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nt and competitive adsorption of
tetracycline and Zn(II) on an NH4Cl-induced
magnetic ultra-fine buckwheat peel powder
biochar from water: studies on the kinetics,
isotherms, and mechanism†

Tian Ai,a Xiaojun Jiang, *a Qingyu Liu,b Linlin Lvc and Shujuan Dai*d

Single-component and competitive adsorption of tetracycline (TC) and Zn(II) on an NH4Cl-induced

magnetic ultra-fine buckwheat peel powder biochar (NH4Cl-BHP-char/Fe3O4) was investigated in batch

experiments. NH4Cl-BHP-char/Fe3O4 exhibited a large surface area of 1119.097 m2 g�1 and a total pore

volume of 0.139 cm3 g�1 and was easily separated from aqueous solution using a magnet. Also,

adsorption was endothermic, spontaneous, and highly pH-dependent. The optimum pH of the single-

component adsorption of TC and Zn(II) was 4.0 and 6.5, respectively, and the optimum pH of co-

adsorption was 6.0. The kinetics studies showed the prepared biochar could be rapidly adsorbed within

60 min, and chemical adsorption was dominant. For single-component adsorption, the maximum

adsorption capacities of TC and Zn(II) were 106.38 and 151.52 mg g�1, respectively, and they underwent

monolayer adsorption on the biochar surface. Moreover, for competitive adsorption, maximum TC and

Zn(II) adsorption capacities of 126.58 and 357.14 mg g�1 were achieved. Both film diffusion and intra-

particle diffusion were found to be significant processes to facilitate adsorption. TC and Zn(II) promoted

the adsorption of each other. The proposed biochar could be used repeatedly for at least four cycles. All

these results demonstrated that developed NH4Cl-BHP-char/Fe3O4 was regarded as a low-cost

alternative adsorbent to remove the heavy metal ions and antibiotic pollutants from water or wastewater.
1 Introduction

China's rapid economic growth and urban expansion generate
large amounts of toxic aqueous effluents containing chemical
compounds. In particular, heavy metal and antibody pollution
in aqueous environments seriously threaten ecological envi-
ronments and human health, and need to be solved urgently. In
the past few decades, the presence of heavy metal ions and
antibiotic compounds has been detected at trace concentra-
tions (ng L�1 to mg L�1) in surface water and even groundwater
in China.1,2 Persistence and bioaccumulation of these toxic
pollutants in aquatic ecosystems can lead to the deterioration of
the aquatic ecosystem and seriously endanger human health.3
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With the increasing public attention to the water environment,
it is signicant to remove heavy metal ions and antibiotic
compounds from wastewater.4

Zinc constitutes an essential trace element for the growth of
animals and plants. It is essential for the physiological func-
tions of living tissue and regulating biochemical processes.5

Despite this, excessive zinc ingestion is harmful to health.
Eminent health problems, such as stomach cramps, skin irri-
tations, nausea, vomiting, tooth-amalgam, and anemia, are due
to a large amount of zinc in the body.6 Zinc mining, smelting
processing, electroplating, and dyes are the primary sources of
zinc in wastewater.

Tetracycline (TC) is a sort of broad-spectrum antibiotic
utilized for the treatment and prevention of infectious diseases,
which is one of the most commonly used antibiotics all over the
world.7 However, the TC is not entirely digested and absorbed
by the humans and animals receiving treatment. A signicant
fraction is excreted through the urine.8 This compound is
hardly metabolized and correctly identied as one of the most
resistant drugs in ecosystems.9 It has been reported that the TC
is detected in water sources and even groundwater and drinking
water.10,11 Antibiotics in the water environment mainly come
from the discharge of medical wastewater and farming
RSC Adv., 2020, 10, 20427–20437 | 20427
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wastewater. As stated above, the removal of zinc and tetracycline
from the water environment is of great importance at the soci-
etal level.

Thus, current municipal treatment technologies such as
advanced oxidation,12 adsorptions,13 membrane separation,14

ion exchange,15 and biological treatment16 have been employed
to remove these pollutants from water. Adsorption has been
considered as the most effective approach to remove contami-
nants from aqueous systems with an available adsorbent.17

In practice, various adsorbents, especially carbonaceous
materials including biochar, have received considerable atten-
tion due to their peculiar textural characteristics and potential
towards sustainability. They have remarkable adsorption ability
for removing antibiotics and heavy metals.18–20 Biochar (BC),
a type of carbon-rich material, produced by pyrolysis of biomass
under oxygen-limited conditions.21

Some studies suggested that biochar has been recognized as
an effective adsorbent owing to its high surface activity.22 For
example, hazelnut shell-based biochar can remove Cr(VI) from
aqueous solution.23 Biochars derived from rice straw, and alli-
gator ag is utilized to reduce the risk posed by sulphame-
thoxazole.24 However, the difficulty of recovering or separating
the material aer its use must be addressed before biochar is
widely used to treat water pollution.25

In order to improve the separation properties of biochar
adsorbent, the development of magnetic biochar has been of
great interest recently. Magnetic carrier technology (MCT)
enables biochar to separate rapidly from an aqueous environ-
ment through a magnetic eld. It improves water treatment.26

Furthermore, high energy ball milling technology has been
proved to be considerably useful in the production of magnetic
materials.27 For example, Shan et al.22 developed ultrane
magnetic adsorbents for carbamazepine and tetracycline
through the ball milling of biochar and activated carbon with
magnetite (Fe3O4). The results show that the adsorbent is
separated magnetically aer adsorption.

