
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
24

 1
:0

7:
12

 A
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
View Journal  | View Issue
Enhanced reduct
aCollege of Materials, Chemistry and Ch

University, Hangzhou 310014, P. R. China.
bHolistic Integrative Pharmacy Institutes,

University, Hangzhou, Zhejiang, China

† Electronic supplementary informa
10.1039/d0ra03783d

Cite this: RSC Adv., 2020, 10, 26067

Received 27th April 2020
Accepted 3rd July 2020

DOI: 10.1039/d0ra03783d

rsc.li/rsc-advances

This journal is © The Royal Society o
ive removal of ciprofloxacin in
pharmaceutical wastewater using biogenic
palladium nanoparticles by bubbling H2†

Peipei He,a Tianyu Mao,a Anming Wang, *a Youcheng Yin,b Jinying Shen,a

Haoming Chena and Pengfei Zhanga

To treat waste with waste and efficiently remove the organic pollutant, waste palladiums(II) were adsorbed

and reduced on microorganism surface to catalyze the reductive removal of ciprofloxacin in

pharmaceutical wastewater. By optimizing conditions such as pH and temperature, the amount of

biogenic palladium adsorbed and reduced on E. coli reached 139.48 mg g�1 (Pd/microorganisms).

Moreover, most of the Pd(II) was reduced to nanometer-sized Pd(0) as characterized by TEM and SEM

with EDXA. Using the obtained biogenic palladium, the reductive removal of ciprofloxacin is up to

87.70% at 25 �C, 3.03 folds of that achieved in the absence of H2. The results show that waste E. coli

microorganisms can efficiently adsorb and remove waste Pd(II) and produce Bio-Pd nanoparticle

catalysts in the presence of H2. This biogenic palladium presents high catalytic activity and great

advantages in the reductive degradation of ciprofloxacin. Our method can also be applied to other waste

metal ions to prepare the biogenic metals, facilitate their recovery and reuse in degrading organic

pollutants in wastewater to achieve “treating waste using waste”.
1. Introduction

Palladium (Pd) is a ‘‘precious metal” and is one of the most
important elements in chemical catalysis,1 electronic circuits,
jewelry, semiconductors, ornaments, corrosion-resistant
equipment and thermocouples.2 With the increasing use of
palladium in the past 30 years, a substantial amount of waste Pd
is discharged into the environment, which results in the pres-
ence of higher levels of Pd in road dust, airborne particulates,
groundwater tables and soil. Moreover, the chemical catalysis
and electroplating industries generate a large amount of
wastewater containing palladium. In epidemiological studies,
exposure to Pd has been veried to cause not only acute toxicity,
hypersensitivity with respiratory symptoms, and urticaria, but
also some immune system diseases, indicating it is a signicant
hazard to human health because Pd ions are one of the most
signicant metal sensitizers. Thus, the recovery and reuse of
this metal, based on the notion of recycling waste,3 are neces-
sary to recover this valuable material and to treat wastewater4 to
promote green chemistry, economic efficiency and
sustainability.1
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Currently, a variety of methods have been developed to
recycle Pd, such as solvent extraction, ion exchange chroma-
tography, and pyrometallurgical processes.5 Among these
methods, ion exchange is a simple way to separate Pd(II), but the
process is expensive due to the use of resin.6 Compared with
traditional physical or chemical methods, absorption based on
biomaterials (biosorption) is considered one of the most
promising options for recycling Pd from wastewater. Bio-
sorption is dened as the removal of compounds, metals or
metalloid species particles from solutions by living or dead
biological materials, and it is a cost-effective and useful tool to
for recovering precious metals.7,8 It is independent of metabo-
lism and oen occurs in the cell wall9 when bacteria, fungi,
algae, plants and chitosan, etc. are usually used as bio-sorbents.
Previous reports have shown that the biological palladium (Bio-
Pd) obtained by biological adsorption is always a nanoscale
catalyst, and its catalytic reaction rates and efficiency are better
than those of Pd/C and colloidal Pd nanoparticles. Additionally,
the obtained bio-palladium can be efficiently recycled and easily
separated from reaction mixture with a slight decrease in its
catalytic activity over sequential examinations and tests.10 When
adsorbed on microorganism bio-sorbents, Pd(II) was veried to
be reduced to Pd(0) by [NiFe] hydrogenases.11 Currently,
increasing attention has been paid to this new, effective bio-
logical method; not only can a variety of biomaterials bind
precious metals, but some cell-supported metals show good
potential in the reductive degradation and removal of several
RSC Adv., 2020, 10, 26067–26077 | 26067
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persistent and bio-refractory environmental contaminants,
such as Cr(VI), halogenated materials, and azo dyes.12–15

