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a b s t r a c t
Recently, the use of biochar for wastewater treatment has become a central focus in environmen-
tal remediation studies. In this research, a simple and economical one-pot hydrothermal strategy 
was developed for the synthesis of iron-modified sludge-derived hydrothermal biochar (ISHB). 
The obtained optimum ISHB possesses abundant hydroxy, carboxyl and aromatic ring surface 
functional groups as well as relative high surface area and small particle size which contribute to 
the adsorption of the enhanced contaminants. The structure-activity relationship and the adsorption 
behavior between the ISHB and doxycycline (DOX) were explored. The loaded iron improved the 
adsorption capacity of ISHB from 51.65 to 78.93 mg g–1 at 20°C with an initial DOX concentration of 
60 mg L–1. As Cu(II) exists in the DOX solution, the adsorption of DOX is inhibited to 50.06 mg g–1 
due to the site competition between DOX and Cu(II). Nevertheless, the adsorption of Cu(II) is pro-
moted, which can be explained by the complexation between DOX and Cu(II).
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1. Introduction

Since penicillin was discovered by Fleming in 1929 and 
used by Florey and Chain in clinical practice, hundreds of 
antibiotics have been developed and utilized. By the end 
of 2017, the annual production of antibiotics in China has 
been estimated to 210,000 tons, which is two times more 
than in Europe and the United States [1]. However, the 
majority of antibiotics are poorly metabolized and thus 
excreted by excrement and urine of humans and animals 
[2,3]. When the concentration of antibiotics in the water 
environment reaches a certain value, it will affect the 
dynamic balance of the bacterial population and promote 
the spread of antibiotic resistance. Multidrug resistance of 
pathogenic bacteria will lead to chronic poisoning, muta-
genesis, carcinogenesis and teratogenesis, posing a poten-
tial threat to aquatic organisms and humans [4].

From an environmental perspective, removing antibi-
otics is of great significance, because it is difficult to deal 
with biological methods. Accordingly, among different 
removal strategies, adsorption may be the most feasible 
one on account of its high efficiency, low energy consump-
tion and cost-effectiveness. Several organic and inorganic 
adsorbents have been tested for the removal of pollut-
ants, such as activated carbon [5], graphene [6] and nano-
phase materials [7]. For example, the carbon nanotubes 
were produced by a chemical vapor deposition method 
and used to remove antibiotics (sulfamethoxazole) from 
an aqueous solution. The maximum removal capacity for 
antibiotics could reach 67.9 mg g–1 [8]. However, due to 
the high manufacturing cost and strict preparation condi-
tions, it was difficult for carbon nanotubes to be widely 
used in practice. Latterly, biochar has been deemed as a 
promising adsorbent for pollutants removal owing to 
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their cheap source (such as crops, poultry droppings and 
sewage sludge) and straightforward preparation methods 
(pyrolysis and hydrothermal carbonization methods) [9]. 
In comparison, the hydrothermal carbonization (HTC) 
process is more advantageous, which takes place at low 
temperatures under autogenous pressures in aqueous 
media and the resulting product possesses a complex pore 
structure, high specific surface area and a large number of 
active groups. For instance, Salix psammophila was con-
verted via HTC at 300°C and the prepared biochar was 
applied to tetracycline antibiotic removal with the maxi-
mum adsorption capacity of 28.77 mg g–1 [10].

Recently, the production of sewage sludge was from 
9 million metric tons in 2005 [11] increased to 34 mil-
lion metric tons in 2015 [12] (at a moisture content of 
80%). A small quantity of sewage sludge (less than 30%) 
in China [13] has been disposed by conventional ways 
including composting, land/ocean disposal and incinera-
tion, etc. Meanwhile, most of the sewage sludge was not 
properly disposed which would significantly contribute 
to secondary pollution in the soil and aquatic environ-
ment. Since the excess sludge contains a large amount of 
biomass and organic matter, it can also be used as a raw 
material for biochar preparation. For example, sludge-de-
rived biochar was prepared through pyrolysis at 550°C 
and employed to adsorb 19.80 mg g–1 fluoroquinolone 
antibiotics [14]. However, the pyrolysis of biochar requires 
dry raw materials, the high moisture content of sew-
age sludge would waste a lot of energy in dehydration. 
Therefore, the sewage sludge is more suitable for hydro-
thermal treatment. Meanwhile, in order to improve the 
performance of sludge obtained biochar, iron was used for 
the biochar modification, because the iron oxides had large 
surface areas and the capability to adsorb both organic 
and inorganic materials [15]. However, the application 
of this modification method to hydrothermal biochar is 
still relatively rare. Especially, if the iron is loaded on the 
hydrothermal biochar by a one-step method, the prepa-
ration efficiency of the modified biochar will be greatly  
improved.

