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Abstract

Rice husk biochars (BCs) doped with ferric chloride were prepared by one-pot method, characterized by SEM, EDS, BET,
XRD, and FTIR, and utilized to catalyze peroxymonosulfate (PMS) for tetracycline (TC) degradation. Various influencing
factors in the BC/PMS/TC system were investigated, as well as the recycling performance of the optimal BC. The mecha-
nism of BC activation of PMS and degradation of TC were analyzed based on the free radicals quenching experiment and
the pathways of TC degradation. The results demonstrated that bBC3 was an excellent catalyst with large specific surface
area; the amounts of oxidant and catalyst were important factors affecting the catalytic performance of PMS, while pH
had less effect on TC degradation; 10 mM of chloride ions inhibited the TC degradation, while 20 mM promoted the TC
degradation; other ions and humic acid inhibited the TC degradation at the set concentrations; activation of PMS by bBC3
yielded species with strong oxidative activity, which were primarily responsible for TC degradation. The bBC3 obtained
stable performance for removing TC. This study provided a pathway for the deep utilization of waste rice husks besides an
effective method for degrading TC.
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Introduction

Tetracycline (TC) is a common antibiotic utilized in aqua-
culture and veterinary medicine. Due to poor biological uti-
lization, more than 70% of TC are present in the urine and
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water. Trace amounts of TC have been detected in vari-
ous aquatic environments around the world. For examples,
the TC concentrations were close to 200 ng/L in surface
river and groundwater in China (Dai et al. 2020), as high
as 0.11 pg/L in surface water in the UK, 1.2-4.2 pg/L in
surface water in Germany (Borghi and Palma 2014), and
0.07-0.37 pg/L in WWTP effluent in the USA (Wang et al.
2021a, b). TC with four basic ring structures in water bod-
ies could not be degraded and volatilized easily (Gopal
et al. 2020), and its residues in water sources may endanger
drinking water source safety and thereafter threaten human
health. Hence, it is necessary to develop effective methods
to remove TC from various aquatic environments.

Current biological treatment-based waste water treatment
methods are limited in TC removal, thus some advanced
oxidation methods were extensively studied, such as ultra-
violet/peroxide (UV/H,0,) (Jung et al. 2012), ultraviolet/
ozone (UV/O;) (Mishra et al. 2017), ozone/peroxide (O5/
H,0,) (Luu and Lee 2014), divalent iron/peroxide (Fe**/
H,0,) (Zhang et al. 2019), peroxodisulfate/catalyst (Wu
et al. 2022), and peroxymonosulfate/catalyst (Yang et al.
2022). These processes could produce hydroxyl radicals
(#OH) and sulfate radicals (SO,*”) with strong oxidative
property, which could degrade antibiotics including TC
effectively (Wang and Wang 2020). SO,*” (E,=2.5-3.1V,
t;,=30-40 ps) were confirmed to possess stronger oxidiz-
ing potential than that of eOH (E,=1.9-2.7 V, t,,<1 ps),
with longer half-life and better selectivity to target pollut-
ants (Zhao et al. 2021). The free radicals generated by per-
oxymonosulfate (PMS, HSO5") and peroxodisulfate (PDS,
S,04°7) are mainly SO,*~ under the activation of the catalyst
(Song et al. 2019). PMS has an asymmetric structure which
is unlike PDS, and its peroxide bond is partially positively
charged, making it easier to be approached and activated by
nucleophiles (Lee et al. 2020). The main activators include
external energy, such as conventional heat (Arvaniti et al.
2022), microwave (Miao et al. 2020), ultrasound (Fedorov
et al. 2020), and UV (Chen et al. 2018a), as well as transi-
tion metals, such as iron (Fe) (Chen et al. 2020), cobalt (Co)
(Zhu et al. 2020), copper (Cu) (Ding et al. 2022), manganese
(Mn) (Gao et al. 2021)), and carbon materials (Gao et al.
2022). The energy activation method is relatively expensive
and suitable for a small amount of water treatment only.
The method of transition metal activation introduces metal
ions into water, which may cause secondary pollution easily.
However, the carbon material activation method is environ-
mentally friendly and has a good water treatment effect, so
it has attracted much attention recently.