Ciprooxacin (CIP) is an important uoroquinolone antibi-
otic that is widely used in the treatment of diseases. It can
inhibit DNA replication by interacting with topoisomerases II
(DNA gyrase) and IV in microorganisms.16 Because it is too
chemically stable to be fully metabolized by humans, CIP has
become the most frequently detected uoroquinolone in
European wastewater treatment plant (WWTP) effluents
because of its release to the environment and excretion into
wastewater.17,18 The increased exposure to uoroquinolone
antibiotics during the last y years has also increased bacterial
resistance to these compounds, which typically are found at low
concentrations.19,20 Ciprooxacin-resistant P. aeruginosa strains
have been found in clinical and municipal wastewaters.21 In
recent years, advanced oxidation technologies and processes
using strong oxidant, such as UV/H2O2, UV/O3, and UV/TiO2,
have been developed for CIP degradation.22,23 Advanced oxida-
tion processes (AOPs) includes a series of technologies, ultra-
violet (UV) radiation, hydrogen peroxide (H2O2), ozone (O3),
Fenton (Fe(II)/H2O2).24 Among them, ozonation is very efficient
in removing contaminants from wastewater effluents, but it is
sure to be responsible for multiple occupational health hazards
like headaches, sore throats, irritation in eyes and nose. In
addition, the residual ozone reacts with water containing bro-
mite and produces bromate which is a potential genotoxic
human carcinogen.22 Fenton process is also used for the
removal of antibiotics.24 But, this process takes longer time and
Fe2+ salt is utilized as a catalyst, which makes the process
economically non-feasible or a costly affair and imperfect for
the remained iron salt.

In this work, we use waste E. coli to adsorb the metal ions to
achieve the recovery of Pd(II) from wastewater, which not only
means treating both microorganism-containing biological
waste and palladium-containing wastewater preliminary, but
also economically feasible to produce efficient catalyst. The
Pd(II) adsorbed on the surface of waste E. coli microorganisms
were reduced in the presence of H2 to prepare biological
palladium (Bio-Pd). The obtained biogenic palladium was
characterized using TEM, SEM and XRD and then used to
catalyse ciprooxacin (CIP) degradation in simulated waste-
water. Bio-Pd-catalysed reductive degradation was expected to
occur to CIP in the presence of H2. The effects of some factors,
such as the pH, the amount of palladium on the microorganism
and the degradation time, on the degradation efficiency were
examined and evaluated carefully.
2. Materials and methods
2.1. Materials

The waste Escherichia coli BL21(DE3) strain was the host har-
bouring aldehyde ketone reductase and ethanol dehydrogenase
used in these experiments. Ciprooxacin was purchased from
Energy Chemical (Hangzhou), and palladium chloride was
purchased from Adamas-beta. All other biological reagents not
mentioned above were purchased from Sangon Biotech
26068 | RSC Adv., 2020, 10, 26067–26077
(Shanghai), while all other chemical reagents were purchased
from Sinopharm Chemical Reagent Ltd. (Hangzhou).

