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The objective of this study was to evaluate the effect of oxidative torrefaction on
the biochar characteristics of Phragmites australis (PAS) and its tetracycline (TC)
adsorption capacity. Oxidative torrefaction combined with pyrolysis of PAS was
performed, and the physicochemical properties of the biochar were characterized.
Subsequently, the effects of adsorbent dosage, initial TC concentration, salinity, and
temperature on the TC adsorption capacity of PAS biochar were evaluated; the
kinetic, equilibrium, and thermodynamic results were used to assess the adsorption
mechanism. The results showed that the biochar derived from oxidatively torrefied
PAS pyrolysis (TPBC) had higher specific surface area and lower ash content than the
biochar derived from raw PAS pyrolysis (PBC). TPBC showed a higher TC adsorption
capacity than PBC. The adsorption kinetics were more in agreement with pseudo-
second-order model than pseudo-first-order and intraparticle diffusion models. The
rate of adsorption by PAS biochar was controlled by external mass transfer and
intraparticle diffusion, and the adsorption process was favorable and irreversible.
Moreover, the dominant mode of adsorption is physical, and the organic functional
groups of PAS biochar participate in the adsorption process. In summary, oxidative
torrefaction could be an effective approach for improving the TC adsorption capacity of
PAS biochar.

Keywords: biomass, Wetland plant, oxidative torrefaction, pyrolysis, biochar, tetracycline

HIGHLIGHTS

- TPBC was produced by combining oxidative torrefaction and pyrolysis of PAS.
- Oxidative torrefaction led higher specific surface area of PAS biochar.
- PBC showed higher tetracycline adsorption capacity than PBC.
- TC adsorption was controlled by external mass transfer and intraparticle diffusion.
- PAS biochar is promising adsorbent for treatment of wastewater containing TC.
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INTRODUCTION

Multiple antibiotics used in the medicinal, livestock, and
poultry breeding industries have detrimental effects on human
and animal health, and have thus led to great concern in
recent years. Most antibiotics are excreted into the natural
environment as prototypes or metabolites, resulting in
environmental pollution. The primary sources of antibiotics
in the water environment include sewage treatment plant
wastewater, chemical manufacturing wastewater, animal
husbandry, and aquaculture. Tetracycline (TC), one of the
most widely used antibiotic, is widespread and frequently
detected in the water environment. TC is easy to remain in
water environment for a long time and cause environmental
harm, mainly manifested in its adverse effects on non-
target organisms. Long-term exposure of organisms to
the antibiotic environment will produce chronic toxicity,
which can cause negative effects on terrestrial and aquatic
ecosystems, and damage the balance of the ecosystem.
Moreover, the highly soluble TC is easily transferred to
other environmental media via the water environment and must
be removed in a technically, environmentally, and economically
acceptable manner.

Common methods for removing TC from wastewater include
photocatalytic degradation (Zhu et al., 2019b), membrane

Abbreviations: TC: tetracycline; PAS: Phragmites australis; PBC: the biochar
derived from raw PAS pyrolysis; TPBC: the biochar derived from oxidatively
torrefied PAS pyrolysis.

separation (MABR) (Taşkan et al., 2019), adsorption (Song et al.,
2019), and anaerobic digestion (Zhang et al., 2018). Among
these methods, adsorption is important because it is simple,
inexpensive, and highly efficient at low TC concentrations. In
addition, no toxic intermediates or by-products are produced
during the adsorption process (Jang and Kan, 2019). Biochar,
which is created by the pyrolysis of biomass or organic waste,
has attracted considerable attention for wastewater treatment
owing to its high specific surface area, developed pore structure,
and strong hydrophobicity (Xiang et al., 2020). However, the
physicochemical properties of biochar vary widely due to various
feedstocks and production conditions (Lyu et al., 2020; Su et al.,
2020; Yu et al., 2017). Therefore, most biochars need to be
chemically modified to achieve good TC adsorption capacity (Liu
et al., 2019; Liu et al., 2021; Nguyen et al., 2021; Wang et al., 2021),
which increases production costs.

