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Abstract: 2,4-Dichlorophenol, as a highly toxic pollutant, is widely existed in
wastewater discharged from several industries. In this work, the use of immobilized
horseradish peroxidase for 2,4-Dichlorophenol removal from wastewater was
investigated. Sodium hydroxide and hydrochloric acid treated PAN-based beads were
modified with ecthanediamine and chitosan, and then were activated with
glutaraldehyde. The emzyme was immobilized onto the activated beads by covalent
crosslinking. The surface of immobilized bead was determined by EDX(SEM) and
FTIR. The removal of 2,4-Dichlorophenol has been studied using immobilized beads
in the beakers equipped with magnetic stirrer. Optimum pH of the free and
immobilized enzyme were determined as 6.0 and 7.0 respectively, and the optimum
ratio of hydrogen peroxide to 2,4-dichlorophenol is 1. The experimental results
showed that about 90% of 2,4-dichlorophenol was removed by the
enzyme-immobilized capsules, and the immobilized enzyme had lower efficiency in
the removal of 2,4-Dichlorophenol in comparison with the free enzyme. However, the

immobilized beads had shown good operational stability.
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1. Introduce

Phenolic compounds, recognized as endocrine disruptors, are the most frequent
persistent pollutants found in the effluents. They are widely distributed as
environmental pollutants in different concentrations in wastewater and usually
disposed from various industries, such as oil refinery, petrochemical plants, bleaching
processes, coal conversion processes and phenolic resin industries!™. Most of
phenolic compounds, especially phenolic organohalogens, are high toxicity, poorly
degradable, are likely to impose toxic and carcinogenic effects upon humans even at
low concentrations*”!. Therefore, Wastewaters containing phenols and other toxic
compounds need to be treated carefully before discharge into the environment.
Several treatment methods have been widely used for removing phenolic compounds
from wastewaters, including activated carbon adsorption, photocatalytic degradation,
solvent extraction, biological treatment and electrochemical methods'®”). In recent
years, bioremediation strategies seem to be a green alternative to the physical and
chemical treatment of wastewater ). Upsurge of interest has focused on using
enzymes from different plants and fungil”, such as tyrosinase!'”, laccase” and
peroxidase[' " which catalyze the oxidation of many phenolic compounds resulting in
the production of quinones or free radicals. These quinones or free radicals usually
give rise to the formation of water insoluble oligomers and polymers, which are
simply isolated by sedimentation or filtration''”.
Horseradish peroxidase (HRP, EC 1.11.1.7), a widely studied representative of

class III heme peroxidasem'm], has been successfully utilized in many researches,
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such as in chemiluminescence assays, immunoassays, bioremediation and wastewater
treatment' . In the presence of HRP, the oxidation of phenolic compounds are
catalyzed by adding the hydrogen peroxide to form the corresponding radicals, and
the radicals spontaneously interact to form insoluble polymers and oligomers rapidly,
which can be easily removed from the wastewater. However, low stability and poor
reusability of free enzyme have limited its further application[3]. Many researches
have proved that immobilized technology is a most straightforward and effective
method to achieve efficient and continuous application of enzymatic oxidation''*"*),
Adsorption is a simplest and less expansive method of immobilization, which could
provide higher retention activity of enzyme but for a shorter time than covalent
binding!"”’. It means that adsorption of the enzymes are more likely to be gradually
released from the carriers. Therefore, the immobilization of support surface by using a

20-21

crosslinking agent as glutaraldehyde is mostly required™”*"). For example, Magnetic

Fe304/Si02 Particles were successfully used to immobilize horseradish peroxidase
by covalent crosslinking for the effectively removal of 2,4-Dichlorophenol’*?.

In the present work, we are interested in the application of enzyme-like catalytic
substrate in the field of the removal of 2,4-dichlorophenol. PAN-based beads, as
carriers, were used for the horseradish peroxidase by covalent crosslinking with
glutarldehyde.