Herein, iron-modified sludge-derived hydrothermal 
biochar (ISHB) was facilely prepared via one-step HTC 
and used to remove antibiotics. Among numerous anti-
biotics, tetracyclines are the second largest group that 
are being produced and used annually [16]. Doxycycline 
(DOX), one of the tetracycline antibiotics, was selected 
as a model compound due to its high residual toxicity in 
surface and groundwater [17]. Additionally, some circum-
stantial evidence have exhibited that the treatment of com-
bined pollution of heavy metals and antibiotics is more 
difficult than that of traditional contaminants [18]. Cu(II) 
is among the widespread heavy metal contaminants of the 
water resources, which is often added to feed as an essen-
tial micronutrient to promote animal growth and increase 
feed utilization. This greatly increases the risk of combined 
contamination of antibiotics and Cu(II) in the environment. 
Hence, Cu(II) is chosen as representative of heavy metal 
ions to study the metal effects on the adsorption of DOX.

The objective of this work was to prepare ISHB 
through a one-step hydrothermal method and study the 
adsorption properties of ISHB for the removal of DOX. 

The specific objectives were as follows: (1) to explore 
the existing form of iron and its influence on the change 
of carbon structure and adsorption properties; (2) eluci-
date the removal mechanism of DOX by ISHB; (3) inves-
tigate the mutual effects of Cu(II) and DOX during the 
adsorption process.

2. Materials and methods

2.1. Materials

The sewage sludge (moisture content is 99.6%, pH is 
6.7) taken from the Gaobeidian Sewage Treatment Plant 
in China was used as a carbon source for the production 
of ISHB. Doxycycline hydrochloride (DOX, Molecular 
Weight: 480.90 g mol–1, C22H24N2O·HCl, purity ≥ 98%) 
was purchased from Aladdin Industrial Corporation, 
USA. The other chemicals including (NH4)2Fe(SO4)2·6H2O 
and CuSO4·5H2O were purchased from Tianjin Guangfu 
Development Company Limited, China. A stock solution of 
adsorbate (DOX and CuSO4) was prepared by dissolving its 
required amounts in 1,000 mL of deionized water. All chem-
icals were used as purchased without further purification, 
and all solutions were prepared with high purity deionized 
water with an electrical conductivity of 2 μS cm–1.

2.2. Methods

2.2.1. Preparation and modification of ISHB

Sludge was centrifuged to lower moisture content (92%) 
for subsequent HTC experiment, which was conducted in a 
1 L high-pressure autoclave equipped with stirrer bar, heater 
coil, temperature control, water cooling coil and venting 
valve for gases. The preliminary experiment has proved 
that hydrothermal temperature 180°C and retention time 
3 h were the optimum preparation conditions. The obtained 
product was separated by centrifugation at 5,000 rpm for 
10 min and rinsed several times with distilled water to 
wipe off the surface residue. Whereafter, it was transferred 
to a drying oven set at 105°C for 24 h and passed through 
a 70-mesh nylon sieve. Finally, the fraction containing parti-
cles with a size <210 μm was sealed in plastic bags in the dark 
and stored in a desiccator at room temperature. The ISHB 
can be prepared in one step by added different amount of 
(NH4)2Fe(SO4)2·6H2O before the hydrothermal process, and 
other handling methods are the same as above. A mixture 
containing a certain amount of centrifuged sludge, and 0.00, 
12.5, 25.0, 37.5, 50.0 mmol of iron salt ((NH4)2Fe(SO4)2·6H2O) 
was used to fabricate hydrothermal biochar as pristine 
biochar, 1#-ISHB, 2#-ISHB, 3#-ISHB, 4#-ISHB, respectively.

