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HIGHLIGHTS

» HRP-EFMs were successfully prepared by emulsion electrospinning.

» HRP-EFMs can adsorb and biodegrade pentachlorophenol (PCP).

» The adsorption and degradation process of PCP was obviously influenced by pH.
» Humic acid decreased the adsorption capacity of PCP on EFMs.

» HRP immobilized on membranes shows better stability than free HRP.
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ABSTRACT

Horseradish peroxidase (HRP) is successfully in situ encapsulated into the poly(b,L-lactide-co-glycolide)
(PLGA)/PEO-PPO-PEO (F108) electrospun fibrous membranes (EFMs) by emulsion electrospinning. The
adsorption and degradation of pentachlorophenol (PCP) by HRP-EFMs are investigated. The experimental
results show that the sorption kinetic of PCP on EFMs follows the pseudo-second-order model, and the
sorption capacity is as high as 44.69 mg g~'. The sorption mechanisms of EFMs for PCP can be explained by
hydrogen bonding interactions, hydrophobic interactions and - bonding interactions. Profiting from
the strong adsorption, the removal of PCP can be dramatically enhanced by the interaction of adsorbed PCP
and HRP on the surface of EFMs. For PCP degradation, the optimal pH values for free HRP and immobilized
HRP are 4 and 2-4, respectively. As pH>4.7, no adsorption and degradation are observed due to the
deprotonation of PCP. The removal percentages reach 83% and 47% for immobilized HRP and free HRP,
respectively, at 25+ 1°C. The presence of humic acid can inhibit the activity of HRP and decreases the
adsorption capacity of PCP because of competitive adsorption. The operational and storage stability of
immobilized HRP are highly improved through emulsion electrospinning.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Pentachlorophenol (PCP) has been widely used as pesticide,
wood preservative and herbicide in many agricultural and indus-
trial applications for many years [1,2]. This widely usage of PCP
has resulted in the serious pollution of soil and aquatic environ-
ments. For example, PCP has been detected out in soil at a relative
high concentration of 0.1-4500 mg kg~! in some regions of Sweden
[3]. Furthermore, PCP is of bioaccumulation and can concentrate in
human liver, kidney and fat via food chain. The high concentration
of PCP in environment has caused the high detection rate in human
body. The related researches conducting in Germany show that the
concentration of PCP in human blood reaches as high as 3.14 pg L1
[4]. Unfortunately, PCP is a kind of environmental pollutant with
carcinogenicity, teratogenicity and toxicity. It can increase the rate
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of tumor, and impede reproduction [5]. PCP is listed as priority
pollutant by the U.S Environmental Protection Agency.

Many methods including adsorption [6], catalytic oxidation [7]
and biodegradation [8] are developed to remove PCP from water.
For adsorption, nanomaterials and activated carbon are frequently
used as adsorbent [9,10]. It has been found that the rate of adsorp-
tion is mainly related to the diffusion of PCP from the aqueous phase
to the adsorbent [11,12]. Usually, adsorption is used combining
with other methods to eliminate PCP from water [13,14].

Biodegradation has been applied extensively to decompose
organic pollutants for its cost-efficient and little secondary pol-
lution. The enzymatic catalysis, an important biodegradation
method, is usually used for the removal of organic pollutants
from water. It is proven that PCP can be degraded effi-
ciently by the catalysis of horseradish peroxidase (HRP) with
the presence of hydrogen peroxide. The intermediate products
of the reaction are some kinds of dimers like tetrachloro-p-
benzoquinone and 2,3,4,5,6-pentachloro-4-pentachlorophenoxy-
2,5-cyclohexadienone (PPCHD). They are insoluble and inertia in
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aqueous phase but reactive when dissolved in various organic sol-
vents [15-18]. However, the main drawback of treating wastewater
by free HRP is its non-renewability and instability. To overcome
this shortcoming, immobilization of HRP has been developed as an
effective method for the applications of HRP, since it offered many
advantages, such as increasing the stability of HRP, and easily being
repeated use [19-22]. Among the various immobilization methods
just like crosslinking [23], adsorption [24], encapsulation [25], and
so on, encapsulation is regarded as a satisfying choice for immobi-
lizing enzyme. It allows enzyme molecules to be fully embedded
in the supports and decreases the interaction with the external
interface [26,27]. Therefore, it is of great importance to find out
an efficient method to encapsulate HRP in the supports.