Here, the aim of this work was to study the performances of enzyme-immobilized
beads on the phenolic compounds removal from wastewater and to establish some

optimal operational conditions. What’s more, some variables(pH, H,O,, time)

_4-
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involved in the oxidative process to remove 2,4-dichlorophenol from wastewater were
evaluated particularly. Finally, the reusability experiment of the enzyme-immobilized
beads was also applied and evaluated. As far as we know, until now, there has not
been any reports concerned with such strategy.
2. Materials and methods
2.1. Materials

Polyacrylonitrile (PAN) was a product of Heowns Biochem Technologies LLC,
China. 2,4-dichlorophenol, hydrogen peroxide, sodium hydroxide(NaOH),
hydrochloric acid, ethylenediamine, N,N-Dimethylformamide (DMF), glutaraldehyde,
4-aminoantipyrine and phosphoric acid were all obtained from Xilong Chemical
CO.,Ltd. Horseradish peroxidase(HRP) ((EC 1.11.1. 7), >250U/mg) was purchased
from Shanghai SANGON Biological Engineering Co., Ltd., China. All chemicals
were of analytical grade and were used without further purification. Solutions were
prepared with distilled water(was prepared by Fuzhou University). In this experiment,
2,4-dichlorophenol buffer solution was assumed as industrial wastewater.
2.2. Preparation of PAN-based beads

The preparation of PAN-based beads method was carried out according to the
following steps. A solution of 8% (w/w) polyacrylonitrile was prepared in DMF under
constant mechanical stirring. After dissolving polyacrylonitrile, the gel was stored in
the room temperature followed by continuous stirring to obtain a homogenous gel.
PAN-Based beads were prepared by extrusion using a simple one step process similar

to that described by Nigmam]. The homogenous gel was dropped through a silicon
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tube, using a peristaltic pump, into a beaker containing 200ml of distilled water. 10cm
dropping height was chose to avoid the droplets sticking together. The obtained
PAN-based beads were spherical beads with the same size, and the diameter of beads
was about 3mm. Prior to the removal of beads, the mixtures was diluted more than
five-fold by adding required amount of distilled water. After being incubated to
stabilize the gel membrane, the PAN beads were filtrated and stored in the distilled
water for further utilization.
2.3. Modifications of PAN-based beads
The modification of PAN-based beads were carried out by sequential processing

of acrylonitrile copolymer membranes with NaOH, ethylenediamine, glutaraldehyde
and chitosan, respectively, which had been described by Gabrovska'** and Nicolucci
[25]
2.4. Glutaraldehyde activation and horseradish peroxidase immobilization

The modified beads were immersed in 10% water solution of glutaraldehyde for
60min at 4°C. Then, the beads were thoroughly washed with distilled water. After that
the beads were kept in the solution of horseradish peroxidase for 20h with
concentration of 1mg/ml at 4°C. Finally, the resulting beads were washed thoroughly
once again. After immobilization, the color of the initial white beads were turned into
brownish red, and almost no changes in the sizes of the beads. The immobilized beads
were stored in phosphate buffer (0.1M, pH 7.0) at 4°C.
2.5. Characterization of the beads

Scanning electron microscopy and energy dispersive X-ray: The initial/immobilized beads were
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dried and coated with gold under reduced pressure. A scanning electron
microscope(SEM, Nova Nano 230) was employed to observe the morphology of the
samples and perform EDX measurements. SEM analyses were performed using an
acceleration voltage of 20 kV. EDX measurements were obtained between 0 and 20
keV.
Fourier Transform Infrared Spectroscopy(FTIR): FTIR spectra of the cleaned-beads and
modified/ immobilized beads were obtained by using a FTIR spectrophotometer. The
FTIR spectrum was recorded using an attenuated total reflectance technique with a
spectrometer in the range of 4000~400cm™.
2.6. Assays of protein loading and horseradish peroxidase activity

The amount of protein bound on the modified beads was determined by the

26

method of Bradford assay[ |, The amounts of immobilized protein were calculated by

subtracting the amount of enzyme determined in the residual solutions and washings

27] [28]

from the total amount of protein. As described by Nicell””) and Rao”*, a colorimetric
assay was used to measure the activity of free and immobilized HRP at 510nm. This
method led to a change of the solution coloring, and the intensity of the coloring is
proportional to the concentration. And the retention of activity was defined as the ratio
of the reactivity of immobilized enzyme to the same quantity of free enzyme. Here,
the same quantity of free enzyme refers to the corresponding amount of immobilized
enzyme.