Biochar (BC) is produced via thermochemical process of
carbonaceous materials (forest residue, agricultural waste,
municipal sludge, etc.) (Ghodake et al. 2021) and possess
the characteristics of enormous specific surface area, sta-
ble thermodynamic and chemical properties, and complex

surface functional groups (Ahmed et al. 2016). BC is mainly
used for soil remediation or as an adsorbent for organic mat-
ter or heavy metals treatment in water (Das et al. 2020).
In recent years, it has been studied continuously for its
application in catalyzing PDS and PMS. Rong et al. (2019)
prepared gamma-iron (III) oxide (y-Fe,O5)/biochar derived
from banana and investigated its effect on activating PDS
for bisphenol A (BPA) degradation. He et al. (2019) studied
the performance of sawdust BC in PDS activation for acid
orange 7 (AO7) degradation. Dong et al. (2019) used PDS
activated by triiron tetraoxide (Fe;O,)/rice husk biochar
for diminishing phthalate esters (PAEs) in ocean sediment.
Fan et al. (2021) examined and analyzed the capability and
mechanism of BPA reduced by sewage sludge BC/PMS sys-
tem. Jiang et al. (2019) carried out the Fe/BC/PMS process
on BPA reduction and elucidated the mechanisms of PMS
activation and BPA removal. Zhang et al. (2021) used com-
mercial coconut shell BC in catalyzing PMS for TC decom-
position. All studies mentioned above on the activation of
PDS and PMS by different sources of BC to degrade various
organic compounds provide a good foundation for the appli-
cation of BC as an activator for advanced oxidation. How-
ever, it is found that systematic studies on PMS catalyzed via
rice husk BC in decomposing TC are relatively rare.

In this study, one-pot method was introduced to prepare
rice husk BCs with different pyrolysis temperatures and fer-
ric chloride doping levels, the structure and composition of
the BCs were characterized, their effects on activating PMS
and degrading TC were investigated, and the influencing
factors and mechanism of the reaction were discussed.

Materials and methods
Materials

The chemical reagents applied in this study are listed in
Table 1. The purity of reagents was equal to or higher than
analytical grade. Deionized (DI) water was used to dissolve
chemicals and prepare solutions of certain concentrations.

Fabrication of BCs

The collected rice husks were first cleaned by DI water for
three times and then put into a furnace (60 °C, 24 h) to
remove moisture. The dried rice husks were mechanically
pulverized, and the rice husk powders of about 60 mesh were
screened out for further pyrolysis. The rice husks powders
were pyrolyzed for 2 h with nitrogen atmosphere in batches
(each batch was 10 g) by using a tube furnace, and the tem-
perature of different batches was kept to be 600°C, 700°C,
and 800°C, respectively. Depending on the temperature,
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Table 1 Chemical reagents list

Table 2 Analytical conditions of HPLC and MS

Reagent Molecular formula ~ Manufacturer Instrument Detection conditions
Tetracycline Cy,H,N,04 McLean HPLC Chromatographic columns: Hypersil GOLD
Peroxymonosulfate H,K 0,8, Co., Ltd. 100 mmx2.1 mm, 1.9 pm; injectaion volume,
Methanol CH.O (Shanghai, 20.0 pL; column temperature, 30 C; mobile
o 4 China) phase, 0.1% formic acid (A), acetonitrile (B)

Humic acid CoHsNa,0, MS Ton source: HESI; warp gas rate, 30 mL/min;
Tert-Butanol C,H,0 auxiliary gas rate, 5 mL/min; spray voltage,
Ethanol C,H,O positive ion 3.0 kV; capillary temperature,
p-Benzoquinone C¢H,0, 300 °C; S-lens, 50
L-Histidine C¢HgN;0,
Sodium dihydrogen phosphate ~ NaH,PO, Sinopharm
Sodium bicarbonate Na,CO,4 Co., Ltd.

. . : i (Shanghai, . .
Sodium nitrate NaNO; China) Free radicals quenching
Sodium chloride NaCl
Sodium hydroxide NaOH Different quenchers were added to the system to reveal the
Sulfuric acid H,50, oxidative components acting in the reaction of bBBC3/PMS/

the obtained BCs were denoted as BC1 (1 =6007C), BC2
(2=7007C), and BC3 (3=800°C), respectively.

The rice husk powders (60 mesh, 10 g) were injected
into FeCl; solution (300 mL, 300 mM, or 500 mM) inde-
pendently. The mixture was agitated for 24 h and clarified
for 6 h. After that, the precipitate in the mixture was filtered
out and dehydrated. The dried filter residues were pyro-
lyzed in batches by setting different pyrolysis temperatures.
These prepared BCs were named aBC1 (a=300 mM), aBC2,
aBC3, bBC1 (b=500 mM), bBC2, and bBC3, according
to the temperature and the concentration of ferric chloride.

