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sis of hollow porous Prussian
blue@yeast microspheres and their synergistic
enhancement of organic pollutant removal
performance†

Si Chen,ab Bo Bai, *bcd Xiaohui Xu,ab Na Hu,cd Honglun Wangcd and Yourui Suocd

In this work, Prussian blue nanoparticles (PB NPs) were in situ grown on S. cerevisiae cells via one-step

hydrothermal synthesis and the as-prepared Prussian blue@yeast (PB@yeast) hybrids exhibited synergistic

adsorption and Fenton catalytic activities. FE-SEM, XRD and BET analysis of the prepared samples confirmed

the successful formation of hollow porous structured PB@yeast microspheres, while FT-IR and XPS spectra

indicated the fine structures were occupied by both functional adsorptive and catalytic sites. The

experimental results of adsorption coupled Fenton reaction of PB@yeast hybrid microspheres revealed that

the functional groups on the cell wall and the active iron sites in PB framework were fully utilized due to the

triple synergistic effects of adsorption–Fenton catalysis–adsorption sites regeneration, thus endowing

synergistically enhanced performance in removal of the selected cationic methylene blue (MB), anionic

Methyl Orange (MO) and fluorescent brightener 71 (CXT) in aqueous solution. The high Fenton catalytic

efficiency was related to the improvement of adsorption, in which the enrichment of contaminant molecules

on the outer and inner surface of the hollow porous microspheres could lower mass transfer resistance and

shorten charge transport pathways, thereby introducing more efficient Fenton catalytic activity than PB NPs.
1. Introduction

Heterogeneous Fenton catalysis employing iron-based nano-
particles has been extensively studied for removing bio-
recalcitrant organic contaminants owing to their proven capa-
bility and pH resistance.1,2 Recently, Prussian blue nano-
particles (PB NPs) have received great attention as
a heterogeneous Fenton catalyst in the eld of organic pollution
treatment.3–45 Compared to iron oxides, PB is a mixed valence
hexacyanoferrate with high spin (S¼ 5/2) FeIII and low spin (S¼
0) FeII atoms coordinated by –NC and –CN units respectively,
which makes it more stable and easier to transfer charges in
Fenton reaction.6,7 However, typical PB NPs prepared by nano-
precipitation have intrinsic problems of aggregation and
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dissolution in aqueous solution, especially in alkaline media,8,9

which limit their direct use in the large-scale environmental
remediation. Tomeet the dilemma, PB NPs have been stabilized
on a variety of materials, such as mesoporous silica,10 g-Al2O3,11

chitin,12,13 CNTs,14,15 rGO,16 etc. Among these supports, the
appropriate matrix with tunable structures and high-quality
functions become very attractive since it can not only protect
PB NPs against instability and agglomeration but also enable
integration characteristics to extend potential of the hybrids.17

For instance, Edson Nossol and co-workers reported carbon
nanotube/Prussian blue nanocomposite lm as electrochemical
and photo-electrochemical Fenton catalyst, which could
degrade methyl orange dye efficiently.3 Unfortunately, the
catalytic reaction can only occur on the outer surface of
PB@support because of dense accumulation of PB NPs on the
support, for which reason the accessibility of reactants is greatly
decreased. Furthermore, due to the limited contact area
between the PB NPs and the support, the inherent function of
the valuable carrier is inhibited, which may reduce the coupling
performance of the PB@support hybrids. Therefore, developing
new PB-based hybrid materials to fully utilize the multifunc-
tional activity of both the carrier and the PB NPs is still required
to meet the practical applications.

Hollow-structured porous microsphere, because of the
distinctive combination of the hollow interiors/voids with
porous microsphere structure, has been widely investigated in
This journal is © The Royal Society of Chemistry 2019
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varied application elds.18–21 In particular, these hollow porous
systems can be well functioned as catalyst supports in the eld
of catalysis, in which the hollow surface provides sufficient
spaces and anchored sites for locating the active guests, and the
porous shell offers a short diffusion pathway for the transfer of
both reactants and products into/out of the interior voids.22

Among the hollow structured microspheres, yeast cell are
fascinating owing to their excellent mechanical and thermal
stability, high availability, huge quantity and environmental
friendliness.23,24 Yeast Saccharomyces cerevisiae (S. cerevisiae),
known as a by-product of the brewing industry, is one sort of
elliptical unicellular fungus with sturdy cell wall.25 It was found
that the hollow porous structures were easy obtained at a low
temperature (about 100 �C) as a result of the dead of S. cerevisiae
cells and the escape of internal hydrated water.26 Most inter-
estingly, the surface of these hollow microspheres is covered
with numbers of functional groups, such as carboxyl, amide,
hydroxyl, acyl amino, et al., which are capable of binding metal
ions via coordination or electrostatic attraction, and also func-
tion as reactive adsorption/catalysis sites.27,28 Signicantly, the
inner surface of the cell wall can be also utilized efficiently when
using these hollow microspheres as catalyst supports.
Beneting from these inherent advantages of S. cerevisiae cells,
it is predicable thereby that S. cerevisiae will be an idea bio-
logical support to form metal containing multifunctional
materials. Moreover, since the hollow microsphere is isolated
by a permeable shell with relatively homogeneous internal
surroundings, the hollow S. cerevisiae microsphere incorpo-
rated with catalytically active guest is expected to act as
a microreactor for synergistic adsorption/catalysis.