Buckwheat husks are the dominant byproducts in buck-
wheat processing, though containing abundant cellulose,
lignin, polysaccharide, and avonoids, are mainly used as
pillow llings currently. Most of them are discarded into the
environment or burned in the eld, which causes not only the
waste of natural resources but also environmental pollution.
Consequently, the work was to prepare magnetic ultra-ne
buckwheat peel powder biochar by NH4Cl-induced and ball
milling method, which was applied as an adsorbent for TC/
Zn(II) removal from ultrapure water.

The competitive adsorption behavior of TC/Zn(II) was
studied under different adsorption conditions to rene the
adsorption mechanism. The specic objective was to system-
atically investigate the effects of solution pH, contact time,
initial concentration, and temperature on TC/Zn(II) removal by
the prepared biochar. Also, the adsorption kinetics, isotherms,
and thermodynamics were evaluated. In general, antibiotics
and metal ions oen coexist in wastewater. Therefore, this
innovative work provides a theoretical foundation for a better
understanding of their interaction mechanisms.
20428 | RSC Adv., 2020, 10, 20427–20437
2 Materials and methods
2.1 Chemicals

TC (98.0% purity, CAS 64-75-5) was purchased from Nanjing Duly
Biotech Co., Ltd (Nanjing, China). Table S1† shows its molecular
structures and basic physicochemical parameters. Magnetite
(Fe3O4) powder were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). All the other used chemicals
were of analytical grade and obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). All the reagents were used as
received without further purication, and all chemical solutions
were diluted using ultra-pure water (with the resistivity of
18.2 MU cm�1 at 25 �C). Zinc sulphate (ZnSO4$7H2O) was used as
a source of divalent zinc. The stock solutions (1000 mg L�1) of TC/
Zn(II) were prepared in ultrapure water and stored in brown
volumetric asks at 20 �C in the refrigerator before use. Work
solutions of desired concentrations for each test were prepared by
diluting the stock solution with ultrapure water.

2.2 Preparation of biochar

Buckwheat peel was obtained from a textile shop in Chengdu,
China. Initially, the biomass was rinsed to remove dust and
then sun-dried and crushed into 120 mesh (0.125 mm) powder.
Finally, keep in a desiccator for further use, abbreviated as BHP.

Biochar was prepared following typical methods reported
earlier28,29 with some modications. The preparation process of
biochar was in a furnace chamber under the nitrogen atmosphere
(N2: 99.99%; ow rate of 350 cm3 min�1). Briey, BHP was placed
into a box electric furnace and pre-carbonized at a heating rate of
5 �C min�1 from room temperature (RT) to 400 �C and then
carbonized at this temperature for 1 h. The reactor cooled down to
room temperature, and the prepared biochar coded as BHP-char.

BHP-char was repositioned in a box electric furnace, and
heated from RT to 300 �C at a heating rate of 5 �C min�1 under
N2 atmosphere. Then, pre-carbonize for 1 h at this temperature.
Aer cooling to RT, 5 g biochar was immersed in 150 mL of 2 g
L�1 ammonium chloride solution. Oscillate for 16 h (oscillating
rate: 120 rpm) in a water bath constant temperature oscillator at
RT. Next, the modied biochar was ltered and collected to dry
in an oven at 60 �C for 2 h. Aerward, the dried sample was
heated from RT to 400 �C under N2 atmosphere (heating rate of
5 �Cmin�1) for 30min. The product was withdrawn and allowed
to cool. Aer simply grinding in an agate mortar, seal and dry it
for further use, referred hereaer as NH4Cl-BHP-char.

The NH4Cl-BHP-char and magnetite (Fe3O4) were mixed at
a mass ratio of 6.5 : 2 (total 12.8 g), and then the mixture and
vibration exciter were added into the millstone. The ball mill
equipment operated at a speed of 960 rpm for 10 min at ambient
air. Finally, the obtained magnetic biochar was stored in tightly
closed bottles before use and named as NH4Cl-BHP-char/Fe3O4.
Similar information about magnetic biochar production proce-
dures has been reported in a previously published study.30

2.3 Characterization of biochar

Biochar particle size was characterized by a laser particle analyzer
(BT-9300S, Bettersize, China). The biochar pH was determined in
This journal is © The Royal Society of Chemistry 2020
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a suspension of 0.1 g sample in 10 mL of ultrapure water using
a digital pH meter (PHS-3C, Rex Electric Chemical, China). The
ash content was measured by heating a certain amount of biochar
samples in a muffle furnace at 800 � 5 �C for 4 h. The elemental
(C, H, N) contents in biochar were determined using an elemental
analyzer (Vario MICRO cube, Elementar, Germany), and the
oxygen (O) content was calculated based on amass balance (O%¼
100%–C%–H%–N%–ash%). The iron (Fe) content was deter-
mined by an inductively coupled plasma optical emission spec-
trometer (ICP-OES) (PQ9000, Jena, Germany).