Experimental procedure
Adsorption and degradation of TC

All batch experiments were conducted in 250-mL beak-
ers. Preset numbers of TC, BC, and PMS were added to
the beaker to initiate reactions activating PMS and degrad-
ing TC. H,SO, (0.1 M) and NaOH (0.1 M) were employed
to regulate the pH required for the reaction (pH=3.0, 6.0,
10.0). The chemical reaction of the mixed solution was car-
ried out at room temperature with magnetic stirring. The
sampling times were 10, 20, 30, 60, 120, and 150 min.

Influencing factors

The influencing factors including PMS concentration, bBC3
dosage, TC concentration, and some water quality param-
eters (pH, C17, HCO;™, NO;~, H,PO,~, HA) on TC degra-
dation were investigated. The experimental procedure was
similar as to adsorption and degradation of TC. Taking the
degradation experiment as a control experiment, different
water quality components were added to the solution to
investigate TC degradation.

@ Springer

TC system. TBA, EtOH, L-H, and BQ were employed for
scavenging ¢OH, both ¢OH and SO,°*7, 1OZ, and O,°”,
respectively. The degradation effect of TC was com-
pared between bBC3/PMS/TC systems with and without
quencher. According to the inhibition of TC degradation by
different quenchers, the oxidative species generated in the
bBC3/PMS/TC system were inferred. The experimental pro-
cedure was the same as adsorption and degradation of TC.

Experiment of bBC3 recycle

The bBC3-containing solution utilized in the degradation
experiment was vacuum filtered to extract the BC and
then cleaned with DI water under ultrasonic oscillation.
The spent bBC3 was evaporated moisture in oven (60 °C,
24 h) and utilized for bBC3 cycling experiment. The cycle
experiment was carried out four times, and removal rates
of TC in each time were investigated.

Instrumental analysis

The detection of TC concentrations in batch experiments
were achieved via a spectrophotometer (TU-1810, Puxi,
China) at 357 nm. TC degradation products were deter-
mined by HPLC-MS (Ultimate 3000 UHPLC-Q Exactive,
Thermo, USA). The analytical conditions of HPLC and
MS are shown in Table 2. The morphology, elemental
composition, and main functional groups of various BCs
were analyzed by SEM (MERLIN Compact, ZEISS, Ger-
many), EDS (Oxford x-max, ZEISS, Germany), XRD
(Ultima IV, Rigaku, Japan), and FTIR (Frontier, Perkin
Elmer, America), respectively. The specific surface area
and pore size of BCs were surveyed by BET adsorption
instrument (ASAP2460, Micromeritics, USA).
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Results and discussion
Instrument detection of BCs

The SEM pictures of Fig. 1 show the morphological
structures of various BCs. These BCs all formed a porous
loose structure. Figure 1a—c exhibit the BCs formed from
rice husks at 600°C, 700°C, and 800°C, respectively. Fig-
ure 1d-i depict the BCs impregnated with FeCl; (300 mM,
500 mM). Compared with the BCs not impregnated with
FeCl; (BC1, BC2, BC3), the pores of BCs (aBC1, aBC2,
aBC3, bBC1, bBC2, bBC3) became uniformed. Accord-
ing to the detection results of BET adsorption (Table 3),
the specific surface area and average pore size of BC3 and
bBC3 were larger than other BCs. Both BC3 and bBC3
were formed at a high temperature of 800°C, indicating
that elevated temperature promoted the carbonization of
rice husks. The specific surface area, average pore size,
elemental compositions, and contents of BCs via BET and

EDS detection are shown comprehensively in Table 3 and
Fig. 2. The main components of BC1, BC2, and BC3 were
C, O, and Si. With the increase of preparation tempera-
ture, the C proportion increased. In the iron-impregnated
BCs, a certain content of Fe was detected except for aBCl1.
In terms of specific surface area and iron content, bBC3
could be regarded as a favorable adsorption and degrada-
tion material. The N, isothermal adsorption—desorption
curves and pore size distribution of bBC3 are shown in
Fig. 3. According to Fig. 3a, the isothermal adsorption
curve of bBC3 belonged to type IV isotherm possessing
H4 hysteresis loop. Figure 3b showed that the bBC3 had
an irregular pore structure and rich in micropores and mes
opores.