Emulsion electrospinning, as a simple and economical way to
encapsulate enzyme in situ, has received more and more atten-
tion in decades [28-31]. It is an unique method to produce fibers
with a diameter ranging from dozens of nanometers to several
micrometers [32]. As the production of emulsion electrospinning,
electrospun fibrous membranes (EFMs) have many novel charac-
ters, such as porous structure, high surface-to-volume ratio and
well mechanical properties. These characters make EFMs adsorb-
ing more pollutant and easier to be recovered [33,34]. Meanwhile,
the porous structure of fibers is benefit for the improvement of the
mass-transfer rate of substrate to the active site of the enzymes
[29]. Thus, EFMs are regarded as a suitable supporter for the immo-
bilization of enzyme. Recently, EFMs have been widely applied
in tissue engineering [35], medicine [36], electrochemistry [37],
immobilization [38-40], and so on. An extended application of
immobilized HRP by emulsion electrospinning for removal of envi-
ronmental pollutants from contaminated water is desired.

The aim of this study is to immobilize HRP on EFMs by emul-
sion electrospinning, and use it to remove PCP from water. Herein,
poly(p,L-lactide-co-glycolide) (PLGA) is chosen as the polymer
for preparation of fibers for its biodegradability, biocompatibility
and outstanding mechanical properties. The morphology, struc-
ture of EFMs and the enzymatic properties of immobilized HRP
are investigated. The adsorption processes of PCP on EFMs and the
degradation efficiency of PCP by immobilized HRP are assessed.

2. Materials and methods
2.1. Materials

Poly(p,L-lactide-co-glycolide) (PLGA) (glass transition temper-
ature: 40-55°C) was prepared by the way of ring opening
polymerization. The made-up polymer was purchased from Jinan
Daigang biomaterials Co., Ltd. (China). The molecular weight of
PLGA was approximately 100,000 gmol~!, and its structural for-
mulas is shown in Fig. S1. Triblock copolymer PEO-PPO-PEO (F108)
was purchased from BASF (Germany). Pentachlorophenol was sup-
ported by Damao Chemical Reagent Factory (China). Horseradish
peroxidase with the 300U mg~! solid activity was obtained com-
mercially from Nuogiya Biological Technology Co., Ltd. (China).
Methylene dichloride and methanol (HPLC, 99.9%) were provided
by J.T. Baker (USA). Hydrogen peroxide (30%) was purchased from
Beihua Fine Chemicals Co., Ltd. (China). Fluorescein isothiocynate
(FITC) and 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS,
99%) were obtained commercially from Sigma-Aldrich (USA). All
other reagents were of analytical grade, without further purifica-
tion. All solutions were prepared using high-purity water obtained
from a Milli-Q Plus/Millipore purification system.

2.2. Preparation of electrospun fibrous membranes

Electrospinning was conducted on a self-made electrospinning
apparatus in our laboratory. The procedures for the EFMs were as

follows: PLGA (1.8 g) and a certain amount of F108 were dissolved
in 15 g methylene dichloride with stirring for 2.0 h at ambient tem-
perature. Then, a volume of 0.3 mL (600 U mL~1) HRP solution was
added into the PLGA solution previous and mixed fully to obtain
homogeneous emulsions. After that, the emulsion was loaded into
astainless glass syringe equipped with a clean needle (0.5 mm inner
diameter), which was connected with a high-voltage power supply
(HB-Z503-2AC, China). Electrospinning was operated at a voltage
of 10+ 1KkV, and the emulsion was fed at a rate of 1.5mLh~! by
using a syringe pump (RWD Life Science Company Limited, China).
A grounded iron plate, which was covered with aluminum foil, was
placed at a distance of 15 cm from the needle tip as a fiber collector.
It usually took about 3-5h to obtain sufficiently thick and inte-
grated EFMs. All experiments were conducted at room temperature
(25+1°C) and a relative humidity of 40 + 2%.

