
catalysts

Article

Efficient Heterogeneous Activation of Persulfate by
Iron-Modified Biochar for Removal of Antibiotic
from Aqueous Solution: A Case Study of
Tetracycline Removal

Van-Truc Nguyen 1, Chang-Mao Hung 2, Thanh-Binh Nguyen 2 , Jih-Hsing Chang 3,
Tsing-Hai Wang 4, Chung-Hsin Wu 5, Yi-Li Lin 6 , Chiu-Wen Chen 2,* and Cheng-Di Dong 2,*

1 Institute of Marine Science and Technology, National Kaohsiung University of Science and Technology,
Kaohsiung 81157, Taiwan; truc1021006@gmail.com

2 Department of Marine Environmental Engineering, National Kaohsiung University of Science and
Technology, Kaohsiung 81157, Taiwan; hungcm1031@gmail.com (C.-M.H.);
ntbinh179@nkust.edu.tw (T.-B.N.)

3 Department of Environmental Engineering and Management, Chaoyang University of Technology,
Taichung 41349, Taiwan; changjh@cyut.edu.tw

4 Department of Chemical Engineering and Materials Science, Yuan Ze University, Zhongli 32003, Taiwan;
thwang@saturn.yzu.edu.tw

5 Department of Chemical and Materials Engineering, National Kaohsiung University of Science and
Technology, Kaohsiung 80778, Taiwan; wuch@nkust.edu.tw

6 Department of Safety, Health and Environmental Engineering, National Kaohsiung University of Science
and Technology, Kaohsiung 82445, Taiwan; yililin@nkust.edu.tw

* Correspondence: cwchen@nkust.edu.tw (C.-W.C.); cddong@nkust.edu.tw (C.-D.D.);
Tel.: +886-7-3617141 (ext. 23762); Fax: +886-7-3650548 (C.-D.D.)

Received: 30 October 2018; Accepted: 30 December 2018; Published: 7 January 2019
����������
�������

Abstract: Waste reutilization is always highly desired in the environmental engineering and science
community. In this study, Fe-SCG biochar was functionalized by modifying spent coffee grounds
(SCG) with magnetite (Fe3+) at 700 ◦C and applied for the oxidative removal of tetracycline (TC)
with the presence of persulfate (PS). The effects of pH, dosage of biochar and sodium persulfate
and initial TC concentration on TC degradation were investigated in a batch system. Our results
show that higher TC degradation efficiency was obtained at low pH, low initial TC concentration,
and at high dosages of PS and biochar. The highest removal efficiency (96%) was achieved by
Fe-SCG/PS under the conditions of pH = 2.0, [Fe-SCG] = 2.5 g/L, [PS] = 60 mM and [TC] = 1 mM.
The proposed Fe-SCG catalyst could be a promising effective biochar for the remediation of other
emerging organic contaminants.

Keywords: spent coffee ground; biochar; tetracycline; sodium persulfate

1. Introduction

Antibiotics are one of the most widely used medicines in preventing microbial infections. A great
portion of antibiotic intake cannot be completely metabolized by humans and animals and thus
released antibiotics cause serious environmental concerns [1]. According to the sales and distribution
data reported by U.S. Food and Drug Administration [2], tetracycline (TC) was the most widely
used antibiotic that occupied the highest consumption (42%, ~5,866,588 kg) in 2016. Given the fact
that there was an estimated 10–40% of TC being absorbed by the human body, the majority of TC
consumed was expected to be discharged into the aquatic environment [3]. Recent field investigations
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revealed several alarming facts that high TC concentration was detected in soil (86–199 µg/kg) [4],
drinking water (87–97 ng/L) [5], surface water (5.7–8.7 ng/L), ground water (4.4–9.3 ng/L) [6], hospital
wastewater (36–1612 ng/L) [7] and municipal wastewater (110–2353 ng/L) [6]. The occurrence of
high concentrations of TC further poses an important public health issue, that is, the induction of
antibiotic-resistant pathogens [8]. Therefore, an effective and economical treatment solution for TC
removal is highly desired by environmental scientists and engineers.