2.7. Studies on the removal of 2,4- dichlorophenol

In order to determine the time required for completion of enzymatic reaction and
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efficiency of removal, experiments were conducted to assess the free/immobilized
horseradish peroxidase catalyzed removal of 2,4-dichlorophenol(3mM) from aqueous
solutions. The experiments were carried out at 25°C in the beakers equipped with
magnetic stirrer. 2,4-dichlorophenol and buffer solution were introduced to reaction
media followed by addition of enzyme and hydrogen peroxide. The effect of pH on
the activity of the free and the immobilized enzymes was determined using the pH
range 3.0-9.0 at 25 "C. The results for pH were presented in a normalized form with
the highest value of each set being assigned the value of 100% activity'””. What’s
more, effects of parameters such as contact time, hydrogen peroxide/phenol from 0.5
to 1.5, and enzyme amount from 0.5 to 1 g/L immobilized beads were studied on
phenol removal (% conversion).

The adsorbed phenolic compounds on the non-immobilized beads(without
incubation with glutaraldehyde) were carried out in the same manner. In this
experiment, the residual 2,4-dichlorophenol concentrations in the assay solutions were
measured by a colorimetric method using 4-aminoantipyrine and potassium
ferricyanide at 510nm.

2.8. The reusability of immobilized beads

The reusability of immobilized beads was determined by using same
immobilized beads for 8 times. After each cycle of reaction, the enzyme immobilized
beads were removed and washed with phosphate buffer (0.1 M, pH 7.0) to remove
any residual substrate within immobilized beads. After that, the immobilized beads

were transferred into fresh reaction medium and the retained activity was determined.
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The initial activity was considered as 100% for the immobilized enzyme.
3. Results and discussion
3.1. Characterization studies

3.1.1. SEM and EDX measurements

cps/eV.

C 7143 wt%
4.0+ A N 28.57wt%

S Owt%
3.5 Fe Owt%

cps/eV.

"B

C  64.04wt%
N 35.75wt%
S  0.16wt%
Fe 0.05wt%

2.54

T T T
0.50 0.60 0.70 0.80

Fig. 1. EDX spectra and SEM photographs of: (A): initial bead, (B): enzyme immobilized bead.

EDX was used to analyze the changes in elemental composition between initial
and immobilized beads. Fig. 1 presents different SEM images as well as the
corresponding EDX spectra of beads. The testing area of EDX analysis was the
attached SEM images”". The results showed that the element N increased by
approximately 10 Wt.%, followed by the decrease of C(more than 7 Wt.%) in the area
of the initial beads in Fig. 1A, compared with the enzyme immobilized beads in Fig.

1B. In addition, the EDX shows that no S and Fe elements was existed in the initial
-9-
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beads, and it can also be noticed the appearance of S and Fe peaks in the enzyme
immobilized beads. The S and Fe elements accounted for 0.16 Wt.% and 0.05 Wt.%
respectively, which probably ascribed to the presence of horseradish peroxidase on the
beads. These changes indicated that the horseradish peroxidase was successfully
immobilized onto the beads.
3.1.2. FTIR-ATR spectroscopy

The surface of the initial beads has nitrile groups (-CN) that provide a reactive
surface for modification. Those nitrile groups were modified to form carboxylic group
by using NaOH and HCI. The modified beads were aminated by using
ethylenediamine, then activated with glutaraldehyde. This biofunctional molecule can
react with the amino groups created on the bead surface after activation with
ethylenediamine, and the second aldehyde on each glutaraldehyde molecule is
available for reacting with amino groups present on the another molecules!'”. From
this mechanism, the horseradish peroxidase was covalently immobilized on the

PAN-based beads.