2.2. Biosorption of Pd2+ on the waste Escherichia coli cells

The obtained waste E. coli cells were harvested by centrifugation
(8000 rpm, 8 min), and the wet cells were washed with ultrapure
water three times. One gram of wet cells was dispersed in
200 mL of PdCl2 solution (200 mg L�1), and the pH of the
solutions was adjusted to 2.0. The mixture was shaken (170 rpm
30 �C) for 6 h to allow for metal ion biosorption. 3 mL of the
reaction mixture solution was removed per hour via syringe and
passed through a syringe lter with a pore size of 0.22 mm, and
the amount of Pd2+ in the supernatant was detected by UV-Vis
spectrophotometry. Aer conrmation that the Pd2+ was
almost completely precipitated, the biogenic palladium nano-
particles were recovered by centrifugation (8000 rpm, 8 min)
and washed three times with ultrapure water. The amount
adsorbed by E. coli was calculated by the formula

q ¼ ðC � C0Þ � V � 106:41

m� 177:32
(1)

where C0 is the concentration of the PdCl2 solution before the
reaction (mg L�1), C is the concentration of the PdCl2 solution
aer the reaction (mg L�1), V is the volume of PdCl2 solution (L),
and m is the dry weight of the initial dry E. coli (g).

2.3. Synthesis of the biogenic palladium nanoparticles
under anaerobic conditions

One gram of wet cells was added to 200 mL of PdCl2 solution
(200 mg L�1), the pH of the solution was adjusted to 2.0, and the
container was then sealed. The solutions were incubated under
anaerobic conditions by ushing with N2 for ve minutes. Aer
incubation at 30 �C for 1 h to allow for Pd2+ biosorption, the
biogenic palladium was harvested and collected by centrifuga-
tion (8000 rpm, 8 min) and resuspended in distilled water. The
Bio-Pd(II) was transferred to a 100 mL three-necked ask. Then,
the three-necked ask was ushed with H2 and le at 25 �C with
stirring (150 rpm) in a H2 atmosphere. Five hours later, the
biogenic palladium (metal) used in the next experiment was
collected by centrifugation (8000 rpm, 8 min) and washed twice
with distilled water. 50 mL of PdCl2 solution (pH 2.0) added to
a 100 mL round-bottomed ask, ask was ushed with H2 and
le at 25 �C with stirring (150 rpm) in a H2 atmosphere,
collected by centrifugation (8000 rpm, 8 min) and washed twice
with distilled water aer 5 h to preparation Pd(0) without E. coli.

2.4. Characterization of the biogenic palladium
nanoparticles

The obtained biogenic palladium was collected and harvested
by centrifugation (8000 rpm, 5 min), washed twice with distilled
water, and resuspended in ethanol and dripped onto a copper
grid. Vacuum drying then occurred to the Bio-Pd(0) for 24 h at
room temperature. The dry samples on the copper grid were
viewed and examined by TEM (HT-7700) under an acceleration
voltage of 100 kV. Using TEM, we can identify the size and
structure of the biogenic palladium nanoparticles.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Curve of the Pd2+ concentration versus adsorption time during
direct adsorption.
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The morphology of the biogenic palladium nanoparticles
was determined by scanning electron microscopy (SEM, Zeiss
Sigma 500). The elements on the surface of the biogenic palla-
dium nanoparticles were analysed using energy dispersive X-ray
analysis (EDXA). In this work, the biological palladium nano-
particles on E. coli were harvested and collected by centrifuga-
tion (8000 rpm, 5 min), resuspended in ethanol and dripped
onto a thin lm. The samples of the biological palladium
nanoparticles on E. coli were dried overnight in a vacuum drying
oven at 30 �C and analysed by SEM and EDXA.

We investigated and analyzed the valence state of the
biogenic palladium nanoparticles using XPS (ESCALAB 250Xi,
England). XPS used an Al Ka source and surface chemical
composition and reduction state analyses was done, with the
core levels recorded using a pass energy of 30 eV (resolution
approx. 0.10 eV). The peak tting of the individual core-levels
was done using XPS-peak 41 soware, achieving better tting
and component identication. All binding energies were cali-
brated to the C 1s peak originating from C–H or C–C groups at
284.6 eV.