Hence, inspired by the remarkable catalytic properties of PB
NPs and novel hollow porous structure of inactivated S. cer-
evisiae cells, we believe that the combination of the twomay nd
a synergistically enhanced performance in the application of
organic pollution treatment. In the previous investigation, we
had conrmed that the core–shell PB@yeast composites
retained the adsorption-coupled Fenton catalytic activity.29

However, the as-prepared samples were synthesized by co-
precipitation method, which involved multiple steps and
several raw materials. Herein, we develop a one-step hydro-
thermal strategy for fabricating hollow porous PB@yeast
microspheres at relatively low temperatures, in which the PB
NPs were in situ grown on the functionalized S. cerevisiae cell
walls. The as-prepared PB@yeast samples were characterized by
FE-SEM, EDS, XRD, FT-IR, XPS and BET, respectively. Based on
the results of characterization results, a detailed formation
mechanism of the PB@yeast hollow microspheres was
proposed. In addition, three typical organic pollutions
including methylene blue (MB), anionic Methyl Orange (MO)
and uorescent brightener 71 (CXT) were selected as the model
contaminants for bath experiments. The removal of MB, MO
and CXT from aqueous solution using PB@yeast hollow
microspheres as both adsorbent and heterogeneous Fenton
catalyst was systematically investigated and a probable syner-
gistic mechanism was further studied. In general, the in situ
growth of PB on hollow-shelled S. cerevisiae cells not only
extended the utilization of yeast cells and avoided aggregation
This journal is © The Royal Society of Chemistry 2019
and dissolution of PB NPs, but also achieved cooperative
adsorption and catalytic activities, which showed better activity
and stability than normal PB@support microspheres synthe-
sized by chemical precipitation.

2. Experiments
2.1 Materials

Potassium ferricyanide (K4Fe(CN)6$3H2O), T-butanol (TBA)
were acquired from Tianjin Kermel Chemical Reagent Co., Ltd,
China. P-Benzoquinone and sodium azide were purchased from
Aladdin Co., Ltd, China. Yeast powder was purchased from
Angel Yeast Co., Ltd, China. Polyvinylpyrrolidone (PVP, KW ¼
30) was acquired from shanghai lanji technology Co., Ltd,
China. Hydrochloric acid (HCl, 37.5%), sodium hydroxide
(NaOH), hydrogen peroxide (H2O2, 30%), ethanol (C2H5OH,
95%) were purchased from Xi'an Chemical Agent Corp. Methyl
orange, methylene blue and uorescent brightener 71(CXT)
were provided by Shaanxi research design institute of petroleum
and chemical industry.

2.2 Synthesis of hollow PB@yeast hybrids

Preparation of PB nanoparticles (PB NPs). The PB NPs were
prepared according to previous literature with a little modi-
cation.30 Typically, 7.60 g polyvinylpyrrolidone (PVP, K-30) and
0.22 g K4Fe(CN)6$3H2O were added into 50 mL HCl solution (0.1
M) under magnetic stirring. The mixed solution was stirred for
1 h at room temperature to produce a clear solution, followed by
being transferred into a Teon-lined stain-less-steel autoclave
and heated at 100 �C for 24 h. The resulting precipitate was
washed several times with deionized water and ethanol before
drying in a vacuum oven at 60 �C.

Preparation of hollow PB@yeast microsphere. 1.0 g of pure
yeast powder was washed comprehensively with distilled water/
ethanol and dispersed in 50 mL of HCl solution (0.1 M) with
agitated stirring at 30 �C. Then another 50 mL of HCl mixed
with 3.80 g of PVP and 0.11 g of K4Fe(CN)6$3H2O were added
into the above solution under magnetic stirring. The following
steps were as the same as the preparation of PB NPs. The
solution color changed from transparent to light blue, indi-
cating the nucleation of PB nanoparticles. For comparison,
PB@yeast microspheres were also synthesized by chemical
precipitation, in which FeCl2 and K3Fe(CN)6 were used as
precursors.

2.3 Characterization

Field emission scanning electron microscopy (FE-SEM) images
were obtained on a HITACHI S4800. Detailed composition
characterization was carried out with energy-dispersive spec-
troscopy (EDS) analysis (equipped with the FE-SEM). The X-ray
diffraction (XRD) patterns were measured on a Bruker D8
Advanced X-ray Diffractometer (Cu Ka radiation l ¼ 0.15418
nm) at a scanning rate of 0.02 min�1. Fourier-transform
infrared (FT-IR) spectra of samples were recorded on a Bio-
Rad FTS135 spectrometer in the range 500–4000 cm�1 using
a KBr wafer technique. The X-ray photoelectron spectra (XPS)
RSC Adv., 2019, 9, 16258–16270 | 16259
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were measured on PHI 5000 VersaProbe III. The specic surface
area was analyzed by the Brunauer–Emmett–Teller (BET) N2

adsorption–desorption method on a Micromeritics Builder SSA-
6000 instrument at 77 K and the pore size distributions were
analyzed using the Barrett–Joyner–Halenda (BJH) method. The
ZETA potential was tested by Malvern ZEN3690 potentiometer.
2.4 Adsorption coupled Fenton catalysis performance

The adsorption coupled Fenton behavior of PB@yeast were
tested by the removal of MB, MO and CXT, where the initial
concentration of contaminants was 25 mg L�1. The initial pH
was adjusted to 3.0 for MB solution and 5.0 for the MO or CXT
solution. Typically, 100 mL of contaminant solution was added
to the beaker individually while adjusting to the designed pH
value. 50 mg of PB@yeast was dispersed into the solution in
dark under vigorously stirring. Aer equilibrium, the Fenton
reaction began with adding amount of H2O2 (0.2 mol L�1) and
simultaneously turning on UV light (TUV30W/G30T8, PHILIPS).
During the reaction, samples from the liquid-phase were taken
out at regular intervals, followed by centrifuging and measuring
in the UV-vis spectrophotometer (UV-752, Shanghai). Aer each
analysis, the samples were returned into the beaker immedi-
ately. To discern the role of individual components and possible
synergistic effect, different situations including no catalyst,
10 mg of PB and 50 mg of yeast (aer hydrothermal treatment at
100 �C) were studied respectively in removal of model
pollutants.

