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Abstract

The utilization of chelation reaction between metals and tannins is a common tanning method in leather chemistry.
Herein, a novel combination tanning mechanism inspired environmentally benign catalyst (CMBT-Fe?) was synthe-
sized by immobilizing Fe nanoparticles onto bayberry tannin (BT) grafted chitosan microfibers (CM). The obtained
catalyst featured a well-defined microfibrous structure, on which Fe® nanoparticles were highly dispersed to exhibit
exceptional catalytic activity for the degradation of tetracycline (TC). The catalytic activity of CMBT-Fe® was 1.72
times higher than that of the commercial Fe® nanoparticles without immobilization, with 95.03% of TC degraded
within 90.0 min. The CMBT-Fe catalysts were recycled 6 times, with the removal rate of TC maintained at 82.56%.
Furthermore, a possible mechanism responsible for the catalytic removal of TC was provided by analyzing the cata-
lytic degradation products via liquid chromatography-mass spectrometry. Therefore, our investigation successfully
developed efficient catalysts to address the concerned environmental issue of antibiotic pollution.
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1 Introduction

Tetracycline (TC) is one of the broad-spectrum antibiot-
ics that have been widely used in human therapy and vet-
erinary medicine [1]. TC discharged in wastewater could
cause a series of negative influences to human health
and ecological safety, including a variety of toxic effects,
bacterial antibiotic resistance [2, 3]. Various technolo-
gies have been developed to deal with TC pollution in
water, such as adsorption, electron pulse radiolysis, pho-
tocatalysis and biological methods [4-7]. Among them,
nanoscale zero-valent iron (Fe®) technology has emerged
as one of the most promising alternatives due to its high
efficiency, affordability, and non-toxic nature [8, 9].

Fe? catalysts are able to degrade various antibiotics via
either a Fenton-like oxidation mechanism or a reduc-
tion mechanism [10, 11]. However, the agglomeration
and Fe*" leakage of Fe® catalysts unfortunately result in
a loss of reactivity and hinder their interactions with sur-
rounding media [12, 13]. Various inorganic and organic
supporting matrices have been investigated to stabilize
Fe® nanoparticles, such as diatomite [14], bentonite [15],
PVP [16], polydopamine [17], carboxymethyl cellulose
[18] and starch [19]. However, physical interactions with
the inorganic supporting matrices are usually ineffec-
tive to prevent the aggregation or leaching of Fe’ nano-
particles, while the organic polymers cannot solve the
problems such as over encapsulation-caused low activ-
ity of catalytic sites, which often leads to poor catalytic

performances [20-23]. To overcome these disadvantages,
a novel multifunctional support matrix is required to sta-
bilize Fe® nanoparticles in an appropriate manner. In this
regard, natural polymer materials with abundant func-
tional groups and unique molecular configurations are
promising alternatives.

Chitosan is a natural polymer material abundant in
hydroxyl and amino groups, which is produced from the
deacetylation of chitin, the second most abundant poly-
saccharide in nature after cellulose [24]. Chitosan has
excellent biocompatibility and biodegradability, which is
able to be processed into chitosan microfibers (CM) to
gain efficient mass transport kinetics [25]. Therefore, CM
is a promising matrix to immobilize Fe® nanoparticles
for developing heterogeneous Fe nanoparticle catalysts.
However, CM is soluble in dilute acids, which requires
the improvement of stability in solutions [26]. Moreover,
it is preferred to enhance the affinity of CM to metal spe-
cies for preventing any migration and agglomeration of
Fe? nanoparticles.

Vegetable tannins are a class of water-soluble poly-
phenols with the molecular weight in the range of 500-
3000 Da, which are rich in various plant biomasses,
such as leaves, roots and barks. Vegetable tannins are
multifunctional natural polymers due to their abun-
dant phenolic hydroxyl groups, which enable them to
display high affinity towards metal ions via chelation
[27]. Actually, vegetable tannins are utilized as tanning
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Scheme 1 Schematic illustration showing the synthesis procedure of CMBT-Fe?

agents with the combination of metals in the leather
industry. The as-developed combination tanning meth-
ods have been conventionally utilized in leather man-
ufacture, which taken the advantage of the chelation
ability of vegetable tannins with metal ions (e.g., AI>")
for significantly enhancing the bridged linkage degree
of tanned leather. Great efforts have been dedicated
to developing combination tanning techniques [28].
These previous investigations to combination tanning
inspired us that the remarkable chelation-based affinity
of vegetable tannins to metal ions species is possible to
be applied in realizing the immobilization of metal spe-
cies, such as Fe® nanoparticles with the high dispersity
onto the supporting matrix of CM.