2.2.2. Material characterization

To comprehend the feature of the ISHBs, several char-
acterization studies were performed. The elements of 
materials were measured using X-ray fluorescence (XRF-
1800) (Shimadzu, Japan), equipped with an Rh radiation 
source. X-ray diffraction (XRD) patterns were recorded 
using a D8 advance diffractometer, equipped with a 
Cu Kα radiation source (λ = 1.5418 nm) and an angle 
from 10° to 80° (BRUKER, Germany). Fourier-transform 
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infrared spectroscopy (FTIR) was recorded on a Nicolet 
6700 (Thermo, USA) spectrometer. Spectra were scanned 
over the range of 400–4,000 cm–1. The specific surface area 
and pore size of the product were determined by a Surface 
Area and Porosity Analyzer (Quantachrome, China) and 
calculated from N2 sorption isotherms by the Brunner−
Emmet−Teller (BET) method (Sample was degassed at 
105°C for 24 h and liquid nitrogen temperature was 77 K).

2.2.3. Adsorption experiment

The pristine biochar and ISHBs were done to inves-
tigate the influence of iron loading amount with vary-
ing initial DOX concentration. The adsorption of DOX 
was determined using triplicate batch tests, and 40 mL 
standard sample vials with Teflon-lined septa and screw 
caps were utilized. After 24 h, the solutions were centri-
fuged for 20 min by the centrifuge with a 5,000 rpm rota-
tion speed. A small amount of supernatant (15–20 mL) 
was taken out after centrifugation and diluted a cer-
tain multiple. The DOX concentration was determined 
eventually by a 765 UV-vis spectrophotometer with the 
absorbance being measured at λ = 346 nm in cuvettes. 
The product with the best adsorption capacity was selected 
and applied to the subsequent adsorption experiment.

The adsorption isotherm and thermodynamics exper-
iments were conducted in a constant temperature shaker 
(200 rpm) at three temperatures (20°C, 30°C, and 40°C) 
with different initial DOX concentrations. Adsorption 
kinetics experiments were conducted at 20°C with an 
initial DOX concentration of 60 mg L–1 and an adsor-
bent dosage of 0.6 g L–1. The antibiotic concentrations at 
different time intervals were determined until equilibration.

To evaluate the effect of the Cu(II) existence on DOX 
adsorption, the binary adsorption experiments were con-
ducted by varying DOX or Cu(II) concentration with another 
one kept constant at 20°C. As adsorption reached equi-
librium, the concentration of Cu(II) was determined by a 
ZA3300 flame atomic absorption spectrometer.

The amount of contaminant adsorbed to the ISHB was 
calculated by deducting the mass remaining in the aque-
ous phase at equilibrium from the initial mass spiked into 
the aqueous phase. The adsorption capacity is calculated 
by Eq. (1):

Q
V C C

mt
t�

�� �0  (1)

where V (L) is the solution volume; C0 (mg L–1) and 
Ct (mg L–1) denote the concentrations of the contaminant at 
the start and at time t, respectively; m (g) is the adsorbent 
mass; Qt (mg g–1) is the amount of contaminant adsorbed on 
the adsorbent at time t.

3. Results and discussion

3.1. Characteristics of ISHB

The results of XRF showed that the iron content of 
pristine biochar, 1#-ISHB, 2#-ISHB, 3#-ISHB and 4#-ISHB 
is 3.87%, 9.32%, 11.94%, 12.94% and 13.64%, respectively. 

The iron in pristine biochar may be derived from the 
addition of ferrous sulfate coagulant in the sewage treat-
ment process. With the increase in the amount of iron salt 
added, the iron constituent in ISHB continues to increase, 
which proves that iron is indeed loaded.

Fig. 1 presents the XRD patterns of pristine biochar 
and all ISHB samples. All of the data were analyzed by 
Jade 5.0 according to different standard cards compar-
ison. The wide peak at 19.887° represents amorphous 
carbon and the peak at 26.624° is graphite crystal [19]. 
The content of graphite decreases slightly with increas-
ing the amount of iron-loaded. The XRD patterns for 
1#-ISHB and 2#-ISHB samples show peaks for FeOOH at 
angles of 26.725°, 35.161° and 39.219° [20,21] and FeO at 
angles of 36.283°, 41.169° [22]. With the increase of load-
ing iron amount, the crystal shape of the loaded iron had 
been changed. The patterns for 3#-ISHB and 4#-ISHB sam-
ples show peaks for FeOOH at angles of 21.223°, 36.649° 
but no peaks for FeO. The size of the pristine biochar and 
ISHBs are 77.2 nm (pristine biochar), 56.4 nm (1#-ISHB), 
31.2 nm (2#-ISHB), 59.2 nm (3#-ISHB) and 81.0 nm (4#-
ISHB), proving loaded iron may change the particle size. 
When a little amount of iron salt is added, Fe3+ and Fe2+ 
can load on the biomass and conjunct with the sludge 
during the HTC process. The conjunct iron ion can be seen 
as the “separation agent”, which would “cut” the biochar 
particles into many minces in a small area [23]. While, 
as the iron salt amount increase, ferumoxytol is liable 
to agglomerate [24] causing the increase of grain size.