The pH-dependent experiments were carried out in removal
of CXT, in which the initial pH values were designed under
varied conditions (3.0–9.0). Aer adsorption equilibrium, the
Fenton reaction was investigated by adding certain amount of
H2O2 with UV radiation. All the experiments were performed in
beaker under magnetic stirring at ambient temperature. The pH
values of the solutions were adjusted with 0.1 mol L�1 NaOH or
0.1 mol L�1 HNO3 using a pH meter (PHS-3C, Shanghai).

The removal efficiency is calculated by eqn (1).

Removal rate ð%Þ ¼ ðc0 � ctÞ
c0

� 100 (1)

The equilibrium adsorption capacity is quantied by eqn (2).

qe ¼ ðc0 � ceÞV
m

(2)

where c0 (mg L�1) and ce (mg L�1) represent the initial
concentration and equilibrium concentration of contaminants;
m (mg) represents the mass of PB@yeast composites; V (mL) is
the solution volume.
2.5 Stability and reusability

The stability of PB@yeast was evaluated by PB release behavior
and long-term stability. Typically, 10 mg of PB nanoparticles
and 10 mg of PB@yeast hybrids were immersed in DI water
respectively and shaken with a rotary shaker for designed time
interval (6 h–3 month). The PB release was analyzed by UV-vis
spectroscopy at 690 nm. The long-term stability and
16260 | RSC Adv., 2019, 9, 16258–16270
reusability of PB@yeast was tested by evaluating the degrada-
tion efficiency of CXT in consecutive runs. Aer each photo-
Fenton reaction, the compounds were regenerated by ltra-
tion, washing, and over-dried for a new reaction cycle.

3. Results and discussion
3.1 Characterization of hollow PB@yeast microspheres

To clarify the successful assembly and the formation mecha-
nism of PB@yeast hybrids, a number of techniques were
applied to clarify the physiochemical properties of the prepared
product. Firstly, XRDmeasurements were performed to validate
the successful synthesis and the phase purity of the obtained
products. Here, the XRD patterns of the original yeast cell,
parallel PB NPs and PB@yeast sample are provided in Fig. 1a,
respectively.

As can be seen from the XRD pattern of yeast, a broad peak
around 2q ¼ 20� appeared, indicating an amorphous phase of
the yeast cell. For PB NPs curve, all of the diffraction peaks
could match well with the standard values of face-centered
cubic (fcc) phase of Fe4[Fe(CN)6]3 (JCPDS card no. 73-0687),
which is consistent with other previous reports.28,31 Compara-
tively, the diffraction peaks of the PB@yeast sample were
completely inherited the theoretical data of amorphous yeast
and the fcc PB NPs, conrming that the PB NPs had been
successfully formed on the yeast matrix through the proposed
approach. Furthermore, no other diffraction peaks were detec-
ted, indicating the purity of the products.

In addition, the porosity of PB@yeast hybrid was assessed by
N2 sorption measurements (Fig. 1b). The result displayed a type
IV sorption with H3-hysteresis, indicating the presence of slit-
like type porosity. The BET surface area of PB@yeast calcu-
lated from the adsorption isotherm curve was 28.38 m2 g�1 with
a total pore volume of 0.067 cm3 g�1. The pore size distribution
calculated by the BJH method (inset of Fig. 1b) conrmed the
meso- and macroporous characteristics with pores ranging
from a few nanometers to 70 nm. It is thus predictable that the
hierarchical porous structures of PB@yeast microspheres may
be benecial for the transport of contaminant macromolecules.

Aerwards, the morphology and structure of the PB@yeast
hybrids were investigated by FE-SEM images (Fig. 2a–e).

Fig. 2b shows the PB@yeast hybrids remained the ellipsoidal
morphology with a size of about 3 mm on the long orientation
axis. Close observation in Fig. 2c–d indicates that the surface of
the microsphere was composed of closely packed nanoparticles
with a size of several hundred nanometers, which is denitely
different from naked yeast in Fig. 2a. As can been see, a rather
rough surface and a hierarchical structure of PB@yeast micro-
spheres were observed. Moreover, it can be seen in Fig. 2d that
there were a large number of meso-pores with size below to
50 nm in the shell, indicating the porous feature of the prepared
PB@yeast microspheres. Compared with the image of PB@yeast
sample synthesized by chemical precipitation (see in Fig. S1†),
a more uniform distribution of PB nanoparticles was observed,
which may attributed to the guided nucleation growth of PB
nanoparticles during mild hydrothermal procedures. Aer
a vigorous sonication, some microspheres were broken and the
This journal is © The Royal Society of Chemistry 2019



Fig. 1 (a) XRD patterns of yeast, PB NPs and PB@yeast. (b) N2 adsorption and desorption isotherms of PB@yeast. (Inset: corresponding pore-size
distribution.)
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hollow structure with closely packed PB shell could be clearly
seen in a high magnication image (Fig. 2f), demonstrating the
hollow hierarchical structure of the nal PB@yeast products.
The EDS analysis in Fig. S2† shows that Fe, C, N and O were the
main elemental constituents, which were originated from both
PB NPs and yeast matrix.