Figure 4 gives the results of XRD analysis of the crys-
tal structure of BCs. Figure 4a exhibits that BC1, BC2,
and BC3 all showing strong peaks at 24°, representing the
crystal surface (002) of amorphous carbon (Cazetta et al.
2018). Among these three BCs, BC3 showed the largest peak

Fig.1 SEM images of different BCs (2KX). a BC1; b BC2; ¢ BC3; d aBC1; e aBC2; f aBC3; g bBC1; h bBC2; i bBC3
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Table 3 Characteristics of BCs

C: 73.33%
0: 19.16%
Si: 5.45%
Fe: 2.03%

BC Specific surface area (m?/g) Average pore size C (6] Si Fe
(nm) (% atom) (% atom) (% atom) (% atom)
BCl 79.37 2.64 62.20 25.69 21.12 -
BC2 114.48 2.11 73.39 19.56 7.05 -
BC3 260.41 2.38 81.36 14.71 393 -
aBCl1 218.67 2.78 85.68 11.92 241 -
aBC2  215.16 2.78 65.62 25.32 6.61 2.45
aBC3 214.53 2.80 83.07 11.71 4.23 0.98
bBCl 228.98 2.59 74.23 18.87 5.48 1.42
bBC2  225.01 2.68 85.41 11.56 1.99 1.04
bBC3  264.59 2.68 73.33 19.16 5.45 2.03

Fig.2 EDS spectrum of bBC3

Fig.3 a Isothermal adsorption—
desorption curve; b aperture
distribution curve

Fig.4 XRD spectrum of BCs.
a BC1, BC2, and BC3; b BC3,
aBC3, and bBC3

@ Springer

intensity, indicating that elevated temperature enhanced the
crystallinity of BC. These results were in accord with the
increase in carbon content detected by EDS at high tem-
perature. Figure 4b illustrates the difference in diffraction
peaks between iron-doped BCs (aBC3, bBC3) and undoped
BC (BC3). The inorganic mineral composition Fe,SiO, was
detected in the iron-doped BCs. This might be due to the
redox reaction between Fe and Si component of rice husks
during high temperature pyrolysis.

The functional groups attached to the BCs were ana-
lyzed via FTIR, and the spectra are exhibited in Fig. 5.
After the rice husk was prepared into BCs at high
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Fig.5 FTIR spectra of BCs

temperature, abundant functional groups were found
growing on BCs. The wavenumber of 3435 cm™! cor-
responded to hydroxyl O-H (Zhao et al. 2013), and the
two bands of 2925 cm™! and 2854 cm™! represented to
hydrocarbon C-H (Yuan et al. 2014). The wavenumbers of
1624 cm™!,1585 cm™!, and 1095 cm™! indicated the C=0,
C=C (Luo et al. 2018), and C-O bonds (Zhang and Wang
2016), respectively. The wavenumbers of 700-830 cm™!
represented vibrations outside the plane of the C-H bond
(Delgado et al. 2020). The intensity at 574 cm™! expressed
the Fe—O bond emerging (Wang et al. 2020a). The C-O
content decreased with the increase of the pyrolysis tem-
perature, which was due to the high temperature leading to
the volatilization of this functional group. The character-
istic peaks of C-H also gradually flattened with pyrolysis
temperature increasing, owing to the decomposition or
conversion of hydrocarbons into aromatic structures. The
appearance of Fe—O bonds indicated that Fe was success-
fully loaded onto the BCs, and the biochar obtained under
higher pyrolysis temperature and higher FeCl; concentra-
tion had a larger bandwidth corresponding to the peak.

Adsorption and degradation of TC by BCs

Figure 6a gives TC removal via various BCs adsorp-
tion. Among the undoped BCs (BC1, BC2, BC3), BC3
achieved the highest adsorption removal rate of TC (54.9%)
at 150 min. The specific surface area of BC3 prepared at
high temperature (800°C) was much larger than that of BC1
(600°C) and BC2 (700°C), so it exhibited a strong ability
to adsorb TC. Compared with the undoped BCs, the BCs
doped with FeCl; exhibited a decreasing TC removal rate.
The adsorption capacity of bBC3 (FeCl; 500 mM) to TC was
27.95% only. Therefore, based on the adsorption capacity,
BC3 was the optimal material for adsorbing TC. Figure 6b is
the TC removal rate vs. time via various BCs/PMS systems.
Figure 6b reveals that PMS was able to remove 51.56% of
TC within 150 min at room temperature, which indicated
that PMS alone also had a certain oxidative ability to TC.
However, after adding various BCs to the PMS/TC solu-
tion, the TC degradation was further increased. Contrary
to the result of the adsorption experiment, the iron-doped
BCs achieved better TC degradation rate than the undoped
BCs, and bBC3 achieved the best removal effect (94.5%)
on TC. This indicated that bBC3 with the highest pyrolysis
temperature and the highest concentration of Fe doped had
an advantage in degrading TC rather than adsorbing TC.
Therefore, bBC3 was used as a catalyst to participate in the
reaction of the PMS/TC system in the subsequent experi-
ments on influencing factors and the reuse of BC.