Torrefaction, also called low-temperature pyrolysis, is an
effective pretreatment method for upgrading biomass. In the
torrefaction process, biomass is heated at modest temperatures
of 200–300◦C in an inert or oxidative atmosphere; the carrier
gas (oxygen) content in oxidative torrefaction generally varies
from 3 to 16 vol.%. Biomass combustion gas is commonly used
as a carrier gas for oxidative torrefaction to control production
costs (Uemura et al., 2017). After torrefaction, the torrefied
biomass has more uniform properties, improved grindability and
reactivity, lower moisture content, lower H/C and O/C atomic
ratios, and higher energy densities or heating values (Peng et al.,
2013; Tumuluru, 2015; Xu et al., 2018). Moreover, multiple
studies have shown that torrefaction has varying degrees of effect

GRAPHICAL ABSTRACT | PAS biochar production and TC adsorption.
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on the characteristics and kinetics of pyrolysis and the properties
of the products (Meng et al., 2012; Chen et al., 2015; Bach et al.,
2017; Wang et al., 2017).

Most of the research on torrefaction has been the
improvement of fuel properties of biomass in recent years (Gan
et al., 2018). There are few researches on combining torrefaction
and pyrolysis, especially combining oxidative torrefaction and
pyrolysis, which may limit the development of torrefaction
technology and product application. The principal products of
biomass pyrolysis are biochar, gas, and condensables (bio-oil, tar,
and water), whose ratio and chemical composition are seriously
affected by the torrefaction process (Wannapeera et al., 2011).
In the pyrolysis process, cellulose and trace hemicelluloses are
the principal sources of bio-oil, while biochar is derived from
lignin (Chen et al., 2016). The pyrolysis of torrefied biomass
produces less bio-oil and tar and more biochar when increasing
torrefaction temperatures are used (Wannapeera et al., 2011; Ren
et al., 2013; Ren et al., 2014; Doddapaneni et al., 2016). On the
one hand, Gogoi et al. (2017) revealed that biochar from torrefied
biomass showed improved adsorption performance compared
to that of non-torrefied biomass. On the other hand, Chen et al.
(2017) reported a decreased specific surface area. Zhu et al.
(2019a) proposed a torrefaction pretreatment combined with
co-pyrolysis to produce biochar from walnut shells and bio-oil
distillation residue. Torrefaction pretreatment was beneficial for
the evolution of large aromatic rings in biochar to small aromatic
rings and for the formation of ordered carbon. Fleig et al. (2021)
reported that torrefaction pretreatment increased the specific
surface area of rice husk biochar from 1.5 m2/g to a maximum
of 16.7 m2/g, and the sample with torrefaction and pyrolysis
at 500◦C presented the highest biochar yield. Lampropoulos
et al. (2020) found that olive kernel biochar, with less-ordered
structures, increased C and ash contents, and higher porosity,
was obtained by torrefaction combined with pyrolysis. Thus,
targeted torrefaction pretreatments must be performed for
different biomass types and specific product applications.

Phragmites australis (PAS) is one of the most common plants
in natural and artificial wetlands in China and has a high annual
yield. As a traditional biomass, PAS is a good raw material for
biochar production. In this study, PAS biochar was prepared
by pyrolysis combined with oxidative torrefaction. Compared
with the biochar derived from the pyrolysis of non-torrefied
PAS and non-oxidatively torrefied PAS, biochar derived from
oxidatively torrefied PAS pyrolysis had a higher specific surface
area and lower ash content; these characteristics indicated that
the biochar derived from oxidatively torrefied PAS may have
better adsorption performance. Therefore, oxidative torrefaction
may be an effective approach for improving the adsorption
capacity of PAS biochar for TC. The PAS biochar may be effective
adsorbent for treatment of wastewater containing TC, which may
effectively remove TC and reduce the cost of biochar production.

Hence, oxidative torrefaction combined with pyrolysis of PAS
was performed in this study, which aimed to evaluate the effect
of oxidative torrefaction on PAS biochar characteristics and
its TC adsorption capacity. The physicochemical properties of
PAS biochar that were characterized included surface functional
groups, crystalline structure, surface chemical composition,

and specific surface area. The effects of adsorbent dosage,
initial TC concentration, salinity, and temperature on the TC
adsorption capacity of PAS biochar were evaluated, and the
kinetic, equilibrium, and thermodynamic results were used to
assess the adsorption mechanism. In addition, the TC adsorption
capacity of the biochar derived from pyrolysis of oxidatively
torrefied PAS and several biochars produced from different
types of biomass were compared to evaluate the application
potential of PAS biochar.