Thermogravimetric (TG) data were obtained using a thermog-
ravimetric analyzer (Diamond 6300, Perkin Elmer, USA) with
a heating rate of 10 �Cmin�1 in the temperature range from 25 to
1000 �C under N2 atmosphere. Surface and pore characteristics of
biochar were examined by N2 adsorption at 77 K by a surface area
and porosity analyzer (Autosorb iQ2, Quantachrome, USA). The
specic surface area, cumulative pore volumes, and average pore
diameters were calculated using Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda (BJH) methods based on the N2

adsorption–desorption isotherm data, respectively. The magnetic
property of biochar was measured at external magnetic elds
ranging between �1.5 T and +1.5 T using a vibrating sample
magnetometer (VSM) (Changchun Great Wall Teaching Instru-
ment Co., Ltd model WSM-01, China).

Besides, chemical bonding and groups of adsorbent before
and aer adsorption were studied by a Fourier transform
infrared (FTIR) spectrometer (FT/IR-410, JASCO, Japan) with
a resolution of 4.0 cm�1 in the wavelength range from 4000 to
400 cm�1. The surface characteristics of obtained biochars were
examined by an SEM (Zeiss model SIGMA HD/VP, Germany).
2.4 Batch adsorption

Single-component and competitive adsorption behaviors of TC/
Zn(II) were illustrated by investigating pH effect, kinetics,
isotherms, and thermodynamics. Batch adsorption was tested
in the dark in 150 mL stopper conical asks with 50 mL of TC/
Zn(II) solution and 0.025 g biochar on a thermostatic orbital
shaker (Orbitek, Scigenics Biotech, India) at 180 rpm. The above
conditions remain unchanged throughout the experiment. The
pH value of the solution was adjusted using 0.01 mol L�1 HCl or
0.01 mol L�1 NaOH before adding biochar.

The adsorption was tested in triplicate to make sure the
Relative Standard Deviations (RSD) did not exceed 5%. Aer
achieving adsorption equilibrium, themixtures weremagnetically
separated under a lowmagnetic eld and thenwereltered before
analysis in 0.45 mm regenerated cellulose membranes. The
remaining concentrations of TC and Zn(II) were monitored by
a UV-Vis spectrophotometer (T6, Persee Co., Ltd, China) and
a ame atomic absorption spectrometer (FAAS) (AAnalysis200,
PerkinElmer, USA), respectively.

TC detection wavelength was set at 276 nm. Text S1† shows the
standard curves of TC and Zn(II). Control experiments with no
adsorbent indicated that the adsorption of TC and Zn(II) onto
asks and regenerated cellulose membranes was negligible.
Accordingly, the equilibrium adsorption capacity qe (mg g�1) was
calculated based on
This journal is © The Royal Society of Chemistry 2020
qe ¼ ðC0 � CeÞV
W

(1)

where C0 (mg L�1) and Ce (mg L�1) are the initial and equilib-
rium of TC and Zn(II), respectively; V (L) is the volume of the
solution; W (mg) the dry mass of the biochar adsorbent.

2.5 The inuence of solution pH

The pH inuence on the adsorption of TC/Zn(II) onto biochar
adsorbents was investigated at pH 4.0 to 9.0. Other operating
conditions were as follows: initial TC/Zn(II) concentrations of
25 mg L�1, adsorbent concentrations of 0.5 g L�1, temperature
of 25 �C, and contact time of 120 min.

In the work, at pH < 4.0 or pH > 9.0, there was leaching of
iron, which implied that this magnetic material was only stable
at pH 4.0 to 9.0. Therefore, the adsorption was highest at pH 4.0
to 9.0, considered as the optimum for the adsorption studies
and subsequent experiments.

2.6 Adsorption kinetics

Equilibrium adsorption was studied for a pre-determined time
interval (between 0 min to 240 min) to investigate the inuence
of contact time. Other operating conditions were as follows: the
single-component adsorption of TC at pH 4.0, the single-
component adsorption of Zn(II) at pH 6.5, the co-adsorption
of TC/Zn(II) at pH 6.0, the initial TC/Zn(II) concentrations of
25 mg L�1, the adsorbent concentrations of 0.5 g L�1, and the
temperature of 25 �C.

The kinetic models can provide valuable information for reac-
tion pathways: adsorption rate, and adsorbent/adsorbate interac-
tion (physisorption or chemisorption). Thus, the pseudo-rst-order
model and pseudo-second-order model were used to analyze the
kinetic adsorption data. Also, possible adsorption mechanisms
were evaluated by intra-particle diffusion and lm diffusion
equation. Text S2† shows the theory behind each method.