Influencing factors

Figure 7a—d investigated the effects of changes in PMS con-
centration, BC dosage, TC concentration, and solution pH
on TC removal. It was found that among three concentra-
tions of PMS (0.8, 1.6, 3.2 g/L), the highest TC removal rate
(94.5%) was obtained at 1.6 g/L (Fig. 7a), indicating that
excessive PMS concentration was not conducive to TC deg-
radation. Similar result was obtained in a study of fruit shell
derived BC/PMS degradation of TC (Hu et al. 2021). The

Fig.6 Adsorption and deg-
radation of TC via BCs. a so[(a)
Adsorption; b degradation.
Conditions: [TC]=20 mg/L, w0k
BCI=10gL, g - &
= = = [v—Y" =
[ 1=1.6 /L p ’ T30 ad Pe [
[o] — — — o
£ £
[ [
o2} o “Or
= ¢ (=
—a— BC1 —v—aBC1 »—bBC1 —a— Only PMS
—e—BC2 —¢—aBC2 —e—bBC2 20 L —e—BC1 —+—aBC1 —e—bBC1
10 —4—BC3 —<—aBC3 —+—bBC3 —+—BC2 aBC2 —+— bBC2
—v—BC3 —»—aBC3 ——bBC3
0 1 1 1 1 0 1 1 1 1
0 30 60 %0 120 150 0 30 60 90 120 150
Time (min) Time (min)
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Fig.7 Effects of a PMS
concentration, b bBC3 (b)
amount, ¢ TC concentration, 80 | sof 1/
and d pH on TC removal. 7
Conditions: unless otherwise 9 9
specified, [bBC3]=1.0 g/L, 3 [ 3 [
[PMS]=1.6 g/L, o 5
[TC]=20 mg/L, pH=6.0 e 4l S ol
0 0
—=—038 Q/L PMS —=—05 g/L bBC3
20} —e— 1.6 g/L PMS 20 —*—1.0g/LbBC3
—4—32g/LPMS —4—2.0g/LbBC3
0 . . . . 0 . . . L
30 60 90 120 150 30 60 90 120 150
Time (min) Time (min)
100 100
© P O
80 | P sof / o
—_ /’
g S
= 60} S 60}
g 8
& &
= 40t = 40
0 0
—=— 10 mg/L TC —=—pH 3.0
20 H —e—20mg/L TC 20 —e—pH 6.0
—4—40 mg/L TC —a—pH 10.0
b . . . : 0 . . ' :
0 30 60 90 120 150 0 30 60 920 120 150
Time (min) Time (min)
reason was that excess PMS may scavenge the already gener- HSO; + SO} — Soi— +S0; + H (1)
ated free radicals (Eqgs. (1)—(2)) (Zhao et al. 2021), so that
there were not enough free radicals to oxidize TC. As the HSO- + ‘OH — SO™ + H.O
. . —
bBC3 dosage raised from 0.5 to 2.0 g/L, the TC degradation s T s T @

rate enhanced from 92.5 to 100% within 150 min (Fig. 7b).
Increasing the dosage of bBC3 provided more active sites,
strengthened the contact between BC and PMS, and acti-
vated PMS more efficiently to generate more active species,
thereby improving the TC degradation (Hu et al. 2021). Fig-
ure 7c displays that the TC degradation rate dropped from
98.8 to 82.1% with TC concentration increasing from 10
to 40 mg/L. Since the dosage of catalyst BC and oxidant
PMS did not change as the TC concentration increased, it
resulted in a lack of active species for degrading TC in the
system (Zhang et al. 2021). Under gradually increasing pH
(3.0-10.0), the TC degradation rate also exhibited an upward
trend (90.2-98.3%) (Fig. 7d). The removal rate of bBC3/
PMS to TC could be maintained above 90% under the three
pH conditions, indicating that bBC3/PMS system was less
affected by pH in reducing TC. The slight decrease in TC
removal rate under acidic conditions might be due to excess
H* combined with peroxy bond of PMS to form strong
hydrogen bonds (Du et al. 2016), accordingly restraining
the activation of PMS via bBC3. The degradation rate of
TC increased slightly under alkaline conditions, which was
attributed to base catalyzing the PMS to generate more oxi-
dizing species (Qi et al. 2016).