MATERIALS AND METHODS

Materials
The PAS was collected from the Yanghu Wetland, Hunan
Province, China. Prior to the experiment, the raw material was
dried at 105◦C for 24 h, crushed into fractions with particle sizes
of 0.15–0.25 mm, and stored in a sealed bag at 4◦C. Tetracycline
purchased from Shanghai Ryon Biotechnology Co., Ltd.

Torrefaction and Pyrolysis
The oxidative torrefaction experiments were performed in a
rotary tube furnace. During each run, approximately 50 g of
dried PAS was placed in the reactor. In the heating procedure,
the temperature was increased from room temperature to 270◦C
at 3◦C/min and the temperature was maintained for 30 min;
the carrier gas (flow rate = 200 SCCM) consisted of nitrogen
containing 9 vol.% of oxygen. After torrefaction, the PAS was
pyrolyzed in a rotary tube furnace, and pure nitrogen was used
as the carrier gas. In the heating program, the temperature was
increased from room temperature to 675◦C at 3◦C/min and
then maintained for 120 min. For comparison, the raw PAS was
pyrolyzed in a rotary tube furnace under the same conditions.
Notably, torrefaction and pyrolysis are continuous processes.
Therefore, the effect of property changes that occur during the
storage of torrefied PAS on the biochar properties was avoided.
The biochars derived from raw and oxidatively torrefied PAS
pyrolysis were denoted PBC and TPBC, respectively.

Characterization of Biochar
The surface functional groups of the biochar were identified
using Fourier-transform infrared (FTIR, Bruker Vertex
70) spectroscopy. An X-ray diffractometer (XRD, X’Pert
PRO MPD) with a Cu Kα radiation source was used to
investigate the crystalline structure of the biochar. The surface
chemical composition was analyzed by multifunctional X-ray
photoelectron spectrometry (XPS, Thermo ESCALAB 250XI).
The specific surface area and pore diameter were measured using
a surface area analyzer (TriStar II 3flex).

Adsorption Experiments
Batch Adsorption
Tetracycline solution (50 mg/L) was prepared by dissolving 0.1 g
tetracycline in 2 L ultrapure water. To investigate the effect
of biochar dosage on the TC adsorption capacity of biochar,
different amounts of adsorbent (0.025–0.075 g) were added to
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250 mL conical flasks with 50 mL TC. The conical flasks were
shaken in a constant-temperature shaking incubator at 150 rpm
for 24 h, and the environmental temperature was controlled
at 25◦C, except for the thermodynamic studies. The TC
concentration was determined by ultraviolet-visible spectrometry
at a wavelength of 359 nm. The calibration curve was constructed
by plotting the absorbance versus the concentration of standard
TC solutions ranging from 0 to 50 mg/L.

To investigate the effect of TC concentration on the TC
adsorption capacity of biochar, 0.0625 g of adsorbent was added
to 50 mL of TC solutions with initial concentrations of 5–
50 mg/L. To check the effect of salinity on TC adsorption,
different amounts of NaCl were added to the samples to adjust
their salinity in the range 5–500 mg/L. The adsorption kinetic
experiments were conducted at a biochar dosage of 0.02 g
per 50 mL and a TC concentration of 10 mg/L. The TC
concentrations were then measured at different time intervals.
The adsorption isotherm experiments were conducted at a
biochar dosage of 0.02 g per 50 mL and TC concentrations of
1–50 mg/L. To investigate the effect of temperature on the TC
adsorption capacity of biochar, 50 mL of 10 mg/L TC and 0.02 g of
biochar were mixed at different temperatures (15, 25, and 35◦C).
All the tests were repeated three times.

The removal percentage is calculated by Eq. (1)

Re =
c1−c2

c1
(1)

The adsorption capacities are calculated by Eq. (2)

Q =
v(c1 − c2)

m
(2)

where Re, c1, c2, Q, v, and m represent the removal
percentage (%), the solution concentration before adsorption
(mg/L), the solution concentration after adsorption (mg/L),
the adsorption capacity (mg/g), the solution volume (mL), the
adsorbent mass (g).

Adsorption Kinetic
Using OriginPro 8.5 software, TC adsorption on biochar was
studied by fitting the pseudo-first order, pseudo-second order,
and intraparticle diffusion kinetics (Chabi et al., 2020).