To understand the possible interactions between yeast and
PB NPs in the formation of PB@yeast, FTIR spectroscopy was
employed and the results are shown in Fig. 3a.

For yeast, the broad and strong peak observed at 3284 cm�1

is oriented to hydroxyl stretching vibrations. The peaks at 2925,
1647, 1534, 1406, and 1240 cm�1 are assigned to CH2 asym-
metric and symmetric stretching vibration, C]O in amide I,
N–H in amide II, C–N in amide III, C–O in carboxylic acid
groups, respectively.32,33 As to the FT-IR spectrum of the
PB@yeast, it can be seen that besides the main stretching and
deformation bands of yeast, a new IR adsorption peak was
observed at 2090 cm�1, respecting to the CN stretching mode of
PB.34,35 Notably, the stretching of –OH group at 3500–3200 cm�1

become a broad and intense peak probably due to inter and
intramolecular hydrogen bonding interaction of compounds.
The C]O bond in carboxyl groups and the N–H in amide II were
also shied with growing shoulder bands. These changes sug-
gested that the reactive functional groups such as carbonyls,
hydroxyls, acid amides probably linked to PB NPs via electro-
static forces, hydrogen bonds and covalent bonds. In
comparing the FT-IR spectra of the PB@yeast before and aer
the reaction, no signicant changes were observed, indicating
that this unique hybrid product could be stable during the
reaction.

To better clarify the chemical composition of PB@yeast
microspheres, XPS analysis was carried out and the corre-
sponding results are presented in Fig. 3b–d. For Fe 2p spectra of
the sample (Fig. 3c), the binding energies of Fe 2p3/2 and Fe 2p1/
2 were observed at 713.8 and 721.8 eV, which were characteris-
tics of Fe3+ in Fe4

III[FeII(CN)6]3 (ref. 36 and 37) Besides, the peak
at 708.3 eV can be assigned to Fe 2p3/2 (Fe

2+) of [Fe(CN)6]
4�.38 In

the case of N 1s spectra (Fig. 3d), the peaks of N 1s spectra were
tted with three components at 397.6, 399.7 and 401.32 eV,
This journal is © The Royal Society of Chemistry 2019
suggesting the existence of C–N in PB NPs together with amine-
like (–NH–) and positively charged nitrogen (N+) structure in
yeast.39 In addition, the C 1s spectrum of PB@yeast also dis-
played the presence of C–C (284.8 eV), C]O (287.2 eV), and
O–C]O (288.8 eV) species,40 which probably originated from
the exposed surface of the yeast matrix. Based on the results of
the above XPS analysis, it can therefore conclude that PB@yeast
was successfully synthesized, in which the surface was fully
modied by both PB NPs and yeast cell walls.
3.2 Formation mechanism of hollow PB@yeast
microspheres

Based on the above characterizations, the possible formation
mechanism of PB@yeast hollow microspheres can be described
as follows (illustrated Scheme 1). In case of the S. cerevisiae, the
cell is comprised of the cell wall, cell membrane, cytoplasm,
nucleus, vacuoles and mitochondria.41 In addition, the bare cell
wall of yeast consists mainly of phosphomannan, mannan,
glucan, dextran, and a small fraction of protein, which produces
multiple functional groups on the surface of cells, such as
–COOH, –OPO3H2, –OH,–NH2, –CONH2, etc.24,42 According to
previous work,43 these hydrophilic electrochemical groups can
stimulate the electrochemical performance as pH changes. In
particular, the –NH2 on yeast cell wall can be facilely converted
into soluble protonate –NH3

+ when the pH value was below its
pKa (�3.0) in aqueous solution. Hence, in this work when the
initial yeast suspension pH value was adjusted to pH 2.0, the
positively charged –NH3

+ groups of S. cerevisiae cell wall were
rstly combined with the negatively charged cations [Fe(CN)6]

4�

by electrostatic interaction. At the same time, the iron hydrates
of potassium ferricyanide might further react with the hydroxyl
groups via condensation reactions.44 Herein, as evidenced in
FT-IR spectrum, the S. cerevisiae cell wall provided sufficient
binding site to adsorb potassium ferricyanide precursors, which
would be the oriented nucleation sites for the formation of PB
NPs. It should be mentioned that the wall of S. cerevisiae is
sensitive to the external temperature. Notably, the cell wall
became loose and porous when the temperature was higher
than 30 �C. Up to 100 �C, the S. cerevisiae cell was completely
RSC Adv., 2019, 9, 16258–16270 | 16261



Fig. 2 FE-SEM micrographs of (a) the naked yeast and (b–f) PB@yeast under different magnification.
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inactivated and hydration water inside the cell escaped from the
porous cell wall, while the internal organics (nucleus, mito-
chondria, etc.) adhered to the inner wall of the cell membrane to
form a hollow porous microsphere.23,45 Thereby, when the
mixture was transferred into a Teon-lined stain-less-steel
autoclave and maintained at a hydrothermal temperature of
100 �C, some of the linked or free [Fe(CN)6]