Based on the above idea, bayberry tannin (BT), a
typical condensed tannin, was utilized to modify chi-
tosan microfibers (CM). The 6 and 8 positions of the A
rings of BT exhibited high nucleophilic reaction activi-
ties, which allowed their covalent bonding to the amino
groups of CM via reactions with aldehydes (e.g.,, gluta-
raldehyde) [29]. The resulting CMBT (chitosan micro-
fibers modified with bayberry tannin) well preserved
the well-defined fibrous structure, which further real-
ized the impregnation of Fe*" via the chelation with BT
covalently bound on the surface of CM. Moreover, the
covalent-bond interactions between BT and CM inhib-
ited the dissolution of CM in acid solutions, providing
with significantly enhanced material stability. After the
reduction of Fe** on the CMBT, a novel environmen-
tally benign catalyst, CMBT supported Fe’ nanoparti-
cles (CMBT-Fe®) was successfully prepared (Scheme 1).
We systematically investigated the performances of
CMBT-Fe® for the catalytic removal of TC, includ-
ing the effect of initial pH, initial concentration of TC
and temperature. Moreover, the catalytic degradation
mechanism of TC by the CMBT-Fe” was also discussed.

2 Experimental sections

2.1 Materials

Chitosan microfibers were received from Tianjin Glory
Tang Technology Co., Ltd. (China). Bayberry tan-
nin was obtained from the plant of forest product in
Guangxi province (China). Iron (III) chloride hexahy-
drate (FeCl;-6H,0), sodium borohydride (NaBH,), tet-
racycline (TC), commercial Fe® nanoparticles and all of
other chemicals were of analytical grade, which were pur-
chased from Aladdin Co., Ltd. (China). Deionized water
was used throughout the experiments.

2.2 Preparation of CMBT-Fe®

1.60 g of bayberry tannin was dissolved in 100.0 mL of
deionized water. 4.0 g of chitosan fibers were immersed
in the above tannin solution and stirred at 25 °C for 2 h.
Subsequently, 5.0 mL of glutaraldehyde solution (v/v,
50%) was added into the above mixture at pH 6.0, which
was then reacted for 6.0 h at 40 °C. After the solid-liquid
separation and washing, the collected solids were dried at
60 °C for 24 h to obtained CMBT.

0.55 g CMBT was added into 30.0 mL of Fe** solu-
tion (FeCl;-6H,0, 16.70 mg/mL) at 25 °C and stirred for
90 min. Then 12.0 mL of NaBH, (10.00 mg/mL) solution
was slowly dropwised into the above mixture. After stir-
ring for 1.0 h, the CMBT-Fe® was separated, followed by
washing with distilled water and subsequent drying.

2.3 Catalytic degradation experiments

The catalyst dose was fixed at 55.0 mg for all degradation
experiments. The influences of experimental conditions
on the degradation of TC were investigated by changing
several key parameters, including the initial pH of anti-
biotic solution (2.0-9.0), the initial concentration of TC
(40.0-120.0 mg/L) and temperature (288-303 K). The
sample was collected by a disposable syringe, which was
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Fig. 1 SEM images of CM (a), CMBT (b), CMBT-Fe’ (c), CMBT-Fe? after the degradation of TC (d) and the SEM-EDS Fe mapping images of CMBT-Fe®

before (e) and after (f) the degradation of TC

then filtered using filterable membrane (0.22 pm). The
concentration of TC in the collected filtrate was meas-
ured by a UV-Vis spectrophotometer.