The pseudo-first order equation is shown in Eq. (3):

log (Qe−Qt) = logQe−
k1

2.303
t (3)

The pseudo-second order equation is shown in Eq. (4):

t
Qt
=

1
k2Q2

e
+

t
Qe

(4)

The intraparticle diffusion equation is shown in Eq. (5):

Qt = kidt1/2
+ C (5)

where Qt , Qe, t, k1, k2, kid, α, and β represent the adsorption
capacity at time t (mg/g), the equilibrium adsorption capacity
(mg/g), the adsorption residence time (min), the pseudo-first-
order rate constant (h−1), the pseudo-second order rate constant

[mg/(g h)], the intraparticle diffusion rate constant [mg/(g h0.5)],
the initial adsorption coefficient [mg (g/min)], and the desorption
rate constant (g/mg).

Adsorption Isotherm
TC adsorption on biochar was studied by fitting the Langmuir
and Freundlich isotherms.

The Langmuir equation is given by Eqs. (6) and (7), as follows:

Qe =
KLQmCe

1+ KLCe
(6)

RL =
1

1+ KLC0
(7)

The Freundlich equation is shown in Eq. (8):

Qe = KfC1/n
e (8)

where Qe, KL, Qm, C0, Ce, K f , and n represent the equilibrium
adsorption capacity (mg/g), the Langmuir characteristic
adsorption constant (L/g), the maximum adsorption capacity
(mg/g), the initial concentration of the solution (mg/L), the
adsorption equilibrium concentration (mg/L), the Freundlich
adsorption capacity parameter, and the Freundlich index,
respectively. The RL value indicates the type of adsorption: RL = 0
indicates irreversible adsorption, 0 < RL < 1 denotes favorable
adsorption, RL = 1 indicates linear adsorption, and RL > 1
denotes unfavorable adsorption.

Adsorption Thermodynamic
1G was calculated using the K f value obtained from the
Freundlich equation of the adsorption isotherm (Ahmad and
Alrozi, 2011).

1G = −RTlnKf (9)

1G = 1H−T1S (10)

lnKf = 1S/R−1H/(RT) (11)

where 1G, 1S, 1H, R, and T represent the Gibbs free
energy (kJ/mol), the adsorption entropy change (J/(mol K)),
the adsorption enthalpy change (kJ/mol), the perfect gas
constant (8.314 J/(mol K), and the thermodynamic temperature
(K), respectively.

RESULTS AND DISCUSSION

Biochar Characterization
Table 1 shows that the specific surface areas of the PBC and
TPBC were 307.579 and 350.855 m2/g, respectively. The average
pore diameters of PBC and TPBC were 1.954 and 1.979 nm,
respectively, indicating that the pore types of the biochars were
primarily micropores and mesopores. Compared with other
similar studies, the biochars obtained from this study had higher
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TABLE 1 | The specific surface areas of the PBC and TPBC, and comparison of the results with similar studies.

Biochar type Specific surface area (m2/g) Preparation method References

Phragmites australis (PBC) 307.579 Pyrolysis This study

Phragmites australis (TPBC) 350.855 Combining oxidative torrefaction and pyrolysis This study

Rice straw 2.17 Combining non-oxidative torrefaction and pyrolysis Chen et al., 2017

Rice husk 16.7 Combining non-oxidative torrefaction and pyrolysis Fleig et al., 2021

Olive Kernel <3 Combining non-oxidative torrefaction and pyrolysis Lampropoulos et al., 2020

FIGURE 1 | The XRD pattern of the biochars.

specific surface areas. Figure 1 shows that PBC and TPBC showed
similar XRD diffraction peak patterns, indicating that oxidative
torrefaction had no significant effect on the crystal type of the
PAS biochar. The spikes appearing at 21.94◦, 31.45◦, and 36.08◦
were related to SiO2. The TPBC peak was slightly lower than that
of PBC, indicating that TPBC contained lower ash content than
PBC, which may be more advantageous for TC adsorption. In
summary, TPBC may have better adsorbent properties than PBC,
which may facilitate TC adsorption.