4� ions could enter to
the interior of cell while others still being anchored outside the
cell wall. Then, the nucleation and growth of PB nanocubes
occurred not only on the surface of yeast cell, but also on the
16262 | RSC Adv., 2019, 9, 16258–16270
inner wall. At this point, the PB crystals were reasonably formed
at the special positions by non-classical crystallization in the
subsequent process.46 Besides, with the assistance of hydro-
chloride and PVP polymer, the generation rate of PB crystals was
well controlled and the uniform structured hierarchical porous
hybrid microspheres were nal obtained.47 From the above
analysis, it can be supposed that the yeast cell is essential for the
formation of the hollow porous PB@yeast microsphere. On one
hand, the reactive groups exposed on the surface of cell wall can
act as binding sites for the potassium ferricyanide precursors
This journal is © The Royal Society of Chemistry 2019



Fig. 3 (a) FT-IR spectra of yeast, PB@yeast before and after reaction; high resolution XPS spectra of PB@yeast: (b) Fe 2p, (c) N 1s and (d) C 1s.
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and subsequently serve as targeted nucleation sites for in situ
formation of PB NPs. In this way, PB NPs were evenly dispersed
and away from agglomeration, which could address a favorable
feature for the application of wastewater disposal. On the other
hand, due to the unique hollow porous structure of the S. cer-
evisiae cell, the nucleation, growth and crystallization of PB NPs
could be performed on both extracellular and intracellular cell
walls, which signicantly increased the utilization of the cata-
lyst compared to the conventional loading of PB NPs on bulk
supports. More importantly, since the hydrothermal treatment
was carried out under a relatively low temperature, the func-
tional groups of these tiny unicellular organisms were well
preserved. Therefore, the in situ formation of PB NPs on hollow
Scheme 1 Schematic illustration of PB@yeast hollow microspheres.

This journal is © The Royal Society of Chemistry 2019
S. cerevisiae cell not only enhanced the stability of these nano-
particles, but also introduced new functionalities in the
PB@yeast hybrid, which may nd important applications in
organic wastewater treatment.
3.3 Adsorption coupled Fenton catalytic behavior

Dye MB and MO are known as typical recalcitrant organic
pollutions that had been widely studies in the eld of organic
wastewater treatment. At the same time, CXT, one of the most
prevalent organic assistant in machining process of washing,
printing, plastic and textile, is considered to be toxic due to its
chemical similarity to anionic direct dyes.48 The structures of
the three molecules are displayed in Fig. S3.†
RSC Adv., 2019, 9, 16258–16270 | 16263
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In this work, all of these three contaminants were used as
pollutant molecules to evaluate the adsorption coupled Fenton
catalytic behavior. The adsorption in dark followed by photo-
Fenton performances for MB, MO and CXT removal are
shown in Fig. 4a. It can be seen that the adsorption–desorption
equilibrium is established within 120min and the removal rates
under dark conditions were approximately 43%, 51%, 56%
respectively, which were mainly due to the adsorption ability of
PB@yeast. Aer that, it was greatly increased to 97%, 96% and
99% over 40 min in the presence of H2O2 with the aid of UV
irradiation, which was principally monitored by photo-Fenton
catalysis. These ndings conrmed that all of the three
organic contaminants can be efficiently removed by adsorption
coupled Fenton catalysis, indicating the universality of
PB@yeast for the removal of both cationic and anionic organic
contaminants. To understand the contribution of individual
components and possible synergistic effect, a series of experi-
ences under different conditions were also studied for MB, MO
and CXT removal (Fig. 4b–d). It is worth to note that certain
amounts of H2O2 was added aer the adsorption–desorption
equilibrium, and the equilibrium concentration was calculated
as the initial concentration of the Fenton reaction. As is shown,
little change was observed in the absence of catalysts, indicating
that the self-degradation of CXT was negligible. Before the
Fig. 4 (a) Removal rates of MB, MO and CXT by PB@yeast under dark and
(b) MB, (c) MO and (d) CXT in different reaction systems.

16264 | RSC Adv., 2019, 9, 16258–16270
addition of H2O2, few target molecules were adsorbed onto the
PB nanoparticles, and the removal rates were up to 29% of MB,
25% of MO and 32% of CXT aer Fenton catalysis. Meanwhile,
only about 10% of the three adsorbates were oxidized by H2O2

aer 40 min. These phenomena suggested that neither H2O2

nor PB could removal MB, MO and CXT effectively. The
adsorption of the hydrothermally treated yeast contributed to
38% of MB, 43% MO and 42% of CXT and increased to 52%,
47% and 48% in the addition of H2O2 with the UV radiation. It
may attribute to the generation of a certain amount of hydroxyl
radicals produced by H2O2 with UV irradiation. These radicals
could act directly on organic pollutants and promote the
regeneration and exposure of active sites on the yeast surface
thereby increasing the removal efficiency, although this
increase was small. The adsorption efficiency of PB@yeast for
MB (43%), MO (51%) and CXT (56%) was slightly higher than
that of yeast. However, these three organic compounds were
rapidly removed within 30 min, suggesting the synergistically
enhanced adsorption and Fenton catalysis of PB@yeast hybrids.