Many technologies have been applied for TC removal, namely adsorption [9], electrochemistry [10],
advanced oxidation processes [11] and membrane processes [7]. Among them, adsorption is a
cost-effective and fast removal technology [12] and several high-performance adsorbents have been
proposed, including activated sludge [13], soil/clays, metal oxides [14], nanocomposite [15] and
activated carbon [16]. Recently, biomass-derived adsorbents (biochar) have attracted the interest
of scientific community because of their advantages such as low cost, easy operation and are
environmentally friendly [17,18]. There have been several successful cases of TC removal by using
biochar made from human hair, carbon, rice straw and tea waste [19,20]. Spent coffee grounds (SCG)
would be an interesting raw material for synthesis of biochar given its current abundance of about
six million tons [21] and 1.2% increase annually [22]. SCG contains various functional groups such as
lignin, fatty acids, cellulose, hemicellulose and polyhydroxy polyphenols [23]. Also, SCG has a great
portion of lignin structure that is known to be effectively in adsorption application [24]. In fact, SCG
has been successfully applied for dyes, heavy metals and organic compounds removal already [23,25].

The performance of biochar is strongly affected by the pyrolysis conditions such as biomass
type [19], temperature, pH, reaction time [26] and pyrolysis medium such as pure N2 and CO2 [27].
According to the literature [19], temperatures ranging from 300–700 ◦C would favor biochar preparation
by introducing a high surface area and a large amount of micropores. The temperatures above 750 ◦C
could collapse the walls of the micropores and thus decrease the sorption capacity of the biochar as
a result of reduced surface area. A biochar synthesized in N2 condition showed higher adsorption
efficiency than those in CO2 [27]. Recently, iron-modified biochar has been an intense research
topic worldwide because it can effectively degrade TC via an oxidation process at the same time.
Oladipo et al. [25] compared the TC removal efficiency between the coffee residue biochars with
and without the Fe3O4 nanoparticle presence. At initial TC concentration of 50 mg/L, pH of 5
and temperature of 25 ± 2 ◦C with biochar calcined at 300 ◦C for 2 h, the adsorption capacity of
magnetic biochar (285.6 mg/g) was 1.5 times higher than those of conventional biochar (184.5 mg/g).
Furthermore, Oladipo et al. [28] synthesized Fe3O4-loaded magnetic biochar from chicken bone with a
pyrolysis temperature of 500 ◦C for 2 h. Maximum TC adsorption capacity (63.3 mg/g) was observed
at initial TC concentration of 100 mg/L, pH of 10, temperature of 50 ◦C and biochar of 0.5 g.

Advanced oxidation processes (AOPs) applying highly reactive oxidizing radicals (e.g., hydroxyl
radical, sulfate radical, etc.) have been known as an effectively technology for removing organic
compounds [29]. Sulfate radicals (SO4

•−, E◦ = 2.6 V) are of particular interest because their half-life is
longer than those of hydroxyl radicals (OH•, E◦ = 2.7 in acidic condition and E◦ = 1.8 V in alkaline
solution) [29]. Sodium persulfate (Na2S2O8) has been widely used for sulfate radical generation in
AOPs because it is highly chemically stable at room temperature, safe to operate and cost effective [30].
To further enhance TC treatment efficiency of biochar process, oxidants including persulfate (PS) and
peroxymonosulfate (PM) were employed. Fe3O4 nanoparticle was an effective activator for sulfate
radicals, which importantly contribute to the degradation of pollutants. Jafari et al. [31] investigated
the TC removal capacity by Fe3O4 nanoparticle-coated activated carbon (AC@Fe3O4) with the presence
of PS. The results indicated that TC degradation by AC@Fe3O4 was significantly accelerated from 56%
to 81% after 180 min reaction. Typical biochar is less expensive (at least 10 times) than the activated
carbon [32]. However, only a few studies have applied the magnetic biochar with PS for TC removal
from water environment. Therefore, the aims of this study are to: (i) synthesize of FeCl3 loaded
magnetic biochar from SCG, (ii) characterize synthesized biochar, and (iii) assess the TC treatment



Catalysts 2019, 9, 49 3 of 14

efficiency in contaminated water by the prepared biochar with PS under different operating conditions
(pH, biochar mass, PS content and initial TC concentration).