2.4 Characterization

The materials morphologies were observed by scanning
electron microscope (SEM, Hitachi 4700, Japan). X-ray
diffraction (XRD) patterns of CMBT-Fe® before and after
the utilization for degradation of TC were recorded on a
Philips-X’ Pert Pro MPD (Netherlands). The X-ray pho-
toelectron spectrum (XPS, Shimadzu ESCA-850, Japan)
of samples was recorded by using Mg-Ka X-rays. XPS
data were fitted by mixed Gaussian—Lorentzian func-
tions (XPS PEAK 4.1 software). Transmission electron
microscopy (TEM) images of samples were characterized
using a JEOL 1200 EX-II microscope. The surface func-
tional groups in CM, CMBT, CMBT-Fe*" and CMBT-
Fe before and after the utilization for degradation of
TC were investigated by the Fourier transform infrared
spectrometer (FTIR 920, Tianjin). The concentration of
Fe?* in solutions was detected by an inductively coupled
plasma atomic emission spectrometer (ICP-AES, Perki-
nElmer Optima 2100 DV, USA).

3 Results and discussion

SEM observations shown in Fig. la, b confirm that
the fibrous morphology of CM was well retained in
the CMBT. As shown in Fig. 1c, the Fe® particles in the
CMBT-Fe® were well-dispersed on the surface of CMBT
without significant aggregation, maintaining the fibrous
morphology. The successful stabilization and dispersion
of Fe® onto the CMBT are also confirmed by SEM—EDS

data (Fig. le). The fibrous morphology of CMBT-Fe’
after degradation of TC was well preserved (Fig. 1d).
Most importantly, SEM—EDS image of CMBT-Fe° after
degradation of TC (Fig. 1f) indicates that the presence
of CMBT effectively prevents the agglomeration of Fe’
particles by the rigid benzene ring skeleton and the phe-
nolic hydroxyl groups of BT. To verify the stability of
CMBT under acidic conditions, CM and CMBT were
immersed in 0.2 mol/L HCI solutions for 24 h (Additional
file 1: Fig. S1). CM was found to dissolve in the HCI solu-
tion. In contrast, the fibrous morphology of CMBT was
maintained due to the modification of BT. These results
manifest that the modification of BT to CM not only
effectively suppresses the aggregation and detachment of
Fe? particles but also improves the stability of CM under
acidic conditions.

The TEM images of CMBT-Fe® before and after degra-
dation of TC are shown in Fig. 2. The Fe® nanoparticles
are highly dispersed in the CMBT-Fe’ before and after
the degradation of TC, which confirmed the critical role
of BT for the stabilization of Fe® nanoparticles. These
results are consistent with the SEM analyses discussed
above. As shown in Fig. 2c, the Fe? nanoparticles exhibit
well-defined lattices, with a lattice spacing of 0.2307 nm.
Typical lattice spacing of Fe’ nanoparticles was still
observed in the CMBT-Fe? after the degradation of TC
[30].

FT-IR spectra of CM, CMBT, CMBT-Fe®**, CMBT-Fe’
and CMBT-Fe® (the used CMBT-Fe® after the degrada-
tion of TC) are shown in Fig. 3a. In the spectrum of CM,
the strong broad peak at 3438.84 cm™! corresponds to
the stretching of O—H and N-H. The peaks observed
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Fig. 2 TEM images of CMBT-Fe? before (a—c) and after (d—f) the degradation of TC
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Fig. 3 FT-IR (@) and Fe 2p XPS spectra of CMBT-Fe? before (b) and after (c) degradation of TC. (CMBT-Fe®* in a means the obtained CMBT-Fe?

after the degradation of TC)

at 2921.49 cm™! and 2876.49 cm™! refer to the bending
vibration of C-H. Amide I and II peaks are observed
at 1653.33 cm™! and 1383.03 cm™, respectively. The
peak at 1159.28 cm™! represents C—O—C stretching,
while the peaks at 1081.92 cm™! and 1029.79 cm™! are
attributed to C-O stretching and skeletal vibration of
C-O stretching, respectively. In the spectrum of CMBT,
the strong peak intensity at 3438.91 cm™! is due to the
presence of phenolic hydroxyls of BT covalently bound
onto CM. The peak at 1456.91 cm™! refers to the skel-
eton vibration of benzene ring of BT molecule. The
peak at 1379.82 cm™ belongs to the in-plane bending
vibration absorption peak of the phenolic hydroxyls
in BT molecule. These results indicate the successful

modification of CM with BT [31, 32]. In fact, the colour
of CM is changed from white to brown after the modi-
fication with BT by utilizing the glutaraldehyde as the
bridging agent.