In view of the performance of enhanced activity of
PB@yeast in the three contaminants, the following hypoth-
esis was formulated. Generally, the remarkable adsorption
activity of the hollow porous hybrids contributed to many
advantages such as lower mass transfer resistance, shortened
UV radiation; comparison of adsorption/Fenton catalysis for removal of

This journal is © The Royal Society of Chemistry 2019
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charge transport pathways, which allowed the existing target
molecules to easily enter immobilized active sites. Subse-
quently, these locked organic molecules tended to be espe-
cially attacked by formed hydroxyl radicals and thus rapidly
degraded in Fenton oxidation.49 As a novel class of hierar-
chical porous architectures, the hollow-shelled S. cerevisiae
with high specic surface and functional bonds can protect
PB nanoparticles from aggregation, what would help to
protect the active sites and achieve improved Fenton catalytic
efficiency. Scanning electron micrographs (Fig. 2b) had given
a certain support that the PB nanoparticles were dispersed on
the entire surface of yeasts with high degree of homogeneity.
Also, the interaction between PB and yeast had been
demonstrated via hydrogen bond, electrostatic attraction
and coordinate bond as mentioned in FT-IR analysis (Fig. 3a).
It rendered high stability of the catalyst, what is really
important in Fenton reaction.50 What's more, owing to
decomposition of organic pollutants and UV irradiation, the
certain adsorption sites on the surface of yeasts regenerated,
that further enhanced the adsorption coupled Fenton
activity. In conclusion, the possible synergistic effect
primarily involved three steps: (a) bio-adsorption from S.
cerevisiae cells, (b) Fenton catalysis from PB NPs, and (c)
regeneration of adsorptive sites from target pollutants
degradation. These three behaviors also had synergistic
effect in the reaction. In a word, the synergistically
strengthened PB@yeast can provide remarkable adsorption
coupled Fenton performance, leading to high efficiency for
selected contaminants removal.

3.4 pH-dependent performances of PB@yeast microspheres

It has been evidenced that the PB@yeast hybrids combined the
adsorption and Fenton catalytic properties, which could remove
these three selected contaminants synergistically. Nevertheless
both adsorption and Fenton reactions are pH-dependent.51,52

Here, CXT was used to assess the pH tolerance at pH 3.0–9.0. To
investigate the possible mechanism of CXT removal, several
kinetic studies were applied to evaluate the adsorption process.
The corresponding kinetic models were also applied to estimate
the pH-dependent adsorption and Fenton catalysis respectively.
For adsorption, the pseudo second order equation was used to
t the data, which is expressed in eqn (3).

t

qt
¼ 1

k2qe2
þ 1

qe
t (3)

The initial adsorption rate h was calculated additionally
according to eqn (4).53

h ¼ k2qe
2 (4)

where qe (mg g�1) and qt (mg g�1) are the amount of pollutions
adsorbed at equilibrium and time t (min); k2 (g (mg min)�1) is
the kinetic rate constant for the pseudo second order kinetic
model; and h (mg g�1 min�1) is the initial adsorption rate.

For Fenton reaction, the pseudo rst order kinetic law (eqn
(5)) was utilized in the reactions.54
This journal is © The Royal Society of Chemistry 2019
ln
c0

ct
¼ kt (5)

where c0 (mg L�1) is the initial concentration; ct is the concen-
tration of CXT at the time t; k is the relevant constant.

Fig. 5 shows the initial pH inuence on CXT adsorption and
degradation, respectively.

For the effect of pH on CXT adsorption, plotting t/qt against t
displayed a well linear relationship when adjusting pH value
from 3.0 to 9.0 (Fig. 5a) with the correlation coefficients were
0.9881, 0.9975, 0.9945 and 0.9952 (Table 1), which indicated
that the CXT adsorption at pH 3–9 were well tted by the
pseudo-second-order kinetic model. From this inference, it is
easy to verdict that the adsorption was probably a physico-
chemical process, which was carried out by sharing or
exchanging electrons between the adsorbent and organic
contaminant.55 Hence, completely different adsorption activi-
ties occurred when it referred to organic contaminants with
different charges. The results of initial pH inuence on CXT
adsorption in dark is shown in Fig. 5c. As shown, the CXT
solution was completely adsorbed in 120 min at pH 3.0, while
the adsorption rates were approximately 56% at pH 5.0 and 24%
pH 7.0 then fell to 18% at pH 9.0. It seems that low pH
circumstances were in favor of the CXT sorption better. The
initial adsorption rate h showed the same tendency roughly,
which is primarily responsible for the pH-dependent absorption
of yeast. Considering the phenomenon, the z-potential values of
PB@yeast at different pH values were investigated. As shown in
Fig. 5b, the zero point of zeta potentials (pHZPC) for PB@yeast
composites was at pH 4.1. It perfectly explains the causes that
complete adsorption of CXT at pH 3.0. Here, the surfaces of
PB@yeast are protonated and thus become positively charged; it
could strong attract the anionic CXT molecules through elec-
trostatic attraction. As the pH value increased above the pHZPC,
however, deprotonation of the surface occurred, resulting in
negative charges.56 In this case, some functional groups such as
carboxyl, phosphate, and sulfonyl started to ionize with the
consumption of protons, leading to decreased efficiencies of
CXT adsorption. Simultaneously, it provides a certain inter-
pretation on Fig. 5b that low sorption of cationic MB at low pH
value. Still, the adsorption of anionic CXT and cationic MB were
signicant affected by electrostatic forces.