FTIR analysis presents typical structural proper-
ties of obtained samples (Fig. 2). The peaks at 1,077 and 
3,420 cm–1 belong to the O–H [25] bond indicating that 
ISHBs remain with a significant number of –OH groups 
on its surface. The peaks at 2,855 and 2,933 cm–1 are 
stretching vibration of C–H for –CH3 and –OCH3 in ali-
phatic hydrocarbons, respectively. The peaks of ISHBs at 
1,642 and 1,459 cm–1 are assigned to carboxylate groups 
and C=C bonds [26] in aromatic compounds which 
are slightly more prominent compared to that in pris-
tine biochar spectrum. This could be due to an increase 
in aromaticity and the amount of oxygen-containing 
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Fig. 1. X-ray patterns of the pristine biochar and ISHB samples.
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functional groups in the modified sample. For all samples, 
the main surface functional groups are similar but their 
intensities show a slight difference, implying that mod-
ification does not change the types of functional groups 
but changes their contents. The significantly enhanced 
band of ISHBs at 554 cm–1 may be attributed to Fe–O 
stretching bond [27].

Table 1 lists the surface and porous characteristics of 
as-prepared samples. According to the pore diameter, all 
of ISHBs are presented as microporous structures (pore 
diameter < 2 nm). However, there are high surface areas 
by the ISHBs, especially 2#-ISHB. Meanwhile, the total 
pore volume of all ISHBs is larger than that of the pristine 
biochar. It is implied that iron is the key factor to control 
the morphology of biochar and resulting in the equivalent 
specific surface area of the ISHB to that of pristine one.

3.2. Adsorption of DOX on ISHB

3.2.1. Effect of the loaded iron amount on DOX adsorption

It is clearly seen from Fig. 3 that the adsorption quantity of 
DOX is growing gradually with an increase of the added 
antibiotic concentration from 10 to 60 mg L–1, providing an 
improvement of driving force for the combination of the DOX 
and the adsorption sites. Especially, the adsorption capacity 
of ISHB is significantly increased compared with the pristine 

biochar, and the adsorption effect of 2#-ISHB is the best. 
The results indicate that the amount of iron in biochar fabri-
cation can regulate the adsorptive ability of ISHB obtained. 
According to the results of FTIR, ISHB has larger amounts 
of oxygen-containing functional groups than the pristine 
biochar which can facilitate the chemical adsorption signifi-
cantly [28]. Moreover, based on the BET and XRD analysis, 
2#-ISHB has the largest specific surface area and the smallest 
particle size, leading to the outstanding adsorption effect.

3.2.2. Sorption isotherm studies of ISHB

A successful representation of the dynamic adsorp-
tive separation of solute from a solution onto an adsorbent 
is dependent upon a good description of the equilibrium 
separation between two phases. In this study, Langmuir 
[29] (ideal adsorption model) and Freundlich [30] (empiri-
cal models) isothermal models are employed for fitting the 
experimental data nonlinearly as illustrated in Fig. 4a and b. 
The model simulation parameters are listed in Table 2.

The adsorption is significantly affected by varying 
the temperature from 20°C to 40°C. The adsorption capac-
ity increases as temperature increases. The maximum 
adsorption capacity can be achieved by 289.65 mg g–1. 
However, the value of Langmuir constant KL diminishes as 
the temperature increases, which is due to the fact that the 
constant KL is dependent on the temperature and not on the 
covering of the surface. Whereas, the adsorbed quantity (qm) 
on the surface depends on the non-homogeneous nature 
of the surface [31]. The Freundlich model assumes that 
there is an exponential variation in site energies of adsor-
bent, and surface adsorption is not a rate-limiting step. 
By comparing R2, the adsorption process can be described 
slightly better by the Langmuir model than Freundlich.

3.2.3. Thermodynamic analysis

Here, three thermodynamic parameters, ΔH, ΔS and 
ΔG are investigated to explore the adsorption of DOX on 
ISHB (Table 3), respectively.
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Fig. 2. FTIR images of the pristine biochar and ISHB samples.