100

%T

A: initial capsule

B: modified capsule

\
70 |C: immobilized capsule \/

s 1 s 1 s 1
4000 3000 2000 1000

wavenumber(cm™)
Fig. 2. FTIR-ATR spectrum of initial /modified/immobilized bead.

FTIR spectra of initial/modified/immobilized bead surfaces were presented in
-10-
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Fig. 2 to verify this mechanism. For the native beads, the adsorption peaks at 2243
cm ' is attributed to the stretching vibrations band of nitrile groups(—~CN). The bands
at 2939 and 1454 cm ' are attributed by stretching and bending vibration band of
methylene(-CH2-) on the bead surface. On the other hand, after modification with
NaOH new absorption peaks are observed, the peak at 3400 and 1690cm ' can be
ascribed to the presence of O—H bond and C=0 bond of carboxylic acids. These two
stretching peaks indicated the presence of -COOH after being treated by NaOH. After
the horseradish peroxidase was immobilized, the immobilized beads exhibited two

"and 3343cm™' due to the presence of acylamino,

characteristic peaks at 1230cm
which was the combination of -CHO and —NH,. Furthermore, the present of the bonds
of C=N (1664cm ") and C-N (1071cm ') indicate that the amidination reaction and
the immobilization of horseradish peroxidase were both happened[m. These
characteristic bands confirmed that the enzyme was immobilized on the beads by

covalent bonding.

3.2. Immobilization of horseradish peroxidase onto the activated beads
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Fig. 3 Effects of time on the immobilized horseradish peroxidase and retained activity.

The immobilization of horseradish peroxidase on the modified beads was carried
-11 -
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out by crosslinking with glutaraldehyde. The enzyme molecules were immobilized
with enzyme-containing solution for conjugation on the activated beads. Under the
different immobilization time, the efficiency of protein loading and the activity
performance on immobilized beads were determined and shown in Fig. 3. As seen
from the Fig.3, firstly, the amount of immobilized enzyme was increased along with
increasing hours. Since more functional amine groups on the modified beads can be
reacted with more aldehyde groups for attachment of intending protein. Then the
immobilized horseradish peroxidase reached a constant amount of immobilized
enzyme(20mg/g beads) at 20h, and no longer increased over time. Presumably, the
amount of bound protein depended on the content of aldehyde groups on the activated
beads, and the aldehyde groups for horseradish peroxidase achieved saturation after
20h of immobilization reaction. What’s more, the retained activity of the immobilized
enzyme on the beads was found to be 70% compared to the free enzyme, and
essentially unchanged in the different immobilization times. This phenomenon might
be largely attributed to the effects of glutaraldehyde. It is well-known that
glutaraldehyde has a very complicated influence on the immobilization of enzyme. As
a bridge between beads and the enzyme, glutaraldehyde will result in HRP loading by
covalent cross-linking and at the same time causes the changes of the three
dimensional conformation of the enzyme' ™, resulting reduced enzyme activity
recovery. As described about the definition of retention of activity above, it is not
affected by the amount of immobilized enzyme. So the values kept constant with the
change of the reaction time. To summarize, the amount of maximum bound protein

-12 -
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was 20mg/g of PAN-based beads, and the recovered activity of enzyme was about 70%
that corresponds to 3500 U/g beads.

3.3. Effect of pH on the activity of free and immobilized horseradish peroxidase

100 |. —®— Free Enzyme
—&— Immobilized Enzyme

80 -

(o2}
o
T

Relative acitivity(%)
5
T

Fig. 4. Effect of pH on the activity of free/immobilized horseradish peroxidase.