2.3. Characterization

The morphology of EFMs was observed with a field emission
scanning electron microscope (FESEM S-4800, HITACHI, Japan).
Two kinds of samples were prepared: one was PLGA/F108-HRP
composite fibers electrospun from the emulsion, and the other one
was replacing HRP solution with the same amount of pure water.
The fiber diameter was calculated from more than 50 counts ran-
domly selected from 10 different SEM images. In order to confirm
the presence and distribution of HRP in the fibers, the PLGA/F108-
fitc-HRP composite fibers were observed on laser confocal scanning
microscopy (LCSM; LSM510, ZEISS, Germany). The excitation and
emission wavelengths were 488 and 535 nm, respectively. Specific
surface area, pore size and pore volume were obtained by using a
full-automatic specific surface area analyzer (Micromeritics ASAP
2020, USA). For the purpose of measuring the contact angle value,
the polymer was dissolved in methylene dichloride and then pre-
pared into cast films. The contact angle was tested on a contact
angle measuring system (OCA20, Dataphysics, Germany) by high-
purity water.

2.4. Activity assays of HRP

The activity of HRP was determined by using ABTS as
the substrate. During the experiment, one piece of HRP-EFMs
(0.02 £0.002 g) was washed three times with high-purity water
firstly to elute the HRP on the surface of membranes. Then, the
HRP-EFMs was immersed into 5 mL assay mixture consisting of
1.7mmolL-! ABTS and 0.83 mmolL-! H,0,. After 5min of reac-
tion, an appropriate amount of assay mixture was transferred to a
spectrophotometer cuvette. The absorbance change of the solution
was measured in a UV-vis spectrophotometer (Cray 50, VARIAN,
USA) at a wavelength of 405 nm. The molar extinction coefficient
for the oxidation of ABTS at 405 nm is 18 600 M~! cm~!. One unit of
activity is defined as the amount of HRP catalyzing the consumption
of 1 mmol of peroxide per min.

For assessment of the operational stability, the HRP-EFMs were
taken out from the reaction mixture after one assay and transferred
to the fresh ABTS solution, and this process was repeated 8 times.
The relative activity at each data point was calculated from the ratio
of residual activity to initial activity. For testing the storage stability
of immobilized HRP, residual activities were measured over the
course of 2 months. Before activity measurements, the HRP-EFMs
were stored at room temperature (254 5°C) in a dryer.

2.5. Sorption experiments
Batch experiments were conducted at 2541 °C in an incubator

shaker. Three pieces of EFMs (2 cm x 2 cm, total weight 50 + 2 mg)
were added to 100 mL of PCP aqueous solution, and the reaction
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Fig. 1. (a) SEM micrograph of EFMs: the inserted image shows the high resolution image of the pores on the surface of beads; (b) laser confocal microphotograph micrograph

of EFMs: the image shows most of fibers emit green fluorescence.

mixture was shaken on a shaker at 160 rounds per minute. In the
experiment, sorption kinetic was carried out with an initial PCP
concentration of 10 mg L~1. The sorption isotherm experiment was
conducted with the pH of 3 and an initial PCP concentration ranging
from 1 mgL-1 to 13 mgL-'. To avoid cosolvent effect, the methanol
volume fraction in each solution was controlled to less than 0.001.
According to the preliminary experiment, adsorption equilibrium
was reached when the experiment running 120 min. A volume
of 1.5 mL reaction sample was taken from the reaction system at
certain time intervals for high performance liquid chromatogra-
phy (HPLC; Waters 2695, USA) analysis. Experimental uncertainties
evaluated in samples without EFMs were less than 5% of the initial
concentrations. All samples were produced in triplicates including
control, and the average value was adopted.

The Langmuir model (LM) and the Freundlich model (FM) were
used to fit the isotherm experiment data, and then to compare their
goodness of fitting. Moreover, for analyzing the adsorption kinetic
data, pseudo-first-order model (PFOM) and pseudo-second-order
model (PSOM) were used. The parameter values of all models were
calculated by means of the nonlinear curve fitting analysis. The
sorption isotherm and kinetics models are listed in Table S1 in Sup-
porting Information.