@ Springer

Figure 8a—d depict the changes of TC reduction in
bBC3/PMS system in the presence of CI~, HCO;~, NO;™,
and H,PO,~, respectively. Figure 8a shows that the pres-
ence of 10-mM CI~ inhibited the degradation of TC,
while 20-mM CI™ slightly promoted the degradation of
TC. The inhibitory effect of low concentration C1~ was
due to CI™ reacted with active free radicals (SO,*~, «OH)
to generate less active free radicals (CI°*, CIOH*™, Cl,*7)
(Egs. (3)—(6)) (Li et al. 2021). However, the promotion
of TC degradation by high concentrations of CI™ lied in
the reaction of C1~ with HSO;™ to produce HCIO and Cl,
(Egs. (7)-(8)) (Liu et al. 2016), which had strong oxi-
dizing properties, thereby assisting SO,*~ and eOH to
attack TC. The appearance of HCO;™ in the F2BC3/PMS
system promoted the degradation of TC, and the higher
the HCO;™ concentration was, the greater the promotion
effect was (Fig. 8b). The addition of a large amount of
HCO;™ caused the solution to be alkaline, which was ben-
eficial to generate 'O, with strong oxidative ability in solu-
tion (Egs. (9)—(10)) (Guan et al. 2013), thereby improv-
ing TC reduction rate. Both NO;~ and H,PO,~ expressed
inhibitory effect on TC reduction (Fig. 8c and d). This was
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Fig. 8 Effects of a Cl- concen- (a) 1o (b) 10
tration, b HCO;™ concentra-
tion, ¢ NO;™ concentration, 80 sl
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the results of these two ions competed for free radicals Figure 9 examines the influence of the presence of HA
with TC (Egs. (11)-(12)) (Han et al. 2022). on TC removal since HA is a typical natural organic com-
o~ _ . . pound rich in carboxyl and phenolic hydroxyl groups. It can
SO, +CI" = SO~ +Cl (3)  be seen from Fig. 9 that TC degradation in bBC3/PMS/HA
system was lower than that in bBC3/PMS system. One rea-
‘OH + CI” — CIOH"™ 4) son was that HA, as an organic matter, competed with TC
for free radicals, so that there were not enough free radicals
CIOH™ + H* - CI' + H,0 ) degrade TC (Fu et al. 2019). Another reason might be that
Cr'+ClI” - CI ©6) 100
- — 2—
HSOj + CI” - SO;~ + HOCI %) 80 |
- - 2— )
HSO; +2CI” + H" — SO;” + Cl, + H,0 ® B gl
S
£
HSO; + OH™ - SOZ™ + H,0 © 8 ol
O
-
- 2— 2— -1 =— Control
HSOS +SO;™ - SO;” + HSO, +' O, (10) " 5 mg/L HA
+— 10 mg/L HA
SO; + NO; — SO;™ + NO; (11)
0 1 1 1 1
0 30 60 90 120 150
SO} + H,PO; — SOX™ + H,PO; (12) Time (min)

Fig.9 Effects of HA concentration on TC removal. Conditions:
[bBC3]=1.0 g/L, [PMS]=1.6 g/L, [TC] =20 mg/L, pH=6.0
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bBC3 was easy to adsorb HA with carboxyl and phenolic
hydroxyl groups (Chen et al. 2018b), which led to the deac-
tivation of the active site of bBC3 as a catalyst so that bBC3
could not catalyze PMS to generate free radicals efficiently.

Performance comparison of various BCs

To evaluate the performance of the bBC3 compared with
other BCs in TC degrading in diffident BC/PMS system:s,
the results from previous studies are shown in Table 4. It
was found that bBC3 and most BCs in Table 4 all could
achieve above 90% TC removal efficiency. Depending on
catalyst dosage, PMS concentration, BPA concentration,
pH, temperature, and reaction time, the removal rate of TC
was slightly different. Therefore, a better optimization of
the reaction conditions would be beneficial to improve the
efficiency of TC degradation by different PMS/BCs systems.

Mechanism analysis

Figure 10 depicts the changes of TC degradation rates
after TBA, EtOH, L-H, and BQ were added to the bBC3/
PMS system. Within 150 min, the degradation rates of
TC by the control system and the bBC3/PMS system
with TBA, EtOH, L-H, and BQ were 94.50%, 80.95%,
85.35%, 76.83%, and 80.46%, respectively. This result
proved that TBA, EtOH, L-H, and BQ all inhibited the
TC degradation to different extents and also testified that
eOH, SO,*”, 102, and O,°” emerged in the bBC3/PMS
system. TBA quenched ¢OH (k=3.8-7.6x 103 M~! s7!)
(Tang et al. 2020), which decreased the TC removal rate
by 13.55% compared to the control system. EtOH captured
botheOH (k=1.8-2.8x10° M~! s7!) (Tang et al. 2020) and
SO,*” (k=1.6-7.7x 10’ M~! s71) (Dai et al. 2022), result-
ing in 9.15% reduction in TC removal. When L-H and BQ
reacted with '0, (k=3.0x 10° M~! s71) (Dai et al. 2022) and