2.5. Ciprooxacin removal using biological palladium
nanoparticles on E. coli cells

A certain amount of ciprooxacin was dissolved in ultrapure
water acidied with glacial acetic acid (5 mL L�1), and the pH of
the solution was adjusted to 3.2 with hydrochloric acid
(1 mol L�1). Thirty milligrams of biological palladium was
resuspended in 20 mL of this ciprooxacin solution. Catalytic
removal of ciprooxacin using this biological palladium was
carried out in the dark at 25 �C with stirring at 150 rpm. 3 mL of
the reaction mixture was removed every 5 h with a syringe and
passed through a syringe lter with a pore size of 0.22 mm to
remove biological palladium(II) or biological palladium(0). An
ultraviolet spectrophotometer was used to detect the residual
content of ciprooxacin in the supernatant at 280 nm, and the
removal of ciprooxacin was calculated by comparison with
a standard curve. When the removal of ciprooxacin was con-
ducted under anaerobic conditions, 30 mg of biological palla-
dium was transferred into the ciprooxacin solution, and then
H2 was bubbled into the suspension for at least 10 min from the
bag, and a hose was used to connect a balloon of H2 and the
reactor vessel.

2.6. Effects of pH and the amount of catalyst on
ciprooxacin removal

The general procedure for reductive degradation and removal of
ciprooxacin removal was as follows: a 50 mL two-neck round
bottom ask equipped with a condenser and magnetic stirrer,
was charged with 20 mL of this ciprooxacin solution at
different pH values (2.0, 2.4, 2.8, 3.2 and 3.6) and 30 mg of
biological palladium, pH was controlled by the addition of
hydrochloric acid aqueous solution (1 mol L�1). Aer resus-
pending certain amount of biological palladium on E. coli
(10 mg, 20 mg, 30 mg and 60 mg) in 20 mL of ciprooxacin
solution at pH 3.2, the mixture was stirred (150 rpm, 25 �C) for
up to 25 h in the presence of H2. The ciprooxacin remaining in
This journal is © The Royal Society of Chemistry 2020
the reaction mixture was determined using high-performance
liquid chromatography (HPLC, Agilent 1260). The remained
ciprooxacin was separated by liquid chromatography on
a Daicel IC column (250 mm by 4.6 mm, 5 mm particle size).
Data were collected at 226 nm and the corresponding standard
was used to verify retention times of ciprooxacin.
3. Results and discussion
3.1. Synthesis of biological palladium nanoparticles

Platinum group metals (PGM), all precious metals, are usually
used as catalysts and functioned as a signicant part of modern
chemistry.25 The high price of PGMs varies with uctuating
supply which is caused by the limited and uneven geographical
distribution of this metal mines. Additionally, when released to
environment aer its usage, it is also a contamination to water
and soil. Therefore, the recovery of waste PGMs such as Pd is of
prime importance. Microorganisms such as E. coli can reduce
the soluble Pd(II) in stock solutions or acid extracts from the
spent catalysts, producing metallic nanocrystals of Pd(0),26

which can be used as catalysts in organic synthesis and organic
pollutant removal. This simple process involves biosorption of
Pd(II) cations on the surface of E. coli and the reduction of Pd(II)
to Pd(0) crystals by an electron donor. The formed Pd(0) nano-
particles are supported either in the periplasmic space or on the
outer membrane of the E. coli and thus remain attached to the
cells.27,28

Owing to the chelation of metal ions with the functional
groups (carboxyl, phosphate, hydroxyl, amino, thiol, etc.) and
biological structures involved, the mechanisms of biosorption
and reduction of Pd(II) cations on the E. coli cell surface are fair
complicated.29,30 The binding of the sorbate and sorbent
depends on numerous factors, such as the number of binding
sites on the E. coli cell surface, the density and type of the
functional groups on microorganism cell surface, and the
availability and accessibility of the sites. The mechanisms of
biosorption can be divided into various criteria, which include
cell metabolism and the location of the biosorption sites
(Fig. 1).31,32 At rst, Pd(II) cations in the bulk solution approach
the microorganism by diffusion due to the concentration
gradient. Then, physical adsorption of the cations can occur
RSC Adv., 2020, 10, 26067–26077 | 26069
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through van der Waals and electrostatic forces. Even dead
biomasses have been shown to adsorb heavy metals ions such
as Pd(II), Cu(II), Cd(II) and Zn(II) through electrostatic interac-
tions.33 The polysaccharides in the microbial cell walls can
function as counter ions to facilitate the exchange of bivalent
metal ions. Thus, these cation exchangers can adsorb heavy
metals such as Pd(II), Cu(II), Cd(II) and Zn(II) by counter ion
exchange.34 Additionally, the complexation between Pd(II)
cations and active groups on the polymers and polysaccharides
of the cell surface can mediate their removal from bulk solu-
tions by forming the complexes on the E. coli cell surface. Once
exposed to toxic metals, as a stress reaction, microbes tend to
produce compounds favouring the precipitation as a defense
mechanism, and metal cations such as Pd(II) can oen be
reduced through microbiological metabolism and enzymatic
catalysis in stained cells.35