2. Results

2.1. Characterization of Biochar

The morphologies of biochar before and after magnetic modification were characterized by a
scanning electron microscope (SEM). As shown in Figure 1, there was an evident difference between the
surface morphologies of the two materials. The surface of SCG was rather smooth and flat (Figure 1a),
whereas Fe-SCG became more heterogeneous and quite rough with several warty protuberances
(Figure 1b), which might contribute to the improvement of surface contact area of Fe-SCG, resulting
in enhanced adsorption capacity for contaminants. In addition, several spheres appeared on the
surface of Fe-SCG (Figure 1d), indicating that iron luster had been formed after loading Fe (III). The
energy-dispersive X-ray spectroscope (EDX) images (Figure 1d) demonstrated the iron occurrence
(9.27 wt.%) in the Fe-SGC material. The carbon (89.41% and 77.12%) comprised the main composition
of both SCG and Fe-SCG respectively, followed by oxygen (10.59% and 13.61%) (Figure 1c,d), which
were inherently found in any lignocellulose material [33].
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Figure 1. Scanning electron microscope (SEM) images (a,b) and energy-dispersive X-ray (EDX) spectra
(c,d) for spent coffee grounds (SCG) (left) and Fe-SCG (right).

The Fourier transform-infrared (FTIR) spectra of the SCG and Fe-SCG are displayed in Figure 2a.
The band intensities of C–H stretching of aliphatic groups (3000–2800 cm−1) were observed in
both the SCG and Fe-SCG. The reductions of the bands for the bending mode of adsorbed water
(1627 cm−1), C-C aromatic (1384 cm−1) and aromatic CO-stretching guaiacyl ring in lignin and RCO-O
in hemicellulose (1260 cm−1) groups were also observed in the magnetized biochar. This indicated
that the lignin in SCG was destroyed during the pyrolysis process [34]. A group of C-O stretching
(1085 cm−1) decreased in Fe-SCG due to the degradation of cellulose and hemicellulose [35]. The C–H
bending for aromatic (815 cm−1) was obtained in both SCG and Fe-SCG. The degradation of cellulose,
lignin and hemicellulose was conducted by pyrolysis, resulting in increased aromatic carbon, which
helped to enhance the absorption of biochar [36].
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The magnetic characteristics of biochars are depicted in Figure 2b. A magnetic hysteresis loop
indicated that the saturation magnetization of SCG and Fe-SCG was 0 and 1.90 emu/g, respectively,
demonstrating a good ferromagnetic response of Fe-SCG [31]. It is evident that Fe-SCG can be easily
separated from a solution, resulting in avoiding the formation of the secondary pollutants. Both of
SCG and Fe-SCG exhibited two distinct peaks at 2θ of 25◦, indicating the occurrence of lignocellulose
structure, which is in good agreement with the biochars synthesized from the spent coffee ground
reported by Ballesteros et al. [24] and Cho et al. [27]. Figure 2c shows Fe3C mineral with peaks at 29.5◦,
40.7◦, 42.6◦, 45.0◦ and 49.8◦, which were attributed to the (111), (201), (211), (031) and (221) crystal
planes (JCPDS 65-2412) was mainly found in Fe-SCG. This might be due to the formation of Fe3C
during the pyrolysis under N2 condition. Previous studies also reported the same results [27,37].

In addition to the XRD results, X-ray photoelectron spectroscopy (XPS) tests were further
employed to investigate the chemical composition of synthesized biochars (Figure 3). Two peaks were
observed at 283–288 eV (C 1s) and 530–536 eV (O 1s) in both of SCG and Fe-SCG. The Fe 2p spectra
showed two peaks at 710–718 eV and 724–730 eV, which indicated that Fe minerals were formed on
the surface of Fe-SCG [38].

The surface of biochar is negatively charged, which facilitates the adsorption of positively charged
organics [19]. In this study, both SCG and Fe-SCG were negatively charged with the average zeta
potential values of −41.7 mV and −20.9 mV, respectively. These results indicated that the dispersion
behavior of SCG was of good stability, while Fe-SCG was of incipient instability, suggesting that it
could be easier for Fe-SCG than for SCG to adsorb the pollutants. Furthermore, the average particle
size of Fe-SCG (diameter of 520 nm) was smaller than that of SCG (diameter of 680 nm), enhancing the
surface area of Fe-SCG.
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Figure 3. High-resolution X-ray photoelectron spectra (XPS) of SCG and Fe-SCG.