2.6. Degradation experiments

Three pieces of HRP-EFMs (2 cm x 2 cm, total weight 50 & 2 mg)
were added into 100 mL solutions with the concentration of PCP
at 10mgL-! (or 0.038 mmol L-1) and H,0, at 0.019 mmol L-! due
to the molar ratio of the reaction between PCP and H,0, being
about 2:1 [1]. The mixtures were incubated with stirring (160 rpm)
for 120 min and sampled periodically. For the purpose of termi-
nating HRP catalysis, a volume of 20 pL sodium azide (0.1 molL~1)
was added when sampling. The control experiment for free HRP
was carried out in the same reactor using an equivalent amount
of HRP. The PCP concentrations in aqueous phase and on/in the
HRP-EFMs (washed by acetonitrile) were measured by HPLC as
well. The amount of PCP degraded by HRP-EFMs was calculated
by the equation:

dp =Gqo —qs — qa (2)

where qp is the amount of PCP degraded by HRP-EFMs; qq is the
initial amount of PCP in solution; gg is the amount of PCP retained
in solution; and gp is the amount of PCP adsorbed by HRP-EFMs.
The preliminary experiment indicated PCP cannot be degraded
by H, 0, without the catalysis of HRP. All experiments were carried

out at 25+ 1°C. All samples were produced in triplicates including
control, and the average value was adopted.

3. Results and discussion
3.1. Morphology of electrospun fibrous membranes

As shown in Fig. 1(a), the SEM images of EFMs prepared from
the PLGA/F108-water composite solution and EFMs prepared from
the PLGA/F108-HRP composite solution exhibited the same char-
acteristics that these fibers possessed the feature of being randomly
arrayed and bead-free. The average diameter of the fibers was
approximately 600 nm. Some of other properties of EFMs are sum-
marized in Table S2. The results of the pore volume and SEM images
prove that plenty of pores exist on the surface of the fibers.

The mechanisms of pores formation during emulsion electro-
spinning were investigated by some researchers [28,34,41,42]. It
is mainly considered as a phase separation mechanism between
the polymer and the air phase. Under the influence of strong
electric field, the polymers in the solution may be distributed het-
erogeneously, which result in the formation of polymer-rich and
polymer-poor regions on the surface of the fibers. Polymer-poor
regions are mainly consisting of volatile methylene dichloride, so
the pores are probably formed from the bubbles in polymer-poor
regions during the evaporation of the methylene dichloride [34].
The formation of pores is also influenced by the polymer, the sol-
vent and the ambient humidity [42].

The LCSM observations were carried out to verify whether the
HRP was encapsulated inside the fibers. The LCSM image presented
in Fig. 1(b) illustrates that most of fibers emit green fluorescence,
indicating the HRP is immobilized in the fibers successfully and
distributes homogeneous.

3.2. The operational and storage stability of immobilized HRP

The operational stability of immobilized HRP was examined
by using the same HRP-EFMs for oxidating ABTS repeatedly. As
shown in Fig. 2, immobilized HRP retained as high as 60% ini-
tial activity after 8 batches of experiments, which is higher than
that of macroporous glycidyl methacrylate-based copolymers (45%
remained after 4 cycles) [43] and P(DEA-co-AA) microgels (50%
remained after 5 cycles) [44], indicating that the operational stabil-
ity of immobilized HRP is improved. This improvement is mainly
attributed to the way enzyme is immobilized and the pore struc-
ture of fibers. The HRP was encapsulated in the fibers by emulsion
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Fig. 2. The operational stability of immobilized HRP (at 25+ 1°C, pH 4, with
1.7mmol L-! ABTS and 0.83 mmol L~ H,0; initially).

electrospinning, which decreased the interacting with the assay
mixture, and keep the activity of HRP during the reaction. At the
same time, pores on the fibers can lower the adverse influence of
steric hindrance, and increase the access of ABTS to the active site
of the HRP.

For assessment of immobilization yield, one piece of HRP-EFMs
(0.02 +0.002 g) was washed by 3 ml high-purity water. The protein
content in water was then measured by using Coomassie brilliant
blue staining. The experimental results show that the immobiliza-
tion yield is about 0.3 mgg~! (90% of the total immobilized HRP),
which is higher than that of kaolinite (35.5%), vermiculite (56.2%)
and montmorillonite (66.0%) [45]. For assessing recovered activity
of the immobilized HRP, the activity of free HRP was detected in
the same method described in Section 2.4 by using an equivalent
amount of free HRP. The recovered activity of the immobilized HRP
was calculated by the equation:

A 9
R_A—fXIOOA 1)

where R is the recovered activity of the immobilized HRP; A; is
the activity of immobilized HRP; and Ay is the activity of free HRP.
The results indicated that the recovered activity of the immo-
bilized HRP was about 50%. Compared to the recovered activity
of HRP immobilized on macroporous glycidyl methacrylate-based
copolymers (5.3-42.8%) [43], arelative high recovered activity was
obtained. This significant enhancement are mainly attributed to
the presence of F108, which exists in the HRP solution (aqueous
phase)/methylene dichloride (oil phase) mixed system as a sur-
factant. During the string process, F108 can wrap HRP solution and
form homogeneous emulsions [46,47]. The HRP-F108 structure can
protect HRP from the damage of methylene dichloride and decrease
the influence of high-voltage electric field when electrospinning,
therefore the structure and function of HRP cannot be changed in
the immobilizing process. Furthermore, emulsion electrospinning
can prepare the core-shell structured fibers. HRP as the water phase
of emulsion can be directly encapsulated into the core of electro-
spun fibers. Under the protection of polymer shell, HRP can get
away from the disturbance of external environment and keep high
activity for a longer time.

For assessing the storage stability of the immobilized HRP, the
activity of HRP-EFMs was estimated for two months. As shown
in Fig. S2, it was found that the immobilized HRP could maintain
about 50% of its initial activity after two weeks of storage. After
two months, the immobilized enzyme still retained over 30% of its
initial activity. While free HRP loses its activity in few hours [1].
These results demonstrate that the stability of immobilized HRP is
highly improved compared to that of free HRP.

0 30 60 90 120
Time (min)

Fig. 3. Sorption kinetics of PCP on ENFMs fitted by pseudo-first-order model (...)
and pseudo-second-order model (—) (at 25 + 1°C with 0.038 mmol L~ PCP initially).

3.3. Sorption properties of EFMs for PCP

3.3.1. Sorption kinetic

Fig. 3 shows the sorption kinetics of PCP on EFMs at different pH
values. At pH 2-4, the sorption equilibrium was almost achieved
within the first 30 min of the reaction, and then became more grad-
ual until the equilibrium was reached in 120 min. The sorption
rates of EFMs for PCP were in direct proportion to the acidity of
solution, and its sorption capacities at pH=2, 3 and 4 were 15.27,
14.33 and 11.85mgL-! at 30 min, respectively. Meanwhile, almost
no adsorption process was observed at pH 5. In order to explain this
phenomenon, protonated-deprotonated PCP is introduced. PCP in
the solution is predominated by protonated form when the pH is
lower than 4.7 (the pK, for PCP is 4.7), while at higher pH (>4.7) the
deprotonated form does [48]. These two PCP forms differ markedly
in biological and physical properties. For example, PCP in proton-
ated form shows an obvious hydrophobicity, and it is easier to be
adsorbed [49,50]. Thus EFMs show a good adsorptivity for PCP when
the solution pH is lower than 4.7.

PFOM and PSOM were applied to describe the sorption kinet-
ics data to further understand the sorption kinetics of PCP on the
EFMs. As shown in Table S3, the higher correlation coefficient (r2)
indicates that the PSOM fits the experimental data better than the
PFOM. The parameter k3 can directly describe adsorption kinetic
process as an applicable rate constant. The kj values of PCP on
EFMs at pH 2, 3 and 4 were 0.532, 0.529 and 0.293, respectively,
which showed a positive relationship between adsorption rate and
acidity. It means that the adsorption rate is related to the degree
that PCP protonated. This result indicates that the hydrophobicity
of PCP exhibits remarkable effect on the sorption rate, indicating
that hydrophobic interactions exist during the sorption. Moreover,
the good fit of PSOM for kinetics data demonstrate that the chem-
ical interactions may exist in the sorption processes, and it may
be m-m bonding interactions introduced by PCP molecules that
contain T electrons interacting with the 7 electrons of the C=0
on the polymer surface. Furthermore, the —OH group on PCP can
act as hydrogen-bonding donors and form hydrogen bonds with
the C=0 groups on polymer. Thus, hydrogen bonding interactions,
hydrophobic interactions and -1 bonding interaction exist in the
sorption processes.