Table 1
SBET characteristics of the pristine biochar and ISHB

Samples Surface area 
(m2 g–1)

Pore volume 
(m3 g–1)

Pore diameter 
(nm)

Pristine biochar 70.45 0.379 1.424
1#-ISHB 81.61 0.453 1.413
2#-ISHB 82.78 0.487 1.434
3#-ISHB 74.87 0.447 1.418
4#-ISHB 71.20 0.445 1.416
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Fig. 3. Effect of loaded iron on the hydrothermal biochar in dif-
ferent initial DOX concentrations.
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The negative values of ΔG at different temperatures 
prove that the adsorption process is feasible and spon-
taneous. Generally, values of ΔG around –20 kJ mol–1 or 
lower are consistent with the electrostatic interaction 
between the charged molecules and the charged metal 
(physisorption). Those more negative than –40 kJ mol–1 
involve charge sharing or transfer from the inhibitor mol-
ecules to the metal surface to form a coordinate type of 
bond (chemisorption) [32]. The calculated values of ΔG are 

almost slightly less negative than –40 kJ mol–1, indicating 
that the adsorption of DOX on ISHB may be a combination 
of both physisorption and chemisorption (comprehensive 
adsorption) [33].

The absolute value of ΔH is higher than 40 kJ mol–1 
elucidates that chemical adsorption is dominating in 
the process. Moreover, ΔH is calculated as a negative 
value which demonstrates that the adsorption process 
is an exothermic reaction, nevertheless, the adsorption 
amount of DOX increases with the increasing tempera-
ture. This result is consistent with the reports of Zarrouk 
et al. [34], Brigante and Avena [35] and Lou et al. [36]. 
Due to the large size of the DOX molecules, great bar-
riers are required to spread across the pores of the bio-
char, which require pretty high energy. Compared with 
low temperature, the external environment can provide 
more energy at high temperature, and DOX molecules can 
diffuse more easily. Therefore, although the adsorption 
reaction is exothermic, the adsorption capacity increases 
with the increase of temperature.

From the above thermodynamic parameters, it is 
assured that DOX adsorption on the selected ISHB is 
composite adsorption (both physical and chemical adsorp-
tion). Chemical adsorption is the main process, includ-
ing hydrogen bonding, π–π electron donor-acceptor 
(EDA) interactions and complexation. ISHB bears a large 
amount of oxygen-containing functional groups which 
can form hydrogen bonds with hydroxyl and amino of 
DOX. The π–π EDA interactions would emerge between 
aromatic rings of ISHB and benzene rings of DOX. 
Additionally, ISHB can form complex with DOX [37].

3.2.4. Adsorption kinetics by ISHB

To gain insight into the adsorption mechanism of 
DOX on ISHB, several adsorption kinetic models are 
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Fig. 4. Adsorption isotherm fittings for DOX (a) Langmuir iso-
therm and (b) Freundlich isotherm.

Table 2
Isothermal models and fitting parameters of DOX

Models Expression Parameters Temperature (°C)

20 30 40

Langmuir
q

q K C
K Ce

m L e

L e

�
�1

R2 0.9256 0.9663 0.9263
KL 1.9179 0.4478 0.1258
qm (mg g–1) 74.32 157.6 289.6

Freundlich q K Ce F e
n= 1/ R2 0.9073 0.9054 0.8484

KF 43.62 54.29 61.64
n 4.536 3.455 2.118

Table 3
Thermodynamic parameters of DOX

T (K) lnKd ΔG 
(kJ mol–1)

ΔH 
(kJ mol–1)

ΔS 
(J (mol K)–1)

293.15 14.47 –35.26 –104.0 –234.6
303.15 13.01 –32.80
313.15 11.74 –30.57
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widely selected to determine the relationship between 
the amount of adsorbate and the reaction time, fitting 
the experimental data obtained under the laboratory 
conditions. Pseudo-first-order kinetic model (Fig. 5a), 

pseudo-second-order kinetic model (Fig. 5b) and intrapar-
ticle diffusion kinetic model (Fig. 5c) are exploited respec-
tively. The kinetic models and calculated parameters are 
summarized in Table 4.