2.2. Adsorption Isotherms

The absorption is the first step of the Fe-SCG/PS process. In this study, Langmuir (Equation (1))
and Freundlich (Equation (2)) adsorption isotherms were obtained under experimental conditions
of reaction volume = 50 mL, pH = 2.0, T = 25 ◦C, agitation = 100 rpm, [Fe-SCG] = 2.5 g/L and
[TC] = 0.02–0.2 mM (Figure 4a).
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Figure 4. (a) Langmuir and Freundlich adsorption isotherms of Fe-SCG; (b) TC degradation efficiency
and (c) degradation rate constant (Kobs) of the different processes.
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1
qe

=
1

qmaxKLCe
+

1
qmax

(1)

log qe = log KF +
1
n

log Ce (2)

where qmax is the maximum monolayer adsorption capacity (mol/g), qe is the adsorption capacity
(mol/g), KL is the Langmuir constant (L/mol), Ce is equilibrium concentration (mol/L), and KF

(mol/g (L/mol)1/n) and 1/n (unitless) are Freundlich constants, respectively. The results show that
the equilibrium data of Fe-SCG biochar could well fit both of the two models with high coefficient
values (R2 > 0.95). The maximum adsorption capacity of Fe-SCG was determined to be 38.94 mol/g.
Compared with other adsorbents [39,40] that have been applied in the removal of TC concentration
from aqueous solution, Fe-SCG showed a relatively good adsorption performance.

2.3. Effect of Different Materials on Tetracycline (TC) Degradation

In order to assess the activity of magnetized biochar, TC degradation efficiency using different
materials was determined in this study. Experimental conditions used are: reaction volume = 500 mL,
pH = 2.0, T = 25 ◦C, agitation = 500 rpm, [PS] = 60 mM, [TC] = 1 mM, and [biochar] = 2.5 g/L.
As depicted in Figure 4b, SCG and Fe-SCG seemed to be not effective in decomposing TC in this
case. TC removal efficiency of PS reached 42% after 120 min reaction, indicating PS alone could not
completely degrade TC. A higher removal efficiency of 76% was achieved for SCG in the presence
of PS. More specifically, TC treatment efficiency (96%) was significantly enhanced when SCG was
magnetized with Fe (III) and the support of PS activator. The degradation rate constant (Kobs) of
Fe-SCG/PS was significantly higher than other processes (Figure 4c).

2.4. Effect of the Initial pH on TC Degradation

The TC degradation by the biochars under different pH conditions was shown in Figure 5a. It can
be seen that TC removal efficiency declined as the pH values increased from 2.0–7.0. This finding
was agreement with the results reported by Jafari et al. [31]. The degradation rate constant (Kobs)
at pH 2 was significantly higher than others (Figure 5b). At pH = 2, TC removal reached 97% and
subsequently decreased to 31% as pH became neutral. This might be explained by the fact that PS could
be easily activated by the iron ions to produce SO4

*− radicals at pH = 2–3. Therefore, the oxidation
rate of TC could be enhanced at low pH. Normally, TC formed various functional groups at different
pH, namely HTC2

− at pH more than 9, H2TC− at pH 7.6–9, H3TC at pH 3.4–7.6 and H4TC+ at pH
less than 3.4 [41,42]. TC existed in cationic forms at pH = 2–3 while the magnetic biochar surface
was negatively charged. Thus, high adsorption efficiency occurred under this low pH condition
because of electrostatic attraction between TC and the biochar. Moreover, the oxidation process in
the magnetic biochar system also enhanced TC removal efficiency of the biochar. Lower TC removals
were achieved under higher pH conditions. This could be explained by the fact that the alkaline
condition will accelerate the interconversion reactions of SO4

*− radicals to produce *OH radicals,
which has relatively lower oxidation capacity in comparison with SO4

*−. Furthermore, higher pH
conditions that could accelerate the precipitation of ferrous ions and hydroxides onto biochar surface
significantly contributed to the decreasing TC oxidation. Similar results were also reported in previous
studies [31,43]. From the achieved results, pH = 2 seemed to be suitable to apply in further experiments
of TC degradation in this study.
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2.5. Effect of Catalyst Concentrations on TC Degradation