For the free/immobilized enzyme, pH is one of the most important influence
factors on the retention of activity. So, it is necessary to investigate the pH effects on
the activity of free/immobilized enzyme. In this paper, the effects of pH on the
activity of free and immobilized HRP was obtained by incubating both the free and
immobilized enzyme at 25°C in the pH range 3.0-9.0 followed by measuring the
enzyme activity at 510 nm, and Fig. 4 showed the results of these measurements. As
seen in this Fig. 4, optimal pH for free enzyme is about 6.0, but for immobilized
enzyme is about 7.0. The reason for this difference may be that many amino acid
groups or/and the active centers were bared because of the changes in the
structures of the immobilized enzyme. Thus, in order to enable the enzyme
to function properly, the pH should be raised to a certain amount. Moreover,
from Fig.4, the pH profile of immobilized horseradish peroxidase displays

-13-
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significantly improved stability in the tested pH range compared to that of free
enzyme, which implied that the immobilized enzyme is more resistant to alkaline and
acid conditions than the free enzyme!*”. This could be due to the stabilization of
horseradish peroxidase molecules resulting from multi-point covalent bonding on the
PAN-based beads support™***. So, the condition of pH close to 7.0 has been used for
the treatment of phenolic effluents.
3.4. hydrogen peroxide concentration

Increasing phenolic compounds removal percentage could be obtained by

333%) have

choosing an appropriate hydrogen peroxide concentration. Some authors!
tried to introduce an optimal molar ratio of hydrogen peroxide to phenolic compounds
resulting in higher removal efficiency, and they also found that the optimum peroxide
concentration is totally depends on initial 2,4-dichlorophenol concentration and differ
from case to case. In this paper, several experiments were carried out by using three
different 2,4-dichlorophenol concentrations (1, 3 and SmM)and hydrogen peroxide
varying from 0.5 to 7.5mM. In all assays, abundant immobilized beads were
introduced to reaction medium. Fig. 5 shows the results obtained in these series of
experiments, where the maximum conversion plotted against the ratio of hydrogen
peroxide to 2,4-dichlorophenol. From the Fig.5, the optimum ratio of hydrogen
peroxide to 2,4-dichlorophenol is 1, and the behavior of the phenol removal efficiency
was similar in all 2,4-dichlorophenol concentrations. The amount of
2,4-dichlorophenol removed was sharply increased with an increase in hydrogen

peroxide up to an optimal point, which shows that hydrogen peroxide is a limiting

-14 -

Page 14 of 22



Page 15 of 22

factor in this range. Furthermore, after 2,4-dichlorophenol conversion reached its
optimum point, adding excess hydrogen peroxide gave rise to significantly reduced
the conversion efficiency. The reason for this phenomenon might be that an excess
amount of hydrogen peroxide results in needless intermediate products which inhibit
the activity of enzyme, and/or that an excess of hydrogen peroxide act as an inhibitor
of horseradish peroxidase activity by irreversibly oxidizing the enzyme ferriheme
group essential for peroxidase activity[37]. We also found that there was some removal
of 2,4-dichlorophenol in the absence of H,O,. The most likely reason was that
some of hydrogen in the water were acted as the ultimate electron acceptor

in the absence of H,O,, which resulting in some removal of 2,4-dichlorophenol.

RSC Advances

0F e 26-DCP(1MM) A

E w0 2,6-DCP(3mM) E s
5 26-DCP(5mM)
3 /
3 60
o
5 o
Du /-/
8 for /
8 /
> 20 - [
o

0 1 " 1 " 1 1

[\ 03 \9 \5

Fig. 5. Effects of hydrogen peroxide concentration on the degree of 2,4-DCP oxidation.

3.5. Removal of 24-dichlorophenol from wastewater using immobilized

horseradish peroxidase

Phenolic compounds (2,4-dichlorophenol) degradation studies were performed at
25°C in a series of backers (each one containing 100ml of 3mM 2,4-dichlorophenol,

along with hydrogen peroxide). Each backer were combined with enzyme

H,0,/2,6-DCP (mM/mM)
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RSC Advances

mixture(free or equivalent immobilized enzyme ) and incubated for 12 h with shaking
at 100 rpm. Every 2 hour, a 1 ml sample was taken from solution and was analyzed
for pH and the residual phenol concentration. Fig.6 shows the percentage removal of
2,4-dichlorophenol by free and immobilized horseradish peroxidase as a function of
contact time. It showed the comparison between free and encapsulated enzyme for
phenol removal efficiency versus time which are near. And about 90% of
2,4-dichlorophenol were removed after 12 h contact with immobilized horseradish
peroxidase compared to free horseradish peroxidase which removed
2,4-dichlorophenol about 99%. This indicate that encapsulated enzyme had lower

efficiency in comparison with the same concentration of free enzyme.