2.7 Adsorption isotherms

Adsorption isotherm was studied with initial TC/Zn(II) concen-
trations varying from 0.5 to 100 mg L�1. Other operating
conditions were as follows: the single-component adsorption of
TC at pH 4.0, the single-component adsorption of Zn(II) at pH
6.5, co-adsorption of TC/Zn(II) at pH 6.0, the adsorbent
concentrations of 0.5 g L�1, the temperature of 25 �C, and the
contact time of 120 min.

Adsorption isotherm models were extended to describe infor-
mation about the distribution of adsorbate between the liquid
and solid phases at equilibrium concentrations. Thus, the four
most common adsorption models, i.e., Langmuir, Freundlich,
Temkin, and Dubinin–Radushkevich (D–R) isotherm models,
were employed to assess the adsorption process. Text S3† shows
the detailed hypotheses and equations of the four models.

2.8 Adsorption thermodynamics

Adsorption thermodynamics was tested at 20, 25, 30, 35, and
40 �C. Other operating conditions were as follows: the single-
component adsorption of TC at pH 4.0, the single-component
RSC Adv., 2020, 10, 20427–20437 | 20429
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Fig. 1 Magnetic hysteresis cycles of NH4Cl-BHP-char/Fe3O4 (inset
plots showing the magnetic separation NH4Cl-BHP-char/Fe3O4 after
TC and Zn2+ adsorption).
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adsorption of Zn(II) at pH 6.5, the co-adsorption of TC/Zn(II) at
pH 6.0, the adsorbent concentrations of 0.5 g L�1, the initial TC/
Zn(II) concentrations of 25 mg L�1, and the contact time of
120 min. A study on the effect of temperature on adsorption will
extend the knowledge of thermodynamic parameters, including
the standard Gibb's free energy (DG�), the enthalpy change
(DH�), and the entropy change (DS�).31 Text S4† shows the
equations for calculating the three parameters.

2.9 Regeneration and recycling of NH4Cl-BHP-char/Fe3O4

Adsorption–desorption was tested under the following condi-
tions to evaluate the recyclability of the NH4Cl-BHP-char/Fe3O4:
co-adsorption of TC/Zn(II) at pH 6.0, the adsorbent concentra-
tions of 0.5 g L�1, the initial TC/Zn(II) concentrations of
25 mg L�1, the temperature of 25 �C, and the contact time of
120 min.

Aer adsorption, NH4Cl-BHP-char/Fe3O4 was magnetically
collected from the solution. Then ultrasonically wash for 10min
with 20 mL of methanol (regenerant). Finally, the obtained
biochar was dried at 60 �C and used for the next adsorption–
desorption experiment. Adsorption–desorption procedures
were repeated four times by the same NH4Cl-BHP-char/Fe3O4.

3 Results and discussion
3.1 Characterization of biochar adsorbents

Fig. S1 and Table S2† show the particle-size distribution of BHP-
char and NH4Cl-BHP-char/Fe3O4, respectively. The mean
particle size of NH4Cl-BHP-char/Fe3O4 was observed to be 3.889
mm, much lower than that of BHP-char (101.1 mm). The ball
milling process was applied to reduce the particle size of
biochar.

Table 1 shows the elemental composition and atomic ratio
parameters of BHP-char and NH4Cl-BHP-char/Fe3O4. Both bio-
char samples were carbon-rich and belonged to typical of
pyrolyzed biomass.

Also, the %Fe measured using acid digestion in BHP-char
was negligible while NH4Cl-BHP-char/Fe3O4 had 19.16% of Fe.
Fe3O4 could be the primary source of Fe. For NH4Cl-BHP-char/
Fe3O4, the two ratios were 0.0254 and 0.203 for H/C and O/C,
respectively, much lower than the rates for BHP-char of 0.0271
and 0.285. It indicated that intense dehydrogenation and
deoxygenation reactions occurred during the modication of
biochar, and aromaticity and hydrophobicity decreased to some
extent.21

Fig. 1 shows the magnetization curves of NH4Cl-BHP-char/
Fe3O4. NH4Cl-BHP-char/Fe3O4 exhibits a saturation magnetization
Table 1 The information of elemental composition of the biochar adso

Adsorbent pH Ash (%)

Elemental com

C H

BHP-char 7.52 15.66 60.58 1
NH4Cl-BHP-char/Fe3O4 7.77 33.13 51.19 1

20430 | RSC Adv., 2020, 10, 20427–20437
of 19.8 Am2 kg�1, with goodmagnetism. Consequently, it could be
easily separated from an aqueous solution using a permanent
magnet aer adsorption (Fig. 1, inset).

Table 2 shows the structural properties of biochar materials
used in the work. NH4Cl chemically-activated magnetic biochar
exhibits the relatively large surface area (1119.097 m2 g�1) and
the total pore volume (0.139 cm3 g�1), which are better than
those of unmodied biochar (869.359 m2 g�1 and 0.123 cm3

g�1, respectively). Fe3O4 particles produced in the milling
process might have blocked some pores in the biochar, which
leads to the decreased surface area.22 However, the NH4Cl
combustion in the process of preparing the modied biochar
produces excess gas, which destroys carbon texture to generate
a large number of holes.29 Therefore, the high surface area and
pore volume of NH4Cl-BHP-char/Fe3O4 play an essential role in
adsorbing relatively large TC molecules.