As shown in Figure 5c, TC removal efficiency increased significantly from 75% to 98% when
biochar concentration was increased from 1 g/L to 5 g/L within 120 min. Higher dosage led to an
increase in the surface area of the biochars which accelerated the contact between TC molecules and the
biochar active sites hence improving the adsorption rate of TC [42]. Moreover, the increased biochar
dosage also enhanced the production of sulfate radicals leading to a higher removal of TC [44]. The
results also showed that the degradation efficiency of TC seemed to slightly improve (from 96% to 98%)
after 120 min reaction when the catalyst dosage was increased from 2.5 g/L to 5 g/L. The degradation
rate constants (Kobs) of Fe-SCG/PS process for both catalyst dosages were likewise insignificantly
different (Figure 5d). Considering the economic efficiency, the biochar concentration of 2.5 g/L is,
therefore, recommended for large scale application.

2.6. Effect of the Persulfate Activator on TC Degradation

PS plays an important role in TC oxidation because it can produce the sulfate radicals (SO4
*−)

that have higher redox potential (2.5–3.1 V) than hydroxyl radicals (1.8–2.7 V). The effect of changing
PS concentration on TC removal is shown in Figure 6a,b. It can be observed that the TC removal
efficiency and the degradation rate constants (Kobs) of the biochars were significantly improved from
60% to 96% and from 0.0079 min−1 to 0.0257 min−1, respectively, when PS concentration was increased
from 10 mM to 60 mM. The PS molecules could easily reach the biochar surface and react with ferrous
ions at higher PS dosage, which was also in accordance with a previous study [29]. At 10 mM PS, TC
removal efficiency of Fe-SCG/PS in this study (60%) was lower than that of AC@Fe3O4/PS reported
by Jafari et al. [31] (65.6%). However, the spent coffee ground (SCG) is more economically feasible than
the activated carbon (AC).
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2.7. Effect of Initial TC Concentration on TC Degradation

Figure 6c,d present the TC removal efficiency and degradation rate constant (Kobs) at varying
TC initial concentrations (1.0–2.0 mM). As observed, the highest TC removal (96%) and Kobs value
(0.0257 min−1) of Fe-SCG were both achieved using 1.00 mM TC concentration. After 120 min reaction,
TC removal subsequently reduced from 96% to 68% when TC concentration was increased from 1.0 mM
to 2.0 mM. TC would compete with PS in adsorption on the biochar surface when TC content was
raised, thereby limiting the generation rate of the sulfate radicals. Furthermore, resistant by-products
for PS reaction could also be produced at higher TC concentration [45]. In other words, TC removal
would be high under low initial TC concentration because the generation rate of the sulfate radicals was
lower than the consumption rate. This study clearly demonstrated that TC degradation by Fe-SCG/PS
can reach as high as 90% within 90 min for the case of 1.0 mM initial TC concentration.
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2.8. Reaction Mechanism of TC Degradation by Fe-SCG Catalyst in Presence of Persulfate

The reactions for activation of persulfate was summarized and illustrated in Figure 7a. In this
study, biochar was magnetized by using Fe (III). The activation mechanism of persulfate by
iron-containing catalyst under acidic conditions can be described as follows:

Fe3+ + S2O2−
8 → Fe2+ + S2O∗−8 (3)

Fe2+ + S2O2−
8 → Fe3+ + SO2−

4 + SO∗−4 (4)

In addition, S2O8
*− could be generated by the following reaction:

SO∗−4 + S2O2−
8 → S2O∗−8 + S2O2−

4 . (5)
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However, S2O8
*− fate was significantly found [46]. Hydroxyl radical can be formed through a

reaction between sulfate radical and hydroxyl under highly alkaline condition [47]:

SO∗−4 + H2O→ SO2−
4 + OH∗ + H+ (6)

SO∗−4 + OH− → SO2−
4 + OH∗ (7)

In general, the reaction of TC degradation by Fe-SCG catalyst in presence of persulfate was:

SO∗−4 /OH∗ + TC→ Transformation products + SO2−
4 /OH− (8)