3.3.2. Sorption isotherm

Sorption isotherm is critical to evaluate the sorption capacity of
adsorbents and understand the sorbate-sorbent interactions. Two
widely used models, the Langmuir and Freundlich equations, were
applied to describe the isotherm data. The sorption isotherms for
PCP on EFMs are shown in Fig. S3 and Table S4. The results showed
that sorption isotherms could be well fitted by both of them,
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Fig. 4. Degradation kinetic of PCP by free and immobilized HRP (at 25 + 1°C and pH
3 with 0.038 mmol L~! PCP and 0.019 mmol L-! H,0, initially).

supported by the high r2 values of 0.977 and 0.987, respectively.
The relatively higher r2 value of LM indicates that the sorption of
PCP on EFMs may be monolayer sorption. According to the parame-
ter gm, the sorption capacity is 44.69 mg g~!. The Freundlich model
is an empirical isotherm model usually used in heterogeneous sur-
face energy systems. As one of its parameter, n~! is an indicator
of nonlinearity. Moreover, n-! =1 means a linear isotherm, and it
indicates no sorbate—sorbate interaction exists [51]. According to
the results of Freundlich fitting (n~1=0.812), the isotherm is non-
linear. It further demonstrates that hydrophobic, - bonding and
hydrogen bonding interactions play important roles in the sorption.

3.4. PCP degradation by free and immobilized HRP

3.4.1. Degradation kinetic

Fig. 4 shows the degradation efficiency of PCP in a batch exper-
iment running for 120 min. In the first 30 min, the degradation
process of free HRP was fast and reached a degradation percentage
of about 40%, and the contribution of free HRP to PCP degradation
was about 47% at 120 min. The degradation efficiency of HRP-EFMs
is slightly lower than that of free HRP, suggesting that HRP is
partly inactivated during electrospinning. However, the removal
efficiency of HRP-EFMs is much higher than degradation efficiency.
It is due to the fact that the PCP removal by immobilized enzyme
is the result of both EFMs adsorption and enzymatic catalysation.
Taking EFMs adsorption into consideration, the pure PLGA EFMs
are used as control samples.

Comparing the removal efficiency between HRP-EFMs and
EFMs, differences were shown after the first 10 min. This phe-
nomenon may be due to the catalysis of HRP. This result shows that
the process of PCP adsorbed by EFMs contains two steps: (1) PCP
molecules diffuse from the bulk solution to the external surfaces
of the EFMs, and adsorb onto those easily accessible hydrophobic
sites on the surface [52]; and (2) PCP molecules diffuse into the
fibers through pores [53]. In the first step, a great amount of PCP is
degraded by the HRP which is immobilized on the surface of fibers,
and this step is usually assumed to be a fast one. During the second
step, some diffused PCP is degraded by the HRP encapsulated in
fibers and this step is relative slow.

3.4.2. Effect of pH

The pH of solution influences the activity of enzyme and deter-
mines the form of PCP. Therefore, it is of great importance to
understand the effect of pH on the removal of PCP from water. As
shown in Fig. 5, the pH of solutions varies from 2 to 6. The opti-
mal pH for free HRP was about 4. A higher degradation efficiency
of PCP by HRP-EFMs occurred under a pH range from 2 to 4, and
the optimal pH was 3, at which the highest PCP removal (83%) was
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Fig.5. Effect of pH on the degradation efficiency of PCP by free and immobilized HRP
(120 min at 25 + 1°C with 0.038 mmol L-! PCP and 0.019 mmol L~ H,0; initially).

achieved. The immobilized HRP shows a broadening pH range of
enzyme catalysis activity, which makes the immobilized HRP suit-
able for the removal of more practical industrial effluents. However,
nearly no PCP was degraded by HRP-EFMs when pH is 5 and 6. This
phenomenon mostly attributes to the pK; (4.7) of PCP. As pH>4.7,
PCP mainly exists in deprotonated form and is hard to be adsorbed
by EFMs, thus immobilized HRP gets less chance to react with PCP.

3.4.3. Effect of temperature

The results of batch experiments conducting at the temperature
45, 35, 25 and 15°C are shown in Fig. 6. Free HRP and immobi-
lized HRP shared the same optimal temperature at 25+1°C and
removal percentage reached 83% for immobilized HRP and 47% for
free HRP. Comparing with 25°C, the removal efficiency of both
HRP-EFMs and EFMs decreased much (about 25%) at 15°C, indi-
cating the adsorption process of PCP to EFMs was an endothermic
reaction.