The thermal stability of BHP-char and NH4Cl-BHP-char/
Fe3O4 was monitored by the thermogravimetric analysis (TGA)
under inert atmosphere (nitrogen). Fig. S2† shows the ther-
mogravimetric derivative (DTG) curves. The TG curves indicate
that the thermal stability of modied biochar decreases slightly
aer ball milling. DTG curves show that two biochars are lost
free water around 41 �C. The broad peaks at 188, 462, and
610 �C may be due to the decomposition of carboxyl and
carbonyl groups, which involve the pyrolysis of cellulose,
hemicellulose, and lignin in buckwheat peel powder biochar.
Furthermore, NH4Cl-BHP-char/Fe3O4 contains a large amount
rbents

position (%, mass based)

H/C O/CO N Fe

.64 17.24 4.88 0.02 0.0271 0.285

.30 10.41 3.97 17.11 0.0254 0.203

This journal is © The Royal Society of Chemistry 2020
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Table 2 The surface properties of the biochar adsorbents

Adsorbent
BET surface area
(m2 g�1)

BJH cumulative
pore volume (cm3 g�1)

BJH average pore
diameter (nm)

BHP-char 869.359 0.123 3.054
NH4Cl-BHP-char/Fe3O4 1119.097 0.139 3.417

Fig. 2 Effect of equilibrium pH on adsorption of TC and Zn2+ by BHP-char and NH4Cl-BHP-char/Fe3O4 ((a and b) single-component adsorption
system, (c and d) co-adsorption system). Conditions: initial TC/Zn(II) concentrations 25 mg L�1, adsorbent concentrations 0.5 g L�1, temperature
25 �C, contact time 120 min.
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of magnetite. The sharp and narrow peak at 813 �C is due to the
reduction reaction of Fe3O4 with C to form CO2.

Fig. S3† shows the surface morphology and the microstruc-
tures of BHP-char, NH4Cl-BHP-char, and NH4Cl-BHP-char/
Fe3O4. Fig. S3(a) and (d)† show the BHP-char displays a compact
net structure surface. Aer activating with NH4Cl, NH4Cl-BHP-
char exhibits a highly wrinkled and honeycomb-like structure,
indicating the development of pore structure leads to the
enhancement in exposed surface area (See Fig. S3(b) and (e)†). A
large number of pores form on the honeycomb-like structure,
which is related to the gasication reaction during NH4Cl
activation.

Fig. S3(c) and (f)† show that the particle size of NH4Cl-BHP-
char/Fe3O4 decreases obviously aer ultra-ne milling, and the
This journal is © The Royal Society of Chemistry 2020
honeycomb-like structure is not undermined by Fe3O4 loading.
Furthermore, Fe3O4 is not uniformly distributed on the surface
of NH4Cl-BHP-char/Fe3O4, which is benecial to magnetic
separation.
3.2 Effect of solution pH

Solution pH is an essential parameter for controlling surface
adsorption processes because it might affect the chemical
speciation of TC/Zn(II) to change their adsorption properties on
biochar adsorbent.32 Based on the previous research, magnetic
biochar is only stable at pH 4–9.30 Besides, the point of zero
charges of both biochars determined by reverse mass titration
method33 is much less than 4, indicating that their surface is
RSC Adv., 2020, 10, 20427–20437 | 20431
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negatively charged at pH 4–9. In the absence of iron leaching,
the pH value with maximum adsorption capacity is considered
as the optimum to be used in subsequent experiments. Fig. 2
shows the effects of solution pH on the adsorption of TC/Zn(II)
on BHP-char and NH4Cl-BHP-char/Fe3O4.

TC molecules contain three dissociated groups, i.e., tri-
carbonyl group (pKa1 ¼ 3.30), phenolic diketone moiety (pKa2 ¼
7.68) and dimethylamino group (pKa3 ¼ 9.68).34 Depending on
the solution pH, its conformations can form three species,
including cationic species (TCH+, pH < 3.32), zwitterionic
species (TCH�, 3.32 < pH < 7.78) or anionic species (TCH�, pH >
7.78). Therefore, at pH 4–9, TC form is dominated by TCH� and
TCH�. Zinc ions co-exist in different forms, such as Zn2+ and
Zn(OH)+, and the stability of these forms is dependent on the
pH in aqueous solution. Below pH 6.5, Zn2+ is the dominant
species. The increasing pH shis the concentration of Zn2+ to
Zn(OH)+ and other forms like Zn(OH)2.

In Fig. 2, the same trends are observed for TC/Zn(II) adsorption
on BHP-char and NH4Cl-BHP-char/Fe3O4, and NH4Cl-BHP-char/
Fe3O4 exhibits higher adsorption capacities than BHP-char under
the same experimental conditions. Some mechanisms may occur
Fig. 3 Effect of contact time on adsorption of Zn2+ and TC by BHP-cha
system, (c and d) co-adsorption system). Conditions: pH of single-compo
Zn(II) was 6.5, pH of co-adsorption of TC/Zn(II) was 6.0, initial TC/Zn
temperature 25 �C.