To further gain insights on the production of OH* and SO4
*− in Fe-SCG/PS system, EPR analysis

using 5,5-dimethylpyrroline-oxide (DMPO) as a spin-trapping agent was employed in this study.
As presented in Figure 7b, it is clear that no peaks were detected for pure water with the presence of
DMPO, indicating that no spins were captured. However, peaks with intensity ratio of 1:2:1:2:1:2:1
that is attributed to 5,5-dimethlprroline-(2)-oxyl-(1) (DMPOX) were identified from the mixture of
DMPO and PS. DMPOX is a product of the oxidation of DMPO by PS which is in agreement with
previous study [48]. For the mixture of Fe-SCG, DMPO and PS, both DMPO-OH* and DMPO-SO4

*−

were identified. The peaks with intensity ratio of 1:2:2:1 and hyperfine splitting constants of αH = αN =
14.9 G could be attributed to DMPO-OH* [49]. Meanwhile, the pattern of DMPO-SO4

*− (αN = 13.2 G,
αH = 9.6 G, αH = 1.48 G, αH = 0.78 G) is consistent with the findings reported by Shah et al. [50].
In short, the generation of both OH* and SO4

*− during the catalytic reaction of the Fe-SCG/PS system
was confirmed by the EPR results.

3. Materials and Methods

3.1. Iron-Modified Biochar Preparation

Iron-modified biochar was produced according to the process reported by Cho et al. [27]. The
spent coffee ground (SCG) was collected from a local coffee shop. In order to remove moisture, the
SCG was dried for 3 days at 70 ◦C; 10 g of SCG was submerged into 100 mL of FeCl3 solution (10 g/L)
for 30 min at FeCl3/SCG ratio of 0.1. Water in this mixture was vaporized at 85 ◦C by using a magnetic
stirrer for 2 h. The Fe-soaked SCG was dried in an oven at 50 ◦C for 24 h. Then, 10 g of the dried
Fe-soaked SCG was put in the furnace for the pyrolysis process at 700 ◦C at a heating rate of 10 ◦C/min
and holding time of 120 min. Pure N2 flow of 500 mL/min was supplied during the pyrolysis process.
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Under the pyrolysis condition with N2, Fe3C was generated [51] and attached onto the SCG surface.
Iron-modified biochar products were taken out of the furnace when the temperature of the furnace
dropped to room temperature. Iron-modified biochars were then cleaned with deionized water several
times and dried in the oven at 50 ◦C for 24 h. Before using in all experiments, the biochars were
freeze-dried for 24 h and stored in the oven at 30 ◦C.

3.2. Chemical Preparation

Tetracycline hydrochloride, methanol (high-performance liquid chromatography (HPLC) grade,
≥99.9%), acetonitrile (HPLC grade, ≥99.9%), oxalic acid dihydrate, sodium persulfate (98%) and ferric
chloride hexahydrate (98%) all produced by the Merck group (Merck KGaA, Darmstadt, Germany)
were used in this study. Deionized water was used for solution preparation in all experiments. The pH
adjustments were conducted using 0.5 M NaOH or and/or 0.5 M HNO3 [45] supplied by J.T. Baker
chemical company (NJ, USA).

3.3. Batch Experimental Design

Five batch experiments were conducted in a 500-mL reactor in this study. Firstly, in order to
compare the performance of different materials, the TC removal efficiency by SCG, Fe-SCG, Fe-SCG/PS,
PS, and SCG/PS was evaluated at pH = 2, T = 25 ◦C, TC = 1 mM, PS = 60 mM, content of each material
= 2.5 g/L, agitation rate = 500 rpm and PS dose = 1 mL/min. Secondly, evaluation of the TC removal
efficiency was conducted at different pH values (2, 3, 4, 5 and 7), biochar = 2.5 g/L, T = 25 ◦C,
TC = 1 mM, PS = 60 mM, agitation rate = 500 rpm and PS dose = 1 mL/min. Next, the effects of
changing PS concentration (10, 20, 40 and 60 mM) on the TC removal efficiency were investigated with
pH = 2, T = 25 ◦C, biochar = 2.5 g/L, TC = 1 mM, agitation rate = 500 rpm and PS dose = 1 mL/min.
Fourthly, the TC removal efficiency at different biochar contents (1 g/L, 2.5 g/L and 5 g/L) was tested
at pH = 2, T = 25 ◦C, TC = 1 mM, PS = 60 mM, agitation rate = 500 rpm and PS dose = 1 mL/min. Finally,
the TC removal efficiency by biochar with different TC concentrations (1.0, 1.25, 1.5 and 2.0 mM) at
pH = 2, T = 25 ◦C, biochar = 2.5 g/L, PS = 60 mM, agitation rate = 500 rpm and PS dose = 1 mL/min.
For each experimental period, 1 mL sample was taken out at different reaction times including 0, 5, 10,
20, 30, 60, 90, and 120 min. The solid residues were separated from the filtrate using a 0.22 µm syringe
filter. The concentration of tetracycline was analyzed by HPLC. In this study, 1 M potassium iodide
(KI) was used as quenching solution.