Effective Parameters on TC Adsorption
Effect of Biochar Dosage
A higher adsorbent dosage generally leads to a greater removal
efficiency of the adsorbate. Figure 2 shows that the removal
efficiency of TC by TPBC was significantly higher than that of
PBC with different biochar dosages. When the biochar dosage
was increased from 500 to 1500 mg/L, the removal efficiency of
TC by PBC increased from 39.52 to 67.01%, and the removal
efficiency of TC by TPBC increased from 49.93 to 83.13%,
perhaps due to the growth of adsorption sites (Chabi et al.,
2020). Moreover, the growth rate of the TC removal efficiency

increased when the biochar dosage was increased from 500 to
1,250 mg/L, whereas the growth rate of the TC removal efficiency
decreased when the biochar dosage was 1,500 mg/L. Therefore,
the appropriate biochar dosage was 1,250 mg/L.

Effect of TC Concentration
Figure 3 shows that the adsorption capacity and removal
efficiency of TC by TPBC were significantly higher than those of
PBC with different initial TC concentrations. By increasing the
TC concentration from 5 mg/L to 50 mg/L, the removal efficiency
of TC by PBC decreased from 99.34 to 67.01%, and the removal
efficiency of TC by TPBC decreased from 99.79 to 83.13%. The
higher removal efficiency at lower initial concentrations is due
to the sufficient number of adsorption sites for TC adsorption
(Chabi et al., 2020). However, the ratio of adsorption sites
to TC molecules decreased with increasing TC concentration,
decreasing the sites available for TC adsorption. The maximum
adsorption capacities of TC by PBC and TPBC were 23.69 and
27.71 mg/g, respectively. Generally, a higher TC concentration
provides a stronger driving force for the adsorption reaction.
Therefore, the adsorption capacity increases with increasing TC

Frontiers in Energy Research | www.frontiersin.org 5 May 2021 | Volume 9 | Article 673758

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


fenrg-09-673758 May 7, 2021 Time: 17:14 # 6

Jiang et al. Combining Oxidative Torrefaction and Pyrolysis

FIGURE 2 | The effect of the biochar dosage on the TC removal.

FIGURE 3 | The effect of the initial TC concentration on the adsorption capacity and removal percentage. (A) PBC and (B) TPBC.

FIGURE 4 | The effect of the salinity on the removal percentage (A) and adsorption capacity (B).
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FIGURE 5 | Kinetic modeling of TC adsorption on the surface of the biochars using the pseudo-first-order (A) pseudo-second-order (B), and intraparticle diffusion
(C) models.

concentration, which agrees with Le Chatelier’s principle (Leng
et al., 2015; Gupta et al., 2020).

Effect of Salinity
Figure 4 shows that salinity had a significant effect on the
removal percentage and adsorption capacity. By increasing the
salinity from 5 to 500 mg/L, the removal efficiency of TC by
PBC decreased by 59.18–49.98%, and the removal efficiency of
TC by TPBC decreased from 77.44 to 69.64%. The adsorption
capacities of TC by PBC and TPBC decreased by 23.67–
19.99 mg/g by 30.98–27.85 mg/g, respectively. The decrease in
removal percentage and adsorption capacity could be due to the
ions competing with TC for adsorption on the ionic sites of
the biochar through electrostatic interactions (Gao et al., 2012).
Moreover, the removal percentage and adsorption capacity of
TPBC decreases less than those of PBC, indicating a stronger
anti-interference ability.

Kinetic Studies
The kinetic study was performed using pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models. The
corresponding linear plots and kinetic parameters are presented
in Figure 5 and Tables 2, 3, respectively. Table 2 shows
that the equilibrium adsorption capacities of PBC calculated
by the pseudo-first order and pseudo-second order models
were 10.7340 and 14.4886 mg/g, respectively; the equilibrium

TABLE 2 | Kinetic parameters of pseudo-first-order and pseudo-second-order for
the TC adsorption.

Samples Pseudo-first-order Pseudo-second-order

Qe k1 R2 Qe k2 R2

PBC 10.7340 0.0020 0.9663 14.4886 0.0010 0.9773

TPBC 12.3010 0.0022 0.9157 17.9019 0.0008 0.9901

TABLE 3 | Kinetic parameters of intraparticle diffusion for the TC adsorption.