Aer reaching adsorption–desorption equilibrium, amount
of H2O2 was added in each system with UV light turning on
synchronously. From Fig. 5d, it can be seen the removal rate of
CXT was up to 99% at pH 5.0 and to 97% at pH 7.0 in 30 min.
Even at pH 9.0, it could be still reached to 86% markedly. The
values of k decreased slightly within the specied pH value,
suggesting that PB@yeast could degrade CXT under a wide pH
range, which is greatly consistent with heterogeneous Fenton
oxidation reaction.57,58 Given all this, it can be affirmed that
PB@yeast had the strong ability to remove CXT by integrating
adsorption and Fenton catalysis over a wide pH range. The
notable Fenton activity of PB@yeast could week the limitation
that the adsorption is subject to pH value, and this bifunctional
PB@yeast with pH-tolerant property could bring a promising
application in organic wastewater treatment.
RSC Adv., 2019, 9, 16258–16270 | 16265



Fig. 5 (a) Fitting data for pseudo-second-order kinetics of CXT adsorption; (b) zeta potentials of PB@yeast; initial pH influence on (c) CXT
adsorption and (d) CXT degradation. Reaction conditions: [CXT] ¼ 25 mg L�1, catalyst ¼ 50 mg, and [H2O2] ¼ 2.0 mol L�1.
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3.5 Synergistically enhanced reaction mechanism

It is currently accepted that $OH radicals play signicant role
in Fenton reaction. However, some controversies still exist
with regard to the formation of different oxidants.59,60 In this
study, a popular hydroxyl radical scavenger t-butanol was
employed to catching $OH produced by Fenton reaction for
CXT degradation. As shown in Fig. 6a, the removal rates of
CXT decreased distinctly with the participation of t-butanol.
This result demonstrated that $OH was the major oxidant in
the degradation of CXT, the possible mechanism can be
proposed as following eqn (6)–(9).61,62

�
FeIII � ðNCÞ6 � FeII

�!hn �FeII � ðNCÞ6 � FeIII
�*

(6)
Table 1 Kinetics model for CXT adsorption and degradation at different

pH value

For adsorption

qe,exp mg g�1 qe,cal mg g�1 k2 g mg�1 m

3 49.50 55.12 0.0012
5 28.02 29.43 0.0048
7 12.11 12.82 0.0049
9 9.32 10.06 0.0064

16266 | RSC Adv., 2019, 9, 16258–16270
[FeII–(NC)6–Fe
III]* + H2O2 / [FeIII–(NC)6–Fe

III]

+ $OH + OH� (7)
�
FeIII � ðNCÞ6 � FeIII

�þH2O2/
�
FeIII � ðNCÞ6 � FeII

�

þH2Oþ 1

2
O2 (8)

$OH + organics / intermediates / CO2 + H2O (9)

Here, the inter valence charge-transfer reaction of PB rstly
occurred under UV irradiation (eqn (6)). The excited PB was
metastable, it can be easy to transfer electron from FeII to
hydrogen peroxide to form active hydroxyl radicals (eqn (7)).
pH value

For Fenton catalysis

in�1
h mg
g�1 min�1 R2 k min�1 R2

3.588 0.9881 — —
4.122 0.9975 0.1467 0.9953
0.8102 0.9945 0.1082 0.9989
0.6433 0.9952 0.0654 0.9864

This journal is © The Royal Society of Chemistry 2019



Fig. 6 Influence of (a) t-butanol scavenger at different dosage; (b) various radical scavengers in Fenton reaction. Reaction conditions: [CXT] ¼
40 mg L�1, [H2O2] ¼ 2.0 mol L�1, catalyst ¼ 50 mg, [scavengers] ¼ 50 mmol L�1 and UV lamp: 30 W.
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Aerwards, the resulting product Berlin green (FeIII(NC) FeIII),
with a high potential 1.3 V versus NHE,63 can oxidize hydrogen
peroxide to dioxygen (eqn (8)), thus promoting the catalytic
reaction cycle. It should be mentioned that with the assistance
of UV light, the PB nanoparticles could capture the conduction
band and be easy to deoxidize FeIII to FeII, which can increase
the Fenton reaction recycle (eqn (10)).64

[FeIII–(NC)6–Fe
III] + e� / [FeIII–(NC)6–Fe

II] (10)

What's interesting, the CXT degradation efficiency could still
reach to 27% when the t-butanol concentration was up to
50 mM, which inferred that other reaction mechanism may
exist in CXT degradation. Considering the statement that $OH
is more likely attack organic molecules nearby,65,66 an important
aspect to be deliberated in CXT degradation is the adsorption of
anionic CXT molecules from substrate to PB active site. It had
been assessed that the pHZPC was about 4.1, which means
a certain degree of electrostatic forces including electrostatic
attraction and repulsion occurred between the PB@yeast
surface and the CXT molecules at pH 5.0 which had a great
impact on mass transfer resistance. In this case, the lower the
concentration of CXT molecules near the surface of PB@yeast,
the weaker the reaction of $OH would carry out. In the study of
Li et al.,67 except $OH, other radicals such as HOOc and 1O2 may
also be active radicals intermediate involved in the Fenton
reaction of Prussian blue analogues. Based on this, p-benzo-
quinone and sodium azide were employed in the reaction. The
result presented in Fig. 6b indicated that HOOc and 1O2 also
played role in CXT degradation in this condition. The relevant
radical reactions expressed as eqn (11)–(17).