3.4. Biochar Characteristic Analysis

In order to understand the structure, the surface area and morphological characteristics of
biochar were tested by a scanning electronic microscope (SEM, Hitachi S-4800, Tokyo, Japan) with
an acceleration voltage of 15 kV. The morphology of catalysts was obtained by an energy-dispersive
X-ray spectroscope (EDX, Hitachi S-4800, Tokyo, Japan) at an accelerating voltage of 200 kV. XRD
analysis was performed using a Diano-8536 diffractometer equipped with a Cukα radiation source.
XPS analyses were carried out using an AXIS Ultra DLD (Kratos Analytical Ltd., Manchester, UK).
The magnetic properties of the catalysts were studied using a superconducting quantum interference
device magnetometer (MPMS-XL7, Quantum Design, San Diego, CA, USA). The physicochemical
properties of the catalysts were also determined by measuring zeta potential while particle size was
measured using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, Worcestershire, UK).
To depict the presence of functional groups attached to biochars, the FTIR spectra data were recorded
from 3200 cm−1 to 700 cm−1 using a FTIR spectrometer (FT-700, Horiba, Kyoto, Japan). To validate the
reaction mechanism of the Fe-SCG/PS system, electron paramagnetic resonance (EPR) spectra was
recorded by EPR spectrometer (Bruker EMX-10, Karlsruhe, Germany) working at X-band frequency of
9.49–9.88 GHz with power of 8.02 mW.
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3.5. Tetracycline Analysis

TC concentration was analyzed using a high performance liquid chromatography system
(Chromaster HPLC, Hitachi, Tokyo, Japan) consisting a C/N analysis column (5 µm, 4.6 × 250 mm),
a Chromaster 5420 ultraviolet-visible (UV-vis) detector, and a Chromaster 5160 pump. A solution
including methanol (≥99.9%, HPLC grade, Merck), acetonitrile (≥ 99.9%, HPLC grade, Merck) and
0.01 M oxalic acid (8:20:72, v/v/v), respectively were used as mobile phase, at a flow rate of 1 mL/min.
TC concentration was determined based on the absorbance at 357 nm. Calibration curves were
prepared for each experimental batch.

4. Future Research

The findings of this study can demonstrate that the Fe-SCG biochar is an environmental friendly
and economically, technically and economically effective absorbent. In future studies, a performance
of this biochar for the removal of other emerging contaminants (e.g., antibiotics, pesticides, endocrine
disruptors and personal care products) that have gained significant attention in recent years should
also be investigated.

5. Conclusions

In this study, we demonstrated that a Fe-SCG/PS system can effectively remove TC in
contaminated water through simultaneous involvement of adsorption and oxidation processes. Also,
from the mechanism study, we found that TC was mainly degraded through oxidation with SO4

*−

radicals. A substantial improvement in degradation efficiency for TC was observed when both Fe-SCG
and PS were added. The significant effects of pH, initial TC concentration, and the dosages of PS and
catalyst on the TC degradation efficiency were also demonstrated. A high efficiency of more than 96%
was obtained by Fe-SCG/PS at pH 2.0, [PS] = 60 mM, [TC] = 1 mM and [Fe-SCG] = 2.5 g/L. These
results revealed that Fe-SCG activated PS oxidation can be applied in the future as a promising cost-
and environmentally-effective solution for TC removal from aqueous solution in the future.
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