Samples Intraparticle diffusion
(First linear part)

Intraparticle diffusion
(Second linear part)

kid C R2 kid C R2

PBC 0.5048 3.1247 0.9963 0.1105 10.7477 0.9678

TPBC 0.7087 2.2299 0.9948 0.1337 13.1409 0.9987

adsorption capacities of TPBC calculated by the pseudo-first-
order and pseudo-second-order models were 12.3010 and
17.9019 mg/g, respectively. The higher equilibrium adsorption
capacities for TPBC are consistent with the related experimental
data. Moreover, the R2-values of the pseudo-second-order model
(0.9663 for PBC and 0.9157 for TPBC) were higher than those
of the pseudo-first-order model (0.9773 for PBC and 0.9901
for TPBC), indicating that the adsorption kinetics of TC by
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FIGURE 6 | The adsorption isotherm data of TC adsorption on PBC (A) and TPBC (B) investigated using a non-linear method.

TABLE 4 | The calculated parameters of different adsorption isotherms using linear regression at 25◦C.

Samples Langmuir Freundlich

Qm KL RL R2 Kf n R2

PBC 57.1297 0.1096 0.1543–0.9012 0.9900 11.6650 2.5804 0.9965

TPBC 58.3554 0.1796 0.1002–0.8477 0.9926 12.2860 2.4455 0.9954

FIGURE 7 | Temperature effect on the TC adsorption by the biochars (A) and the Van’t Hoff plot for adsorption of TC on the biochars (B).

PAS biochar were in better agreement with the pseudo-second-
order model.

The intraparticle diffusion model is used to describe the
diffusion and mass transfer processes of the adsorbate inside
and outside the adsorbent (Módenes et al., 2021). According
to Figure 5C and Table 3, two-stage fitting was used for the
intraparticle diffusion model; the linear plot contained two
parts with different slopes. The first linear segment of the
curve belongs to the rapid adsorption stage, in which TC is
transported to the surface of PAS biochar, while the other
linear segment is considered to diffuse through small pores
(Adebayo et al., 2014). The linear part of the first linear plot
cannot pass through the origin, indicating that intraparticle
diffusion is not the only controlling mechanism (Adesemuyi
et al., 2020). The concentration gradient decreased as the contact
time increased and the TC concentration decreased, resulting in

TABLE 5 | Thermodynamic parameters of TC adsorption on biochars.

Samples T (K) lnKf 1G (kJ/mol) 1H (kJ/mol) 1S (kJ/mol)

PBC 288 2.0594 −4.9312 24.4765 0.1021

298 2.3966 −5.9377

308 2.7233 −6.9737

TPBC 288 2.3870 −5.7156 20.0708 0.0888

298 2.6085 −6.4627

308 2.9327 −7.5098

a low external mass transfer. Therefore, the adsorption rate was
controlled by external mass transfer and intraparticle diffusion.
Furthermore, the intercept of the second part is not zero,
confirming that the adsorption reaction is also controlled by
other steps (Chabi et al., 2020).

Frontiers in Energy Research | www.frontiersin.org 8 May 2021 | Volume 9 | Article 673758

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


fenrg-09-673758 May 7, 2021 Time: 17:14 # 9

Jiang et al. Combining Oxidative Torrefaction and Pyrolysis

FIGURE 8 | The FTIR spectra of PBC (A), and TPBC (B) before and after adsorption.

Isotherm Studies
The equilibrium study can explain the relationship between
the concentration of adsorbate in the solution and the amount
of adsorption on the surface of the adsorbent during solid-
liquid equilibrium (dos Reis et al., 2016). In this study, TC
adsorption was investigated using the Langmuir and Freundlich
isotherms. The constants and parameters were estimated for
the two models using non-linear regression. The corresponding
linear plots and calculated parameters are presented in Figure 6
and Table 4, respectively. Table 4 shows that the maximum
adsorption capacity of TPBC calculated by the Langmuir model
was slightly higher than that of PBC, indicating that PBC and
TPBC had similar maximum adsorption capacities. However,
according to the actual experimental data, the adsorption capacity
of TC by PBC was significantly lower than that of TPBC
at the same adsorption residence time, indicating that TPBC
had a higher adsorption rate than PBC. Therefore, oxidative
torrefaction promoted the TC adsorption of PAS biochar.