Compared with the FT-IR spectrum of CMBT, only a
new peak located at 607.26 cm™! corresponding to the
stretching vibration of Fe—O was observed in that of
CMBT-Fe spectrum. The FT-IR spectra of CMBT-Fe**
and CMBT-Fe® showed no obvious change, indicating
that the majority of functional groups containing in the
CMBT are preserved after the reduction of Fe>* to Fe®
[33].

The elemental valence state of CMBT-Fe’ before
and after the degradation of TC were analyzed by XPS
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Fig. 4 Effect of pH (a), CM/BT mass ratio (b), initial concentration of TC (c) and temperature (d) on the removal performances of TC

(Fig. 3b, ¢ and Additional file 1: Fig. S2). The XPS sur-
vey scan spectrum reveals that the CMBT-Fe® is mainly
composed of Fe, C, N and O. In Fig. 3b, the peaks at
710.16 and 711.53 eV are attributed to Fe,O; and
FeOOH, respectively, which suggests that the surface of
Fe® nanoparticles was oxidated during the drying pro-
cess [34, 35]. The iron in the hydrolyzed state gradu-
ally increased in the CMBT-Fe? after degradation of TC
(Fig. 3c), which could be explained by Eq. (1).

Fe3t + 2H,0 — FeOOH + 2HT 1)

Figure 4a illustrates the influences of initial pH on
the catalytic removal performances of TC. It was found
that the removal rate of TC is gradually decreased with
the increased pH value. 95.03% of TC was successfully
removed from the solution after 90.0 min at pH 3.0,
whereas only 72.35% of TC was eliminated at pH 9.0. It
could be attributed to the accelerated oxidation of iron
in acidic conditions, resulting in the formation of abun-
dant actived hydrogen atoms that facilitates the reduc-
tion of TC. When the pH value is higher than 7.0, an
iron hydroxide passivation layer tends to form on the
surfaces of Fe® nanoparticles and CMBT, which inhibits

the transport of TC and thus leads to a decrease in the
removal rate of TC by the catalytic degradation.

The effect of CM/BT mass ratio to the removal per-
formances of TC was investigated. As shown in Fig. 4b,
the removal rate of TC within 90.0 min is increased from
92.93% to 95.03% as the CM/BT mass ratio is changed
from 1:0.2 to 1:0.4. However, the removal rate of TC is
decreased to 90.33% when the BT mass ratio is further
changed from 1:0.4 to 1:1. These results suggest that the
transport of TC from the solution to the Fe® nanoparti-
cles is partially hindered by the formed dense layer of BT.

The influences of reaction temperature (288-303 K)
on the removal performances of TC are shown in Fig. 4c.
The removal rate of TC is enhanced with the increas-
ing temperature. The removal rate of TC shows an
increase from 93.68% to 97.28% when the temperature
is increased from 288 to 303 K. As shown in Fig. 4d, the
removal rate of TC is declined with the increase of ini-
tial concentration from 40.0 to 120.0 mg/L. The highest
removal rate of TC was achieved at the initial concentra-
tion of 40.0 mg/L, which reached 95.03% within 90 min.
However, only 75.86% of TC was degradated when the
initial concentration of TC was 120.0 mg/L.
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Fig. 5 Removal performances of TC by using CMBT, commercial Fe® nanoparticles and CMBT-Fe?, respectively (a), cycling stability of CMBT-Fe®

for the catalytic removal of TC (b)