FeII + H2O2 / FeIII + HOc + OH� (11)

FeIII + H2O2 / FeII + HOOc + H+ (12)

HOc + H2O2 / HOOc + H2O (13)

HOO�/ Hþ þO2

�� (14)
This journal is © The Royal Society of Chemistry 2019
O2

�� þHO� /1O2 þOH� (15)

HOO� þO2
��/1O2 þHOO� (16)

HOOc + HOOc / 1O2 + H2O2 (17)

As far as the results under the selected conditions were
concerned, it can be clearly demonstrated that the Fenton
reaction mechanism may be closely related to $OH, 1O2 and
HOOc radicals, which were signicantly dominated by the
adsorption of PB@yeast. In this respect, the adsorption by
electrostatic attraction should contribute to attracting the CXT
substrate and bringing it close to the active site of catalyst.
Furthermore, the regeneration of adsorption sites with the
degradation of CXT molecules probably stimulate a synergistic
effect which was supported in Fig. 6a that the removal rates
increased slightly as the reaction time prolonged, even if t-
butanol in range of 10–50 mmol L�1 was added. On the other
hand, conversely, the existed electrostatic repulsion might
weaken the transfer of the substrate to some extent, thus
opening a gate to 1O2 and HOOc radicals in Fenton reaction.
Table S1† shows a comparison of the performance of PB-based
Fenton catalysts in dealing with dye wastewater. A higher rele-
vant rate constant was obtained in the CXT degradation over
PB@yeast composites, suggesting that the Fenton activity of
PB@yeast is even higher than those of the PB-based catalysts
reported in previous literatures. It is probably related to the
excellent adsorption-coupled Fenton properties of the
PB@yeast microspheres. In general, the nding that an
adsorption-controlled reaction mechanism involved in CXT
degradation on multi-functional PB@yeast hybrids would
develop an attractive perspective for the synergistic enhance-
ment mechanism of PB@yeast.
3.6 Stability and reusability of PB@yeast microspheres

The high efficiency and easy separation of Fenton catalysts are
essential to meet their practical applications. Generally, a sus-
pended-state catalyst provides more effects than the settled
RSC Adv., 2019, 9, 16258–16270 | 16267



Fig. 7 (a) Reusability of PB@yeast in 4 cycles and (b) the PB release behavior (inset: images of PB release over time).
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one since it can facilitate the contact area between the catalyst
and the contaminant molecules in aqueous solution. However,
the separation and reusability of nano-sized catalyst in
suspension remains a challenge. In this work, it was observed
that hollow structured PB@yeast microspheres were suspended
in the reactor only with slight agitation or vibration. It was
mainly attributed to low density of PB@yeast microspheres, in
which the wet density of the yeast support (1.09� 0.008 g cm�3)
was almost equal to the density of water.68 Beneting from this
advantage of PB@yeast microspheres, the synergistic adsorp-
tion and Fenton reaction were further enhanced by a mildly
stirred suspended-state reaction system. Moreover, due to the
relatively large micronized particles in the suspension, the
PB@yeast catalyst can be easily separated by conventional
ltration for reuse. The reusability of PB@yeast was tested by
evaluating the removal efficiency of CXT in consecutive runs.
From Fig. 7a, the catalyst can be efficiently effectively operated
in four consecutive runs for CXT removal without signicant
drop (99–94%). Moreover, the XRD pattern of the hybrids aer 4
cycles was similar to the fresh and no impurity peak was
detected (displayed in Fig. 1a), suggesting the chemical stability
of PB@yeast.

Fig. 7b shows the change in PB release behavior over time.
Compared to PB nanoparticles, few changes were detected by
UV-vis spectroscopy, indicating that the PB@yeast was stable
with scarce release of PB nanoparticles. It is mainly attributed to
the protection of yeast where the strong hydrogen bonds
interaction and amide moieties of yeast linking to PB nano-
particles that strengthened the stability of PB@yeast compos-
ites. The inset photograph of Fig. 7b displayed that no distinct
release of PB from PB@yeast was observed even aer 3 months,
suggesting high stability of PB@yeast composites in solution,
which was more stable than PB@yeast synthesized by chemical
precipitation in previous study. In summary, these results
implied that PB@yeast held excellent stability and recyclability
in aqueous solution, which would make a great contribution to
the adsorption coupled Fenton catalytic performance.

4. Conclusion

In this work, hollow porous Prussian blue@yeast (PB@yeast)
microspheres were fabricated from a facile hydrothermal
16268 | RSC Adv., 2019, 9, 16258–16270
synthesis, in which Prussian blue nanoparticles (PB NPs) were
in situ grown on the multifunctional S. cerevisiae cells.
Beneting from the unique hollow porous structure and inte-
grated dual function, the newly PB@yeast hybrid microspheres
exhibited synergistic adsorption and Fenton catalytic activity in
removal of the selected cationic methylene blue (MB), anionic
Methyl Orange (MO) and uorescent brightener 71 (CXT) in
aqueous solution. Synergistic mechanism study implied that
the enhanced performance contained triple behaviors as
adsorption–Fenton catalysis–adsorption sites regeneration and
the three also had synergistic effect in the progress. In brief, the
main Fenton reaction involved $OH, 1O2 and HOOc radicals,
which were signicantly improved by appropriate adsorption of
PB@yeast. The pH tolerance analysis and nal stability results
indicated the newly developed PB@yeast could be operated
efficiently over a wide pH range (3.0–9.0) and maintain high
efficiency in four consecutive runs without signicant drops
(99–94%). Based on these ndings, it can be concluded that the
design in this work proposed a promising approach for
exploiting the synergistically strengthened PB@yeast hybrids,
which would give considerably practical signicance in the
treatment of organic wastewater.
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