For temperature 35 °C, the removal efficiency of both HRP-EFMs
and EFMs was much lower than that at 25°C, as a result of the
temperature being approach to the glass transition temperature of
PLGA (40-55°C) and the structure of EFMs getting to change. Dur-
ing the experiments, it was observed that EFMs shrink and harden
at 45 °C, further demonstrating the structure of EFMs has changed.
As shown in Fig. S4, no desorption process happens during the
reaction. This phenomenon indicates the change of EFMs struc-
ture does not lead to EFMs releasing adsorbed PCP. Although the
change of temperature influence the removal efficiency obviously
for both free HRP and HRP-ENFMs, immobilized HRP shows a better
toleration than free HRP.

——EFMs
100- —dh— Free HRP

_ —@— HRP-EFMs
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Fig. 6. Effect of temperature on the degradation efficiency of PCP by free and immo-
bilized HRP (120 min at pH 3 with 0.038 mmolL-! PCP and 0.019 mmolL~' H,0,
initially).



124 J. Niu et al. / Journal of Hazardous Materials 246-247 (2013) 119-125

100
—— EFMs
—&— Free HRP
204 —@— HRP-EFMs

—O— Degradation by HRP-EFMs

Removal Efficiency (%)

0 10 20 30
Humic Acid (mg-L™")

Fig. 7. Effect of humic acid on the degradation efficiency of PCP by free and immobi-
lized HRP (120 min at 25+ 1°C, pH 3 with 0.038 mmol L~! PCP and 0.019 mmol L~!
H, 0, initially).

3.4.4. Effect of humic acid

Humic substances arise from microbial degradation of plants
and animals. They are ubiquitous in natural water bodies. Some
researchers found that humic acid can inhibit the activities of some
biomacromolecule [54-56]. Therefore it is important to understand
their effect on the removal of PCP from water. In this study, humic
acid was used to quantify such an effect. The used humic acid solu-
tion was prepared by dissolving humic acid powder in high-purity
water. The concentration of humic acid was confirmed by TOC ana-
lyzer. The results are shown in Fig. 7. Humic acid shows an obvious
inhibitory action to the activity of both free HRP and immobilized
HRP, and the inhibitory effect is positive correlation with the con-
centration of humic acid.

The presence of humic acid decreased the adsorption capacity of
PCP. This phenomenon may result from the competitive adsorption,
because humic acid molecules are macromolecules, and easily to be
adsorbed by electrospun nanofibers membranes and other adsor-
bents [57,58]. Therefore, the surfaces of EFMs are partly occupied
by humic acid and there are fewer places for PCP adsorption.

However, when the concentration of humic acid was higher than
10mgL-1, the removal efficiency of PCP increases with the increas-
ing humic acid concentration. This is due to the fact that PCP can
be adsorbed by humic acid molecules as well [59]. At a relative
high concentration of humic acid, although PCP is hardly adsorbed
by EFMs directly, it can still be adsorbed by humic acid which has
been adsorbed by EFMs. Therefor the removal efficiency of PCP is
in direct proportion to the concentration of humic acid.

4. Conclusion

PLGA EFMs preparing by emulsion electrospinning are poly-
porous and hydrophobic. The sorption kinetic data of PCP on EFMs
at different solution pH indicate PCP in deprotonated form is much
easier to be adsorbed, and the data are fitted better by PSOM. The
sorption isotherm data in this study are fitted well by both LM and
FM. The sorption capacity is about 44.69mgg-1. The hydropho-
bic interactions, hydrogen bonding interactions and w- bonding
interaction exist in the PCP sorption on EFMs.

HRP enzyme is successfully immobilized on EFMs. The results of
degradation experiments indicate that the optimal pH for immobi-
lized HRP is 2-4, and the removal efficiency of 83% is achieved at pH
3. However, when pH value is higher than 4.7, nearly no adsorption
and degradation process occurs as the result of PCP deprotonation.
The presences of humic acid can inhibit the activity of both free HRP
and immobilized HRP and decrease the adsorption capacity of PCP
as a result of competitive adsorption. The optimal temperature for

both free HRP and immobilized HRP are 25 °C. The operational and
storage stability of immobilized HRP are highly improved. Immo-
bilized HRP shows a better stability than free HRP, which is a very
attractive aspect for real application regarding a sufficiently wide
range of external conditions.
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