Larger Langmuir constant values typically correspond to
greater affinity of the adsorbate toward the adsorbent. The
KL of PBC (0.1096) was lower than that of TPBC (0.1796),
indicating the greater affinity of TPBC toward TC. Similarly, the
K f of PBC (11.6650) was lower than that of TPBC (12.2860),
indicating the higher TC adsorption capacity of TPBC. The RL
values of PBC and TPBC calculated by the Langmuir isotherm
were 0.1543–0.9012 and 0.1002–0.8477, respectively, indicating
a favorable adsorption process. Simultaneously, the n values of
PBC and TPBC calculated by the Freundlich isotherm were
2.5804 and 2.4455 (1/n ≈ 0.39 and 0.41), respectively, indicating
favorable adsorption. The Freundlich model assumes that the
surface-active sites are not equivalent, showing a heterogeneous
surface. In addition, the adsorption strength decreases with
increasing number of occupied sites (Areco et al., 2012;
Baghdadi et al., 2016).

Thermodynamic Studies
The thermodynamic studies can explain the spontaneity,
feasibility and other thermodynamic information of the
adsorption process (Su et al., 2021). The effect of temperature

on TC adsorption on the biochar is depicted in Figure 7. The
adsorption capacity increased with increasing temperature,
indicating that TC adsorption by the biochars is an endothermic
process. In addition, the TC adsorption capacity of TPBC was
higher than that of PBC at different temperatures.

Table 5 shows that the 1H values of PBC and TPBC were
24.4765 and 20.0708 kJ/mol, respectively, confirming that the
adsorption process is endothermic. Simultaneously, the 1H
values of PBC and TPBC were < 40 kJ/mol, indicating that
the dominant adsorption mode was physical. Therefore, TC
adsorption by PAS biochar was primarily physical. The 1S
values of PBC and TPBC were positive (0.1021 and 0.0888
kJ/mol, respectively), indicating that the adsorption process is
irreversible. The Gibbs free energy (1G) values of PBC were
calculated as −4.9312, −5.9377, and −6.9737 kJ/mol at 288, 298,
and 308 K, respectively. The 1G values of TPBC were calculated
as −5.7156, −6.4627, and −7.5098 kJ/mol at 288, 298, and 308
K, respectively. The 1G values of PBC and TPBC were negative,
indicating that adsorption was a spontaneous process (Baghdadi
et al., 2016). 1G values decreased as the temperature increased,
indicating enhanced adsorption at high temperatures. Moreover,
the 1G values of PBC were higher than those of TPBC at
different temperatures, indicating that TPBC adsorbed TC more
easily than did PBC.

Adsorption Mechanism
The higher TC adsorption capacity of TPBC than of PBC was
the result of torrefaction pretreatment. In the oxidative process,
devolatilization and thermal decomposition of PAS and oxidation
reactions occur, resulting in better physicochemical properties of
oxidatively torrefied PAS (Huang et al., 2020). Therefore, after the
subsequent pyrolysis process, the obtained TPBC had a higher
specific surface area, stronger hydrophobicity, and lower ash
content, which led to a higher TC adsorption capacity. Kinetic,
isotherm, and thermodynamic data reveal that the TC adsorption
rate by PAS biochar was controlled by external mass transfer
and by intraparticle diffusion; the adsorption process is favorable
and irreversible, and the dominant adsorption mode is physical.
For a more detailed analysis of the adsorption mechanism, the
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FIGURE 9 | The C1s XPS spectrum of PBC before (A) and after (C) adsorption and TPBC before (B) and after (D) adsorption.

TABLE 6 | Data of TC removal using biochars reported in various studies.

Biochar type Pyrolysis temperature (◦C) Qm (mg/g) Equilibrium model that predicted the Qm References

Sugarcane bagasse 300 11.56 Langmuir Divband Hafshejani et al., 2016

Bamboo
biochar/montmorillonite
composite

460 8.516 Langmuir Viglašová et al., 2018

Populus alba poplar wood 500 15.92 Langmuir Zhang et al., 2021

Oak sawdust 600 8.940 Langmuir Wang et al., 2015

Grapefruit peel 600 47.06 Langmuir Yu et al., 2020

Birch wood 700 3.970 Langmuir Sanford et al., 2019

Phragmites australis 675 58.3554 Langmuir This study

FTIR and XPS data before and after adsorption were used to
investigate the role of organic functional groups in the biochars
during adsorption.