In addition, functional groups such as –SH, –OH, and
–COOH on E. coli cell surfaces and deprotonated ligands, e.g.,
–RCOO�, can also function as Lewis bases. The competitive
complex formation may attributed to the adsorption of the
above metal cations. By exploiting these synergistic effects,
Pd(II) can be rapidly adsorbed onto the surface of E. coli. Then,
several types of hydrogenases in E. coli36 can reduce Pd(II) on the
surface of the cells. E. coli produce H2 during fermentation and
can reduce Pd(II) to Pd(0); this fermentatively produced H2

(referred to as ‘biohydrogen’) serves as the reductant for Pd(II)
reduction in the process of biosorption.37,38 In this work, no
culture medium except the model wastewater was supplied to
the waste E. coli, and the production of H2 during fermentation
is impossible. However, when extrinsic H2 is bubbled into the
mixture, Pd(II) reduction does occur and results in Pd(0)
formation.

Fig. 1 indicates the effect of exposure time on the adsorption
of Pd(II) onto E. coli cell. As shown in the resulting kinetic plots,
Pd(II) adsorption on E. coli increased rapidly at rst and then
slowed down gradually, nally reaching the maximum adsorp-
tion capacity at approximately 2 h. Langmuir equation can also
Fig. 2 TEM images of E. coli (A) and palladium (metal)-loaded E. coli (B)
can be found inside the periplasmic space as arrows indicate.

26070 | RSC Adv., 2020, 10, 26067–26077
be used to describe the isotherms for the adsorption of Pd(II) on
this microorganism cell surface and the adsorption kinetics
investigations gave that the adsorption rate of Pd(II) on the
bacteria can be well interpreted as a pseudo-second-order
process, and the adsorption capacities calculated with
a pseudo-second-order rate model were close to those deter-
mined experimentally.25 With the decrease in the number of
free sorption sites and the concentration of palladium(II), the
surfaces of the cells were saturated with Pd(II), and a dynamic
equilibrium may be established between Pd(II) adsorption and
desorption. What's more, we explored the inuence of other
common metal ions on the adsorption of Pd(II), including Na(I),
Ca(II), Mg(II), Zn(II), Cu(II) in the process of adsorption respec-
tively (Fig. S1 and Table S1†). The affinity of cations for the
functional groups presented on the cellular surface is depen-
dent on the pH of the solution. The carboxyl groups may play
the most important role in the pH range between 2 and 5,
because of their pKa value, and the pH 5 to 7 is optimal for the
adsorption for Zn(II), Ca(II), Mg(II), Cu(II).39–41
3.2. Characterization of biological palladium (metal)
nanoparticles by TEM and SEM with EDXA

Fig. 2 shows TEM images of E. coli (A) and palladium (metal)-
loaded E. coli (B) cells. This can be interpreted as the adsor-
bed Pd(II) being reduced and Pd(0) nanoparticles being
successfully formed in the periplasmic space and on the surface
of the cells. Furthermore, most of the Pd(0) particles are on the
nanoscale, which is consistent with previous studies that re-
ported dense Pd(0) precipitates on the periphery of E. coli.38

Metal precipitates were observed at the bacterial surface, and
the cell surfaces provided excellent sites for Pd(II) nucleation.
Early studies have shown that E. coli produces at least three
hydrogenases,36 which play signicant roles in the reduction of
Pd(II). The Pd(0) in the periplasmic space may be formed
because the catalytic subunits of the hydrogenases were
exposed to the Pd(II) in this periplasmic inside of the cell
cells surface. Scale bars correspond to 500 nm, and metal precipitates

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images of untreated pure E. coli (A and B) and palladium nanoparticles-loaded E. coli cells surface (C and D).
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membrane. Aer reductive conversion within the periplasm,
a core could formulate and the metallic precipitates grew and
erupted through the outer membrane to accumulate on the cell
surface (Fig. 2).