8.0
100
e
T <75
~ §/+ conversion(free)
9 V\i/// —e— conversion(immobilized) 7.0
S 7 o— —0O— pH(free) 1l T
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Z 40} / O—_ 465
Q / e © ©
(@] / o {
/// \D
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Q 3 6 9 12
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Fig. 6. Evolution of 2,4-DCP oxidation, pH values during 2,4-DCP removal .

The amount of adsorbed 2,4-DCP on the non-immobilized beads has been
detected to be 0.05+0.01lmmol/L. From the results of adsorption, we know that the
adsorption quantity was very little in comparison with the initial concentration(3mM).
So, in this experiment, the amount of adsorbed phenolic compound could be ignored.
In addition, the pH was also measured at different times of treatment (Fig. 6). As

shown in the Fig. 6, throughout the experiment, the pH value decreased gradually as a
16 -
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result of dehalogenation. This decrease in the pH value did not affect the removal
process, because the enzyme can retains its activity in a wide pH range. According to

79 this change could be associated with the enzymatic

the previous reports
transformation of 2,4-DCP and the chloride ions liberation from this halogenated
compound. The chloride substituents were released because of a consequence of an
oxidative coupling reaction, which is an initial step leading to further decomposition
of these organic compounds. As a consequence of dehalogenation, HCl was formed

finally, which resulting in the changes of pH.

3.6. Reusability of the Horseradish peroxidase-immobilized on PAN-based beads

100 - *

80 -

Relative acitivity(%)

40 | 3

20 -

Reusability(cycles)

Fig. 7. Reusability of HRP-immobilized beads.

The reusability of immobilized enzyme was one of the most important key
features. The reusability was observed by assessing the remained catalytic activity of

24381 After each reaction period,

immobilized enzyme after successive service times
the same enzyme immobilized-beads were separated and then rinsed thoroughly with
phosphate buffer (0.1 M, pH 7.0) to remove any residual reactant within the

immobilized beads. The cleansed beads were used for subsequent batches. As shown
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in the Fig.7, the relative activity of immobilized enzyme decreased with the increase
of the number of reuses. The immobilized beads were reusable up to three cycles
almost without any changes in their retention activity. However, they retained around
35% of its original activity after 8 times repeated use. Clearly, the activity loss of
covalently immobilized enzyme was very higher. This phenomenon might be caused
by the subunit release from immobilized-beads during reuse and washing operations,
and/or accumulating of radicals which resulting in enzyme inactivation.
4. Conclusions

In this paper, the preparation and application of immobilized horseradish
peroxidase on the PAN-based beads for 2,4-DCP removal from aqueous solution was
investigated. Horseradish peroxidase was immobilized on the modified beads by
crosslinking with glutaraldehyde. The maximum amount of bound protein onto the
beads was about 20mg/g beads, and the retained activity of the immobilized enzyme
was about 70%. The performance of 2,4-DCP removal was found to be highly
dependent on pH(optimum pH of immobilized enzyme is 7.0) and hydrogen

peroxidase(optimum ratio of hydrogen peroxide to 2,4-dichlorophenol is 1). The

experimental results obtained also revealed the high effectiveness in 2,4-DCP removal.

And the pH value decreased in the reaction medium because of the pollutant
dehalogenation. What’ more, the reusability experiment showed that the immobilized
beads can be used up to three cycles without serious deficiency in their relative
activity, which provided an economic advantage for large-scale biotechnological
applications. In conclusion, this study helps to design a considerable potential method

-18 -
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for efficient, continuous and safe treatment of phenolic effluents.
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