Table 4 Comparison of tetracycline removal effect with reported BCs

100
@ B
=
= A A—— 4
L A - 4
) —
2 +-
o X
X s
= eof ?i
T |
s |
o :
S 40} | =— Control
e [ —e—TBA
3 4— EtOH
20 v—L-H
| +—BQ
0 1 1 1 1
0 30 60 90 120 150

Time (min)

Fig. 10 Effects of TBA, EtOH, L-H, a

nd BQ on TC removal. Conditions: [bBC3]=1.0 g/L,
[PMS]=1.6 g/L, [TC]=20 mg/L, pH=6.0, [EtOH or
TBA]:[PMS]=1000:1, [L-H]=0.2 M, [BQ] =5 mM

0,* (k=1.0x10° M~! s71) (Yao et al. 2022) separately, the
TC removal rate decreased by 17.67% and 14.04%, respec-
tively. It could be seen that the degradation of TC by bBC3/
PMS system involved both free radicals (¢OH, SO,*~, and
0,°7) and non-radical (102). The contributions of these
active species to TC degradation were ranked in descend-
ing order as '0,, 0,°~, #OH, and SO,*".

The intermediate products and degradation routes of TC
are shown in Fig. 11. Two pathways interpreted the process
of TC degradation. Through the left pathway, TC was first
removed hydroxyl group, water molecule, and amino group
to convert to P1 (m/z) =396, then P1 was transformed into
P3 (m/z) =274 by ring cleavage, and finally P3 was con-
verted into P5 (m/z) =135, P6 (m/z)=110, P7 (m/z) =193,

No Biomass Reaction systems Performances

Ref

[TC]=20 mg/L, [PMS]=0.2 g/L, [FeSO,/BC]=0.4 g/L,

Zhang et al. 2022

t=60 min, 90.7% of TC removed

[TCH (tetracycline hydrochloride)] =50 mg/L, [PMS]=1.0 g/L,

Wang et al. 2021a, b

[Fe,0,/BC]=1.0 g/L, pH="7.0, t=60 min, 97.9% of TCH

1 Loofah FeSO,/BC+PMS
2 Tearesidue Fe;0,/BC+PMS

removed
3 Spent coffee ground CoCl,/BC+PMS

[TC]=0.2 mM, [PMS]=0.2 mM, [CoCl,/BC]=0.1 g/L,

Nguyen et al. 2019

t=25 min, T=25C, 85.0% of TC removed

4 Piggery sludge FeSO,-Fe,(SO,);/BC+PMS

[TC] =10 mg/L, [PMS] =20 mg/L, [FeSO,-Fe,(SO,)5/

Luo et al. 2021

BC]=0.5g/L, pH="7.0, t=120 min, 77.2% of TC removed

5  Passion fruit BC+PMS
shell
6  Rice husk FeCl,/BC +PMS

[TC]=20 mg/L, [PMS]=0.3 g/L, [BC]=0.4 g/L, pH=54,
T=30C, t=120 min, 90.9% of TC removed
[TC]=20 mg/L, [PMS]=1.6 g/L, [bBC3]=1.0 g/L, pH=6.0,

Hu et al. 2021

This study

T=25%C, t=150 min, 94.5% of TC removed
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Fig. 11 Degradation pathways and products of TC
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P8 (m/z) =122, and P9 (m/z) =60. Through the right path-
way, the ring of TC was opened first to form P2 (m/z) =318,
then P2 was decarbonylated to obtain P4 (m/z) =274, and
finally P4 was ring-cleaved into P5-P9. Intermediates from
both pathways finally were transformed into CO, and H,0.

Figure 12 exhibited the SEM and EDS images of spent
bBC3. Compared with the unused bBC3 (Fig. 11), the sur-
face of the spent bBC3 was rougher, the edge was sharper,
and the pores and the surface were filled and attached with
impurities. From the table inserted in Fig. 12, the proportion
of spent bBC3 was lower than that of unused bBC3, which
was due to the precipitation and release of iron in activating
PMS in aqueous solution. The changes in the proportion
of C and O elements indicated the variation of functional
groups attached on bBC3 after catalysis.