To produce high-resolution images of the cell surface and
determine the content of different elements with high preci-
sion, we applied SEM with EDXA as a reference method to
evaluate the adsorption and reduction of Pd(II) on the E. coli
surface. The samples were made conductive by gold sputtering
before morphological analysis by SEM. Fig. 3 shows that these
precipitated nanoparticles ranged in size from 10 to 30 nm.
Smaller Pd-NPs could exhibit higher catalytic activities when
they are used to initiate the chemical reaction. EDXA indicated
the relevant areas of E. coli, and its components were recognized
Fig. 4 Elemental composition of the Bio-Pd nanoparticles.

This journal is © The Royal Society of Chemistry 2020
through the analysis of the wave, conrming that elemental
palladium is the main component of biological palladium
(Fig. 4).

According to the XPS spectra of the prepared biogenic
palladium nanoparticles, we further conrmed the deposition
of Pd(0) on the surface of E. coli, which was shown in Fig. 5. The
result indicates that in the presence of H2, most of palladium
substrate exist as metal even if both Pd(II) and Pd(0) were found
on the E. coli. The peaks at 340.05 eV and 334.87 eV are attrib-
uted to Pd(0) 3d3/2 and Pd(0) 3d5/2, respectively. The peaks at
342.28 eV and 337.28 eV are attributed to Pd(II) 3d3/2 and Pd(II)
3d5/2, respectively, which are consistent with the previous
reports.42,43
RSC Adv., 2020, 10, 26067–26077 | 26071
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Fig. 5 XPS spectra of the prepared Bio-Pd nanoparticles in the presence (A) and absence (B) of H2.

Fig. 6 Removal of ciprofloxacin (5 mg L�1, 20 mL) by Bio-Pd at
different pH values, 30 mg catalyst, 25 �C without the presence of H2.

Fig. 7 Removal of ciprofloxacin (5 mg L�1, 20 mL) with different
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3.3. Effect of pH on the reductive removal of ciprooxacin

The initial pH in CIP solution played a signicant role in its
reductive removal (Fig. 6). The functional groups on the cell
walls of E. coli microorganism are apt to be protonated under
acidic conditions, which means that protons occupied the
major binding sites resulting in the increase of the mass
transfer resistance.44 Biological palladium can uniquely be
adsorbed by microorganisms, while palladium can catalyse the
reduction and removal of ciprooxacin. In the process of CIP
removal, biological palladium was rst formed complexes with
contaminants through different mechanisms, such as adsorp-
tion and surface complexation.45 The reductive remove of CIP
were carried out at different pH values (2.0, 2.4, 2.8, 3.2 and 3.6).
The solution pH signicantly affects the presence of CIP.46 The
fastest degradation of ciprooxacin was observed at pH 3.6 due
to the effect of the substrate activity. At pH 3.6, both the N1 atom
of the piperazinyl substituent (pKa � 5.05) and the N4 atom of
the piperazinyl substituent are protonated (pKa � 8.24–8.95),
and the N atom of the quinolone moiety (pKa � 3.64) is just
partially protonated.47,48 As the pH decreased, the removal of
26072 | RSC Adv., 2020, 10, 26067–26077
ciprooxacin also decreased. Because the solubility of cipro-
oxacin in water is poor and further decreases with increasing
pH, it is difficult to prepare a 5 mg L�1 ciprooxacin solution
with a pH higher than 3.6. Based on our results, we speculate
that the degradation of ciprooxacin is a complex reaction that
may be triggered by the protonation of the piperazine N atom.