Figure 8 shows that PBC and TPBC had similar FTIR
spectra. The observed peaks at 3,436 and 3,433 cm−1 primarily
correspond to the O-H stretching of water (Khan et al., 2020;
Ntzoufra et al., 2021). The peak at 1624 cm−1 is attributed to
the stretching vibrations of C = O and aromatic C = C (Xu et al.,
2020). The peaks at 1,581 and 1,578 cm−1 were attributed to the
stretching vibration of skeletal C = C (Zhang et al., 2019; Chen
et al., 2020). The peaks at 1,092 and 1,087 cm−1 were related
to antisymmetric Si-O-Si vibration, and the peak at 800 cm−1

was related to Si-O stretching vibration (Chen et al., 2021). After
adsorption, the peaks at 1,624 cm−1 moved to 1,581 cm−1 (PBC)
and 1,578 cm−1 (TPBC), indicating that the biochar adsorbed
TC. The peaks at 1,581 and 1,578 cm−1 are attributed to the

stretching vibration of skeletal C = C (Zhang et al., 2019; Chen
et al., 2020). The TPBC peak was slightly clearer than that of PBC,
which could explain the higher TC adsorption capacity of TPBC.

XPS was used to investigate the adsorption mechanism.
Figures 9A,B show that the PBC peak at 288.12 eV corresponds
to carbon in the O–C = O group (Lei et al., 2014), whereas
the XPS spectrum of TPBC did not show this peak, indicating
that oxidative torrefaction could lead to the removal of the
O–C = O group of PAS. Compared with Figures 9C,D,
Supplementary Figures 1A–D, 2A–D, the peaks of PBC and
TPBC correspond to the C–C, C = C, C–O, C = O, C–N, and
N-H groups shifted by varying degrees after adsorption, due
to the increase in the corresponding functional group amount.
Moreover, TPBC showed a peak at 288.03 eV after adsorption,
which corresponds to carbon in the O–C = O group of TC.
According to Supplementary Figures 3A–D, the peaks of PBC

Frontiers in Energy Research | www.frontiersin.org 10 May 2021 | Volume 9 | Article 673758

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


fenrg-09-673758 May 7, 2021 Time: 17:14 # 11

Jiang et al. Combining Oxidative Torrefaction and Pyrolysis

and TPBC shifted by varying degrees after adsorption, which may
correspond to changes in the Si-O group amount, confirming that
ash content could participate in the adsorption process.

Comparison of Adsorption Capacities of
Various Biochars for TC Removal
The capacity of TPBC to remove TC from aqueous solutions was
compared with that of biochar produced from different types
of biomass (Table 6). The comparison of Qm implies that the
adsorption capacity of the prepared biochar in this work is higher
than that of the other six biochars (some of which were chemically
modified) reported earlier for TC removal. The TPBC prepared
by PAS pyrolysis combined with oxidative torrefaction in this
work had a higher TC adsorption capacity than PBC. Therefore,
oxidative torrefaction could be an effective approach to improve
the adsorption capacity of PAS biochar for TC; and the use of
PAS biochar could be recommended for the efficient treatment
of wastewater containing TC, which could effectively remove TC
and reduce the cost of biochar production.

CONCLUSION

The results of this study confirmed that oxidative torrefaction
improved the TC adsorption capacity of PAS biochar. TPBC
had higher specific surface area and lower ash content than
PBC, which could be the result of devolatilization and thermal
decomposition of PAS and of oxidation reactions during
oxidative torrefaction. The adsorption kinetics showed a better
correlation with the pseudo-second-order model. The isotherm
and thermodynamics confirmed that the adsorption process is
favorable and irreversible and that the dominant adsorption
mode is physical. The FTIR and XPS results showed that
oxidative torrefaction could lead to the removal of the O–C = O
group of PAS and that the ash content could participate in
the TC adsorption process. In addition, the capacity of TPBC
to remove TC from aqueous solutions was higher than that
of PBC and of several previously reported biochars produced
from different types of biomass. In summary, the results of this
study suggested that oxidative torrefaction could be an effective
approach to improve the adsorption capacity of PAS biochar for
TC; further, the use of biochar derived from oxidatively torrefied
PAS pyrolysis could be recommended for the efficient treatment
of wastewater containing TC. The results were satisfactory, which
can provide not only a good idea for biomass utilization and
torrefaction pretreatment for biomass upgrading, but also an
effective adsorbent for the treatment of wastewater that contains
tetracycline. However, oxidative torrefaction to improve the
physicochemical properties of biochar requires more in-depth

mechanism research, which could be the focus of future research
in the field of biomass thermochemical conversion.
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