Figure 5a shows the removal performances of TC
by using CMBT, commercial Fe’ nanoparticles and
CMBT-Fe’, respectively, which obey the following order:
CMBT-Fe®> commercial Fe? nanoparticles > CMBT. The
CMBT shows quite limited removal performances to TC
with ~ 2% of removal rate within 90 min, which manifests
that Fe® nanoparticles are indeed the active sites respon-
sible for the degradation removal of TC. As for the com-
mercial Fe® nanoparticles (without the immobilization
onto the CMBT), the corresponding removal rate of TC
reaches 55.28% within 90 min. Compared with the com-
mercial Fe® nanoparticles, the CMBT-Fe° provides con-
siderably higher removal rate of TC, which is as high as
95.03% within 90 min, 1.72 times higher than that of the
commercial Fe® nanoparticles. Evidently, without the
presence of CMBT, the Fe® nanoparticles suffer from
aggregation and/or oxidation, thus showing declined
catalytic degradation removal of TC. Notably, compared
with the previously reported Fe’ nanoparticle catalysts,
the CMBT-Fe® provides satisfied catalytic removal per-
formances for the degradation of TC, as shown in Table 1.

The reusability of CMBT-Fe® for the degradation
removal of TC was further investigated (Fig. 5b). Dur-
ing the recycles, the removal rate of TC was found to

decrease gradually, while still maintaining at appreciable
level. In the 6th cycle, the removal rate of TC still reaches
82.56%. These results manifest that the CMBT-Fe® exhib-
ited good cycling stability.

The intermediate products generated during the cata-
lytic degradation removal of TC were analyzed by LC—
MS (Additional file 1: Fig. S3). The degradation products
were identified qualitatively, and the possible degradation
route is shown in Fig. 6. The mass-to-charge ratio (m/z)
of TC in the original solution is 444. As the degradation
reaction progresses, the TC molecules are easily broken
at the positions of C4 and C3 because of the low energy
of the C-N bond, leading to the formation of the inter-
mediate with the mass-to-charge ratio (m/z) of 381. After
that, the cleavage of carboatomic ring A leads to the
generation of the intermediate with the m/z of 305. The
intermediate with the m/z of 275 is originated from the
further decarboxylation reaction. The intermediate with
the m/z of 245 is generated due to the subsequent dehy-
droxymethylation of the intermediate with an m/z of 275.
Then, the cleavage of the hydroxyl in carboatomic ring B
results in the formation of the intermediate with the m/z
of 224. The intermediate with the m/z of 214 generates
via the ring-opening reaction of carboatomic ring B. The

Table 1 Comparisons of TC degradation performances between CMBT-Fe® and other catalysts

Catalyst Dosage (g L") Removal efficiency Time (h) Concentration of TC References
(%) (mgL™)

CMBT-Fe° 1 89 05 40 This work
RCL-nzVI 3 91 1 50 [36]
PDA/NZVI@BC 1 67 15 50 [17]

E-NZVI 0.05 91 3 50 [37]
PVP-NZVI 0.1 87 0.5 50 [16]
nZVI-Cu 0.75 72 15 10 [38]




Xiao et al. Collagen and Leather (2023) 5:22

Hy
H

Page 8 of 10

H.0* » CH.
3 ) W — Fe*Fe?*! H,C___O H* HCy _OH o
» P> i ’
L4 The formation of H* species @e@ O"‘ OH
CONH, CONH,
~ o P OH O OH O

OH O

9

OH O

CH,
J (
OH O OH

OH O

n-CHs 2
i OH O OH ©
CH, CH,
O™
OH O OH OH O OH

Sl

Fig. 6 Schematic illustration showing the possible degradation pathway of TC

intermediate products (with the m/z of 129 and 118) are
observed as a result of losing some groups and benzene
ring hydrogenation. As a consequence, the analyses to
the intermediates suggest that the following reactions are
involved during the catalytic degradation of tetracycline,
including cleavage of carboatomic ring A, decarboxyla-
tion, dehydroxymethylation and hydrogenation of ben-
zene ring [39, 40].

4 Conclusions

In summary, the CMBT-Fe® catalyst successfully devel-
oped by the inspiration of combination tanning mecha-
nism displayed high activity and cycling stability for the
catalytic removal of tetracycline. The CMBT-Fe was
capable of providing the removal rate of TC as high as
95.03%, which was 1.72 times higher than that of com-
mercial Fe® nanoparticles without immobilization. The
CMBT-Fe’ catalyst also showed satisfactory recycling
performances, with 82.56% of removal rate to TC in the
6th cycle. Furthermore, a possible catalytic degradation
removal mechanism was also proposed.
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