20432 | RSC Adv., 2020, 10, 20427–20437
in the adsorption process involving TC, including electrostatic
interaction, hydrogen bonding formation, electron donor–
acceptor, and p–p dispersion interaction.35

In a single-component adsorption system of TC (see
Fig. 2(a)), the adsorption capacity of BHP-char and NH4Cl-BHP-
char/Fe3O4 decreases sharply from 28.80 and 47.55 mg g�1 to
5.10 and 20.61 mg g�1 as the pH increased from 4 to 9,
respectively. Adsorption becomes unfavorable due to the elec-
trostatic repulsion between TC anion species and the negative
charge of the biochar surface as pH increased. It is hypothesized
that hydrogen bonding and hydrophobic interactions play a role
in the adsorption of TC. Therefore, pH 4 is considered as the
optimum for the single-component adsorption of TC.

In a single-component adsorption system of Zn(II) (see
Fig. 2(b)), for both biochars, the adsorption capacity of Zn(II)
increases as the pH of the solution increases; however, it
declines aer reaching maximum adsorption at pH 6.5. The
maximum adsorption of BHP-char and NH4Cl-BHP-char/Fe3O4

is 38.26 and 49.23 mg g�1, respectively.
The lower adsorption at acid pH values may be attributed to

a large number of hydrogen ions (H3O
+) occupied by the biochar
r and NH4Cl-BHP-char/Fe3O4 ((a and b) single-component adsorption
nent adsorption of TC was 4.0, pH of single-component adsorption of
(II) concentrations 25 mg L�1, adsorbent concentrations 0.5 g L�1,

This journal is © The Royal Society of Chemistry 2020
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surface, thereby reducing the binding of Zn(II) on the adsorbent
surface. As pH increased, electrostatic repulsion and the
competing effect of H3O

+ decreases due to the reduction of
positive charge density on the biochar surface, resulting in an
enhancement of the adsorption of Zn(II). However, with further
increase in pH, the continuous formation of insoluble zinc
compounds decreases the concentration of free zinc ion,
thereby decreasing the adsorption capacity. Based on these
results, pH 6.5 is selected for the subsequent experiments.

In a co-adsorption system of TC and Zn(II) (See Fig. 2(c) and
(d)), Zn(II) dramatically affects the adsorption of TC by biochar,
and the adsorption trend of TC and Zn(II) is similar. Under
acidic conditions, the adsorption capacity of TC in the co-
adsorption system is lower than that in the single-component
adsorption system. It increases with the increasing pH and
declines aer reaching maximum adsorption at pH 6.0.
Compared with the single-component adsorption of Zn2+, TC in
solution has little effect on the adsorption of Zn2+ due to the
formation of TC–Zn2+ complexes in the aqueous solution or the
role of surface bridging (TCH� or Zn2+).

Furthermore, H3O
+ compete for adsorption sites under acidic

conditions, which makes the adsorption effect insignicant.
Nevertheless, as pH increases to 6.0, the promotion effect of
adsorption obviously becomes more robust, and the adsorption
capacities of TC (BHP-char 36.16 mg g�1 and NH4Cl-BHP-char/
Fe3O4 48.55mg g�1) and Zn2+ (BHP-char 39.51mg g�1 and NH4Cl-
BHP-char/Fe3O4 49.66 mg g�1) reach the maximum. When the
solution pH increases further, the adsorption capacity and affinity
of TC and Zn2+ are weakened drastically due to the inuence of
deprotonation and electrostatic repulsion.36 Thus, in the co-
adsorption experiment, pH 6.0 is optimum.
3.3 Adsorption kinetics

Fig. 3 shows the evolution of TC/Zn(II) adsorption versus time onto
BHP-char and NH4Cl-BHP-char/Fe3O4. All curves have a similar
form. In a single-component adsorption system (see Fig. 3(a) and
(b)), equilibrium is reached aer 60 min for Zn(II) and aer
120 min for TC. In the co-adsorption system (see Fig. 3(c) and (d)),
the adsorption becomes faster, and in particular for TC that the
adsorption reaches equilibrium within about 60 min. This excel-
lent performance can be ascribed to the bridged complexes
formed by TC/Zn(II) in aqueous solution.37

The widely used pseudo-rst-order and pseudo-second-order
models were employed to correlate the kinetics data, which
could compare the adsorption kinetics of TC/Zn(II) onto BHP-
char or NH4Cl-BHP-char/Fe3O4. Table S3† shows the corre-
sponding kinetic parameters.