It is manifested that the correlation coefficient R2 of 
the pseudo-second-order kinetic model is higher than 
that of the pseudo-first-order kinetic model and close to 1. 
Therefore, it is considered that the pseudo-second-order 
kinetic model accurately describes the adsorption pro-
cess of DOX on the ISHB. Furthermore, the intraparticle 
diffusion model is used to investigate the rate- controlling 
steps of DOX sorption on ISHB. From the plots of Qt vs. t1/2 
of DOX (Fig. 5c), a multi-linearity is observed, denoting 
the adsorption process is controlled by a multistep mech-
anism. Firstly, as time goes on, the line rises up sharply. 
This stage is film diffusion indicating that DOX molecules 
are transported from the liquid phase to the external sur-
face of the adsorbent through a hydrodynamic bound-
ary layer. Compared with other adsorbents in previous 
studies [38,39], adsorption of DOX takes a longer time in 
the first stage. This may explain that the antibiotic mole-
cules are large, requiring more time and energy to trans-
fer from the liquid phase to the adsorbent surface. And 
then the line keeps a gentle upward tendency which is 
attributed to the diffusion of the DOX molecules from the 
exterior of the adsorbent into the pores of the ISHB, known 
as intraparticle diffusion. At this point, the adsorption on 
the external surface reaches saturation and the diffusion 
resistance increases leading to the decrease of diffusion 
rate. The final stage is the equilibrium step. In the intra-
particle diffusion formula, Kp (mg g–1 min1/2) is the rate 
constant of the model. P (mg g–1) is a constant associated 
with the thickness of the boundary layer, where a higher 
value of P corresponds to a greater effect on the limiting 
boundary layer [40]. Combining calculation parameters, 
it is clear that as the time is extended, the adsorption 
rate gradually slows down with the shrinking Kp val-
ues, and the increase in P values provides that the resis-
tance of the boundary layer is getting bigger and bigger.

3.3. Effects of Cu(II) coexistence on DOX adsorption

To evaluate the effect of Cu(II) coexistence on DOX 
adsorption onto ISHB, the binary adsorption experi-
ments were conducted at 20°C by varying concentrations 
of DOX or Cu(II) with another one fixed. On one hand, it 
can be seen clearly from Fig. 6 that the addition of DOX 
promotes the adsorption of Cu(II). Except for the adsorp-
tion of Cu(II) itself, the antibiotic can act as a bridge in 
the formation of complex among Cu(II), DOX and adsor-
bent, which is ascribed that DOX can be adsorbed on the 
selected ISHB and its oxygen-containing functional groups 
can complex Cu(II) [41,42]. When the concentration of 
DOX is elevated to 100 mg L–1, the adsorption capacity for 
Cu(II) begins to decline, demonstrating that only a part 
of Cu(II) form a complex with DOX. While the rest Cu(II) 
is apt to compete with DOX for negative charge (physical 
adsorption site), thus reducing the amount of adsorbed 
Cu(II). On the other hand, the existence of Cu(II) can 
inhibit the adsorption of DOX by ISHB. This is owing to 
that the existence of Cu(II) competes with DOX for the site 
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of the adsorption point, accordingly inhibiting the physical 
adsorption of DOX on ISHB. In general, the inhibitory effect 
of Cu(II) on the physical adsorption of DOX is far greater 
than the chemical interaction of Cu(II) and DOX. In other 
words, Cu(II) has a promoting and suppressing effect simul-
taneously on the adsorption of DOX on ISHB. However, its 
promoting effect seemed feeble, so that the adsorption of 
DOX is reduced. When the Cu(II) concentration increases to 
15 mg L–1, the physical adsorption sites on the adsorbent sur-
face are almost occupied by Cu(II) and the adsorption of 
DOX is only chemisorption. Therefore, the concentration 
of Cu(II) continues to increase, and its inhibition on 
DOX is not enhanced dramatically.

4. Conclusions

In this research, a polyporous ISHB, which has a high 
surface area and abundant surface organic functional 
groups, was successfully synthesized using the facile 
one-step hydrothermal method. During the HTC pro-
cess, the loaded iron ion has a “separation” effect on the 
carbonization of sludge, resulting in the decrease of bio-
char particle size and the increase of its specific surface 

area. Moreover, it could be inferred that the behavior 
of DOX and ISHB in aqueous is dominated by chemi-
cal interaction. As Cu(II) and DOX coexist in a solution, 
Cu(II) has suppressing effects on the adsorption of DOX 
through physical interaction, while DOX promotes Cu(II) 
adsorption by chemical interaction.
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