Figure 13 reveals the mechanism of bBC3/PMS system
in removing TC based on the active species quenching
experiment (Fig. 10), analysis of intermediate products
and degradation routes of TC (Fig. 11), and the changes
in the elemental composition of used bBC3 (Fig. 12). As
bBC3 activated PMS, it had the dual ability to donate
electrons and accept electrons (Zhao et al. 2021). When
PMS gained electrons from bBC3, PMS would generate
SO,°” and eOH (Huong et al. 2020), while when PMS
lost electrons, SO5*~ would form, and double SO5°~ could
combine to produce 1O2 (Huang et al. 2020). Due to the
doping of ferric chloride in bBC3, electron transfer could
occur between Fe>* and Fe?* on the bBC3 surface. A part
of Fe?* participated in activating PMS, which converted
PMS into SO,*~ (Wang et al. 2020b). A series of chain

E
3

A
g
>

b ‘ ;
=
‘M
Ry
K™

F .

lllll[lllllllll]lllllll
[ T 5

Fig. 12 The SEM and EDS images of used bBC3

Element Line type  At% (unused) At% (used)
C K line system 73.33 92.37
O K line system 19.16 7.44
Fe K line system 2.03 0.23
N K line system 0.00 0.00
Si K line system 545 0.00
100.00 100.00

Fig. 13 Mechanism of PMS
activation and TC degradation )
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Fig. 14 Degradation pathways and products of TC. a Loop experiment; b the TC removal corresponding to each run at 50 min

reactions in solution could generate O, (see the equa-
tions in Fig. 13). Under the combined action of free radi-
cals (eOH, SO,*7, and O,*7) and non-radical (102), TC
was oxidized into a series of intermediates, which ulti-
mately turned into CO, and H,0. As bBC3 activated PMS
to degrade TC, the rich pores and large surfaces of bBC3
provided active sites for iron ions to attach and avoid rapid
leakage of iron ions into the solution. The oxygen-contain-
ing functional groups (O-H, C-O, C=0, OH, and Fe-0O)
of bBC3 could activate the PMS to remove TC. Moreover,
the defect structure of bBC3 could donate the electron to
PMS to form eOH or SO,*". Due to the doping of FeCl,
into the BC, a cycle of Fe’* and Fe** was formed on the
surface of the bBC3, allowing ongoing Fe** to activate
PMS to generate SO,*~. During the reaction, active species
such as eOH, SO,*~, 0,°~, and '0, were formed which
played a key role in the degradation of TC. These species
were produced by the catalytic effect of bBBC3 and Fe? on
PMS activation. Under the combined effect of these oxy-
genated species, TC was attacked to degrade into smaller
intermediates and finally into CO, and H,O.

bBC3 reuse experiment

Figure 14 exhibits the variation of TC removal in the
bBC3/PMS system after four-cycle use of bBC3. The
TC degradation in each cycle after 150 min were 92.3%,
89.4%, 84.7%, and 84.5%, respectively. The oxidation of
functional groups towards bBC3 and the adhering of deg-
radation products on the bBC3 resulted in the decrease
of the specific surface area and active sites of bBC3,
which inhibited the activation efficiency of the bBC3 to
PMS, and ultimately led to TC degradation suppressed.

Although the removal rate of TC decreased in each cycle,
it was still above 80%, indicating that the bBC3 had a
stable reusability.

Conclusions

In this study, ferric chloride modified BCs were prepared
and characterized for activating PMS to degrade TC in
aquatic solution. According to the materials analysis and
batch experiments, the following conclusions were gained:

(1) BC named bBC3 was proved to have excellent pore
structure and substantial oxygen-containing functional
groups and obtained the best activation ability on PMS.

(2) The TC degradation in bBC3/PMS system could adapt to
various pH (3.0-10.0) range, and the best TC degradation
rate was obtained at pH of 10. The increase of the concen-
tration of PMS first enhanced TC removal and then inhib-
ited TC removal. The increase in bBC3 dosage was in favor
of TC reduction; however, incremental initial concentration
of TC decreased the degradation rate of TC.

(3) CI™ at low concentration of 10 mM inhibited TC
removal, while 20 mM CI™ assisted TC reduction. The
presence of HCO;™ in solution enhanced the degrada-
tion rate of TC, while NO;~, H,PO,~, and HA sup-
pressed the decomposition of TC, respectively.

(4) TC degraded via bBC3/PMS system was attributed to
the synergistic effect of free radicals and non-free radi-
cal. Non-free radical species contributed the most to
TC degradation.

(5) It was testified that bBC3 had favorable reuse ability,
was an economical and effective catalyst in PMS acti-
vating.
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