorption capacity of BC reached 20.96 mg g–1 af-
ter 24 h of reaction at pH = 5.0 and a low salt ion 
concentration. The pseudo second-order kinetic 
model and the Langmuir isothermal model fited the 
experimental results well, and the internal diffusion 
and liquid film diffusion controlled the adsorption 
rate. Compared with CH3COOH, H3PO4, Na2CO3, 
and FeCl3 solutions, the adsorption efficiency of al-
kaline solution for TC was the highest, reaching 
45.90 mg g–1. The TC adsorption process for BC 
was mainly controlled by static electricity, pore fill-
ing, and π-π interactions. In addition, hydrogen 
bonding also played a role in TC adsorption by BC.
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F i g .  7  – Comparison of TC adsorption performance on BC 
modified by different substances: (a) acid; (b) alkali; (c) salt
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