In single-component adsorption system, pseudo-second-order
model well tted the kinetic data with higher R2 values (0.9929,
0.9959, 0.9977 and 0.9931) than pseudo-rst-order model (R2 ¼
0.9759, 0.9921, 0.9798 and 0.9791). Moreover, the calculated
adsorption capacity (qe,cal) was in good agreement with the
experimental adsorption capacity (qe,exp). As a result, chemisorp-
tion referred to the major adsorption mechanism, electron
donor–acceptor and p–p dispersion interaction acted simulta-
neously in the adsorption of adsorbate on biochar.38,39
RSC Adv., 2020, 10, 20427–20437 | 20433
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In the co-adsorption system, the pseudo-second-order model
(R2 ¼ 0.9919, 0.9990, 0.9970 and 0.9959) was better for predicting
experimental data than the pseudo-rst-ordermodel (R2¼ 0.9852,
0.9798, 0.9806 and 0.9934). Besides, qe,cal estimated by the
pseudo-second-order kinetic model was extremely close to qe,exp.
Both physisorption and chemisorption simultaneously controlled
the adsorption process, and the latter was relatively dominant.
3.4 Adsorption isotherm

Four widely used Langmuir, Freundlich, Temkin, and D–R
models were adopted for tting the adsorption equilibrium data
to gain further insights into the adsorption mechanism of TC/
Zn(II) onto NH4Cl-BHP-char/Fe3O4. Table S4† shows the calcu-
lated isotherm parameters.

In the single-component adsorption system, based on the R2

values, the isotherm equations correlated the data in the
following increasing order: Langmuir > Freundlich > Temkin >
D–R. Compared with the Freundlich model, the Langmuir
isothermmodel had higher R2 values (0.9913, 0.9951, 0.9966, and
0.9977). Hence, the higher likelihood of occurrence of monolayer
coverage of Zn2+ and TC molecules on the biochar surface was
expected.

For TC and Zn2+, values of qL calculated by the Langmuir
isotherm equation on NH4Cl-BHP-char/Fe3O4 were 106.38 and
151.52 mg g�1, which were �2.68 and �1.38 times that of BHP-
char (39.68 and 109.89 mg g�1), respectively. The adsorption
performance of biochar prepared by ammonium chloride acti-
vation and magnetic ultra-ne ball milling had a signicant
improvement.

Different from the single-component adsorption system, the
Freundlich model in the co-adsorption system was more suitable
for TC/Zn(II) adsorption than the Langmuir. Also, based on the
values of qL, the adsorption performance of the co-adsorption
system was better than that of the single-component adsorption
system. The above results showed that the adsorption of TC and
Zn2+ on biochar adsorbent was multilayer adsorption on
a heterogeneous surface, and the co-occurrence of two adsorbates
promoted the adsorption of each other. Table 3 shows the
Fig. 4 Film diffusion kinetic plot ((a) single-component adsorption syste

20434 | RSC Adv., 2020, 10, 20427–20437
comparison between several biochars applied for TC and Zn(II)
removal concerning surface area, adsorption conditions, and
maximum adsorption capacity.

The Temkin model shows bT values are less than 1 in both
adsorption systems, which indicates that the adsorption reac-
tion of TC/Zn(II) onto biochar occurs endothermically in the
concentration range studied.46

Finally, the magnitudes of the mean adsorption energy (E)
derived from the D–R isothermmodel were lower than 8 kJ mol�1

in both adsorption systems, suggesting that hydrogen bonding,
hydrophobic effect, electrostatic attractions and interaction
between adsorbate and biochar probably play a signicant role
during the adsorption process.
3.5 Adsorption thermodynamics

The adsorption nature of single-component and co-adsorption
systems was demonstrated by evaluating the changes in Gibbs
free energy (DG�), enthalpy (DH�), and entropy (DS�). Table S5†
shows the calculated values of the three parameters.

The negative DG� values for both adsorption systems indicated
that the adsorption of TC/Zn(II) was thermodynamically sponta-
neous and favorable. More negative DG� values implied more
reliable adsorption driving force at a higher temperature.47 More-
over, the computations at�20 to 0 kJmol�1 conrmed the physical
nature of the adsorption following the D–R isotherm analysis.48

The obtained positive DH� values revealed the endothermic
nature of TC/Zn(II) adsorption, and high temperature favored
the adsorption process. Furthermore, the DH� values were
much more than 40 kJ mol�1, which indicated that the chemi-
sorption was dominant in the adsorption process. Finally, the
positive DH� values revealed the affinity between the TC/Zn(II)
and biochar with an increased degree of freedom as well as
increased randomness at adsorbate–solution interface during
the adsorption process.49
3.6 Mechanism of adsorption

Adsorption kinetics is usually controlled simultaneously by lm
diffusion and intra-particle diffusion. The single-component
m and (b) co-adsorption system).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Intra-particle diffusion kinetic plot ((a and b) single-component adsorption system, (c and d) co-adsorption system).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:0

4:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and co-adsorption behavior of the TC/Zn(II) system are explored
using the above two diffusion models to determine the type of
rate-controlling step. Fig. 4 and 5 show the plots obtained for
lm diffusion and intra-particle diffusion models, and Tables
S6 and S7† show the related parameters.