3.4. Effect of the amount of catalysts on the reductive
removal of ciprooxacin

In this work, we evaluated the inuence of the amount of
catalyst on the removal of CIP. The removal of CIP is slightly
dependent on the catalyst loading and follows a trend similar to
that of the high dependence on pH value in solution. The
removal of ciprooxacin increased as the catalyst loading
increased (Fig. 7). It was speculated that when sufficient catalyst
is present, the removal may start with the adsorption of cipro-
oxacin by E. coli, reducing the mass transfer resistance, and
allowing the ciprooxacin to fully interact with the Pdmetal and
undergo catalysis. In this work, the result is promising for the
further technological development. Remediation processes
based on the use of biological metals are receiving much
amounts of Bio-Pd, pH 3.2, 25 �C, without the presence of H2.

This journal is © The Royal Society of Chemistry 2020
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attention owing to their many advantages over traditional
methods, such as their cost effectiveness, selectivity and effi-
cient removal of contaminants. On an industrial scale, it is
possible to increase the amount of Bio-Pd to achieve a high
removal of CIP and reuse of the Bio-Pd as an immobilized,
recoverable catalyst.
3.5. Reductive removal of ciprooxacin compounds by
biological palladium

Due to the production of various mutagenic and toxic
compounds by advanced oxidation technologies and methods,
such as UV/H2O2, UV/O3, and UV/TiO2, an increasing number of
studies have focused on reductive catalysis. Focus is also dri-
ing away from traditional Pd/C or colloidal Pd catalysis towards
palladium nanoparticles (NPs) since NPs are more active and
thus less catalyst is needed.49 Martins and his co-workers have
reported that biological palladium (metal) was effective in the
catalytic reductive removal of diatrizoate depending on the H2

gas produced using microbial electrolysis cell (MEC).50 The
catalytic property and performance of Pd nanoparticles is oen
inuenced by the particle size, crystallinity and dispersion.51

Especially, this can be enhanced and improved by creating and
forming Pd(0) clusters in the presence of H2.52 E. coli has the
ciprooxacin-acetylating variant gene aac(60)-Ib-cr, which can
transform ciprooxacin by N-acetylation to produce N-acetyl-
ciprooxacin, which is a major metabolite of ciprooxacin.53

The removal may occur to the CIP solution as the following four
mechanisms: bio-adsorption to microorganism cell surface,
extracellular reactive removal by the produced metabolites
during microorganism cell growth, biodegradation by co-
metabolism with other substrate, or biodegradation by CIP
contamination sole consumption in which microorganism just
uses CIP contamination as the sole carbon and electron
source.54

In this work, using waste E. coli microorganism we synthe-
sized and obtained biological palladium (Bio-Pd) nanoparticles
in the presence of H2 gas and also examined and evaluated their
property and performance in the reductive catalytic removal of
ciprooxacin for the rst time. Fig. 8A shows the catalytic
Fig. 8 Removal of ciprofloxacin (5 mg L�1, 20 mL) under different condi
pH 3.2; 30 mg catalyst; 25 �C; CIP + H2, control experiment).

This journal is © The Royal Society of Chemistry 2020
reductive removal of CIP contamination by Bio-Pd in the pres-
ence of H2. However, no H2 was bubbled into the reaction
mixture when CIP was degraded and removed using Bio-Pd
catalyst, even though this hybrid catalyst was obtained by
adsorption and reduction in the presence of H2 on the waste E.
coli cells (Fig. 8B). When no H2 was bubbled in the reaction
mixture, just approximately 28.90% and 32.96% of ciprooxacin
was removed, which may also be partially attributed to the
adsorption of CIP to the surface of Bio-Pd(II) and Bio-Pd(0),
respectively. A portion of the free Pd(II) ions on the E. coli cells
could complex with the CIP molecules in solution, and then
attributed to the some removal of them.55,56

However, when H2 gas was bubbled into the reaction solu-
tion, aer 25 h, approximately 87.70% of the ciprooxacin was
reductively degraded and removed by Bio-Pd(0), approximately
2-fold of that reported by Martins,57 44.4% (0.2 mg mL�1 Bio-Pd
at an initial CIP of 1 mg L�1) aer 24 h. This removal of
ciprooxacin is also 3.03 folds of that achieved in the absence of
H2. Although in each case the exact mechanism running still
keeps unknown, based on the hydrogenation power of palla-
dium, we can speculate that H2 may react with the Pd nano-
particles and clusters to form hydrogen hydride which is
a strong reductant to catalyse the conversion of organic mole-
cules. General concept of hydrogen spillover could be dened as
dissociative chemical adsorptions of hydrogen on metal nano-
particles and subsequent migration of dissociated hydrogen
atoms onto adjacent receptor surfaces via diffusion.58 Palla-
dium has been intensively researched for hydrogen storage and
hydrogen-related catalytic reactions as hydrogen easily dissoci-
ates on the surface of Pd, and the hydrogen atoms can permeate
into the metal lattice.59 This highly active hydride may react
with CIP and catalyse its reductive degradation when the elec-
tron donor H2 could supply constantly.57 As heterogeneous
catalysts, both biological palladium(0) and biological palladiu-
m(II) on waste E. coli cells have the advantage that they can be
separated, recovered from the solution and reused. However, to
achieve continuous reductive degradation of CIP, Pd(0)
hydrogen hydride must be constantly generated and the H2

need to be bubbled in the solution and transferred to the
substrate (Scheme 1).52
tions in the presence of H2 (A) and in the absence of H2 (B) (conditions:

RSC Adv., 2020, 10, 26067–26077 | 26073
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Scheme 1 Possible process of biosorption and reduction of Pd(II) in the presence of H2.
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3.6. Possible mechanism for CIP degradation by Bio-Pd in
the presence of H2

Scheme 2 illustrates the three possible major degradation
pathways of CIP with the Bio-Pd catalyst in the presence of H2.
In addition, we propose the possible reductive catalytic degra-
dation pathways for CIP contamination combing the examina-
tion and analysis results with the previous reports. In pathway I,
dehalogenation is the rst step of the degradation process, and
this result is in line with a previous study.60 Three intermediate
products, A (m/z 313), B (m/z 289) and C (m/z 269), were all
detected and observed (Fig. S2 and S3†). Aerwards, interme-
diate C was converted to E (m/z 229) through the loss of an
Scheme 2 Proposed pathway for CIP reductive degradation by Bio-Pd

26074 | RSC Adv., 2020, 10, 26067–26077
amino group. Finally, all the above three intermediate products
could be degraded to D (m/z 189). Pd(0) is an efficient catalyst
not only for the chemo-selective hydrogenation of olenic
bonds but also for the hydrogenation of carbonyl compounds at
room temperature under benign reaction conditions.61 Pathway
II was initiated by the selective reduction of the olenic bond
and resulted in intermediate product G (m/z 333). Then, the
carbonyl groups of intermediate G could be converted to alco-
hols, resulting in the further transformation to the intermediate
H, and the losses of the carboxylic groups could produce
intermediate I. Pathway III involves the piperazine side chain
reduction of the CIP molecule while preserving the uorine
in the presence of H2.

This journal is © The Royal Society of Chemistry 2020
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atom. In this pathway, the intermediate J (m/z 294) was detec-
ted, which would produce intermediate K (m/z 266) or L (m/z
289) through elimination of the amino group or carboxyl group
in the presence of H2, respectively. Both could be further
degraded into intermediate M (m/z 204), which could go on to
produce compounds N (m/z 164) and O (m/z 149) through the
successive loss of the amino group or hydroxyl group.
4. Conclusions

In summary, Pd(II) was successfully adsorbed and reduced on
the E. coli cells surface to form the Bio-Pd to catalyse the effi-
cient and reductive degradation of ciprooxacin. Although this
degradation mechanism is still unclear, the possibility that
organic pollutants can be reduced and degraded using a catalyst
derived from waste is sufficient to attract our attention. On the
route to “treating waste using waste”, ciprooxacin was
removed and degraded, and palladium was recovered and
utilized by adsorption on waste E. coli cells at a low cost, which
contributes greatly to environmental protection and ecological
improvement.
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