In the adsorption systems, the adsorption of TC/Zn(II) on
BHP-char and NH4Cl-BHP-char/Fe3O4 mainly exhibited two
stages (stages I and II), which was related to the changes in
mass transfer rates during the adsorption process.

Stage I represents the rapid adsorption (lm diffusion),
attributed to the diffusion of TC/Zn(II) through the liquid lm
surrounding the biochar surface. Although the plots present
some linearity (R2 > 0.96), the slope did not cross the origin,
attesting the involvement of lm diffusion in the adsorption-
reaction process.

Stage II was more gradual adsorption (intra-particle diffu-
sion), corresponding to the TC/Zn(II) transport within the inner
biochar surface. It was attributed to the higher internal diffu-
sion ability at initial adsorbate concentration.50 However, the
plots did not pass through the origin, whichmeant the presence
of the boundary layer. It was proved that the intra-particle
diffusion mechanism was not the rate-determining step.9,18

Hence, both mechanisms were possible.
This journal is © The Royal Society of Chemistry 2020
The infrared spectra of NH4Cl-BHP-char/Fe3O4 were detected
before and aer the co-adsorption of TC/Zn(II) (see Fig. S4†) to
study the adsorption mechanism. For the infrared spectra of
NH4Cl-BHP-char/Fe3O4, the characteristic peak of Fe appeared
at 668 cm�1, but the other absorption peaks were not distinct,
which indicated the less functional groups on the surface of the
modied biochar. The infrared spectra of TC/Zn(II) showed that
the broad and intense absorption peak around 3460 cm�1 was
attributed to the –OH stretching vibration. The peak at
1640 cm�1 was assigned to stretching vibration of C]O, and
that at 620 cm�1 assigned to the deformation vibration of C–H
bond. Aer co-adsorption, there were three peaks in NH4Cl-
BHP-char/Fe3O4, namely the –OH stretching vibration peak
around 3430 cm�1, the C]O stretching vibration peak at
1620 cm�1 and the C–H deformation vibration peak at
614 cm�1. The above results showed that TC/Zn(II) was adsorbed
in the inner pores of NH4Cl-BHP-char/Fe3O4 in a denser state.
3.7 Cycle regeneration

For magnetic carbon materials, reusability is critically impor-
tant to reduce costs and improve adsorption.51 Four cycles of
adsorption–desorption experiments were performed to explore
RSC Adv., 2020, 10, 20427–20437 | 20435
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Fig. 6 Reusability of NH4Cl-BHP-char/Fe3O4 for Zn2+ and TC
removal. Conditions: pH of co-adsorption of TC/Zn(II) was 6.0, initial
TC/Zn(II) concentrations 25 mg L�1, adsorbent concentrations 0.5 g
L�1, temperature 25 �C, contact time 120 min.
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the regeneration of NH4Cl-BHP-char/Fe3O4. Fig. 6 shows that
the qe of NH4Cl-BHP-char/Fe3O4 is essentially unchanged
during four adsorption–desorption cycles, indicating NH4Cl-
BHP-char/Fe3O4 is efficient, stable, and easy to reuse.
3.8 Cost of adsorbents

The BHP of the cheapest variety cost about CNY 2800 per ton.
The modied materials used in the present study were generally
available at a relatively cheap rate, CNY 680 per ton for
ammonium chloride, and CNY 1600 per ton for magnetite. The
nished products cost approximately CNY 3500 per ton for
NH4Cl-BHP-char/Fe3O4, including all expenses (transportation,
handling, electrical, energy, and drying).
4 Conclusions

This is the rst study on the single-component and co-
adsorption of TC/Zn(II) (tetracycline and Zn2+) by ammonium
chloride-induced magnetic ultra-ne buckwheat peel powder
biochar (NH4Cl-BHP-char/Fe3O4). The co-adsorption effect of
TC/Zn(II) on NH4Cl-BHP-char/Fe3O4 was better than that of
single-component adsorption, and biochar aer the adsorption
could be separated magnetically. pH 4.0 and 6.5 were optimal
for single-component adsorption of TC and Zn(II), respectively,
and pH 6.0 was optimal for co-adsorption. In the single-
component adsorption system, the rate-limiting step of the
adsorption process was the chemisorption.

Compared to the Freundlich isotherm, the Langmuir
isotherm could better describe the adsorption behavior, namely
monolayer adsorption on a homogenous biochar surface. In the
co-adsorption system, physisorption and chemisorption
occurred during the adsorption, but the latter occupied
a dominant position. The adsorption equilibrium data could be
satisfactorily explained by the Freundlich isotherm, indicating
that the co-adsorption was multilayer adsorption.

Furthermore, the adsorption rate was jointly controlled by
both lm diffusion and intra-particle diffusion, and TC and
20436 | RSC Adv., 2020, 10, 20427–20437
Zn(II) promoted the adsorption of each other. The thermody-
namic parameters of both adsorption systems implied that the
adsorption was endothermic and spontaneous under test
conditions. Finally, the adsorption–desorption tests showed
that NH4Cl-BHP-char/Fe3O4 could be reused at least 4 cycles for
removing TC/Zn(II) from the solution.
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