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Abstract Kaolin showed as a very perspective carrier for

the enzyme immobilization and it was used for the

adsorption of horseradish peroxidase (HRP). The effects of

the enzyme concentration and pH on the immobilization

efficiency were studied in the reaction with pyrogallol and

anthraquinone dye C.I. Acid Violet 109 (AV 109). In

addition, Fourier transform infrared spectroscopy, scanning

electron microscopy and analysis by Brunauer–Emmett–

Teller were performed for kaolin, thermally activated

kaolin and the immobilized enzyme. It has been shown that

0.1 IU of HRP-kaolin decolorized 87 % of dye solution,

under the optimal conditions (pH 5.0, temperature 24 �C,
dye concentration 40 mg/L and 0.2 mM of H2O2) within

40 min. The immobilized HRP decolorization follows the

Ping Pong Bi–Bi mechanism with dead-end inhibition by

the dye. The biocatalyst retained 35 ± 0.9 % of the initial

activity after seven cycles of reuse in the decolorization

reaction of AV 109 under optimal conditions in a batch

reactor. The obtained kinetic parameters and reusability

study confirmed improvement in performances of k-HRP

compared to free, indicating that k-HRP has a great

potential for environmental purposes.
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Introduction

Synthetic dyes are extensively used in a wide range of

industries such as paper, food, cosmetic, pharmaceutical and

particularly in the textile and dyeing industries. The results of

the market research show that the annual production of dyes

accountsmore than 7 9 105 tones, and the growth of 2 %per

annum is expected in the next decade [1, 2]. Textile pro-

cessing technology uses large amount of water and chemi-

cals and since 15–20 % of the dyes do not bind to the fibers,

the process wastewater is highly polluted and has to be

properly purified before discharging into the natural recipi-

ent [3]. Textile dyes are highly visible in quantities of 1 ppm

(several of them even of 0.005 ppm) and cause serious

environmental problem because of their resistance to ther-

mal influence, light, biodegradation remaining in the envi-

ronment for an extended period of time. It is estimated that in

the developing countries, 90 % of all wastewater is dis-

charged untreated directly into rivers, lakes or oceans.

The removal of the dyes from wastewater is often very

costly. However, the water quality crisis, that the world is

facing, and stringent environmental legislations stimulate

researchers and the industry sector to develop an effective

treatment [4]. Several traditional, biological and enzymatic

approaches have been used to remove organic compounds

from textile wastewater and reduce the cost of the overall

process [4–6]. However, there are still several shortcom-

ings that cannot be overcome using the traditional methods

of wastewater treatment such as high cost, generation of

activated sludge and more toxic by-products, and the

occurrence of secondary pollution problems. On the other

hand, enzymatic process is eco-friendly and clean alter-

native for detoxification of hazardous aromatic pollutants

and enzymes such as peroxidase, polyphenol oxidase,

laccase, and tyrosinase have already been used [5].
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The feasibility of HRP application in free form, in dyes

decolorization, primarily azo dyes decolorization, has

been well documented in the literature because of its

ability to oxidize a large number of dyes even in the

presence of contaminants commonly found in the

wastewaters [7–12]. Furthermore, HRP is a natural cata-

lyst isolated from the roots of horseradishes with high

activity and broad substrate specificity finding widespread

application in environmental, chemical, pharmaceutical,

biotechnological industries and also has been used for

detection of hydrogen peroxide in medicine, and diag-

nostics, since it requires the peroxide substrate as an

electron acceptor.

For the industrial application of HRP in the problem of

wastewater pollution resolving, an effective immobiliza-

tion method is required to ensure continuous processing,

improved stability, and the reuse of the biocatalyst.

Although there are many immobilization techniques,

physical adsorption is the most commonly used because it

is a low-cost method, easy to perform and the catalytic

activity of the enzyme is usually retained. The interactions

that occur during the immobilization process might obvi-

ously affect performances of the immobilized enzyme, so

the choice of the support is crucial for preserving adequate

biocompatibility. Immobilization supports for application

in wastewater treatment must meet the criteria such as

biodegradability, insolubility, non-toxicity, high diffusivity

and so on. Thus, the use of cheap, nontoxic, available

materials, such as clay, for immobilization of enzymes by

physical adsorption for a large-scale wastewater treatment

is of great interest.

Natural biopolymers have a number of drawbacks such

as diffusion limitations, high cost, mechanical and thermal

instability, and tendency to swell. On the other hand, nat-

ural clays seem to negligible swell in water, and have

physical strength and chemical resistance toward acid and

alkali treatment making them an excellent support for the

design of immobilized biocatalyst for wastewater treatment

[13]. The most studied clay mineral is kaolin and due to

eco-friendly demands in many industrial applications,

kaolin has been shown to be very prospective support for

the immobilization of enzymes [14]. Despite all these

advantages, to the best of our knowledge, studies have not

been performed to evaluate adsorption of HRP on kaolin

and feasibility of the obtained biocatalyst in anthraquinone

dyes decolorization.

The main topic of this paper was the development of an

inexpensive, efficient, eco-friendly immobilized biocata-

lyst for anthraquinone dyes removal from the textile

wastewater. Enzyme loading and activity of the immobi-

lized HRP were determined as a function of pH and initial

enzyme concentration. Immobilized preparation with the

highest activity was used in the decolorization reaction of

anthraquinone dye C.I. Acid Violet 109, often present in

contaminated industrial wastewater. Decolorization

parameters such as pH, contact time, dye concentration and

hydrogen peroxide concentration were optimized. Opti-

mized parameters for immobilized enzyme were compared

to parameters obtained for free HRP.

Materials and methods

Materials

Horseradish peroxidase (EC 1.11.1.7; donor: hydrogen per-

oxide oxidoreductase), with a specific activity 200–250 U/g

solid, and pyrogallol were obtained commercially from

Sigma-Aldrich (St. Louis, MO, USA). Kaolin was obtained

from Carlo Erba. Hydrogen peroxide was purchased from E.

Merck (Darmstadt), and its concentration was determined

several times using its molar absorption coefficient

(e = 43.6 M-1 cm-1) at k = 240 nm by dilution of the

supplied H2O2 (30 % v/v) solution. Anthraquinone dye used

in this paper, C. I. Acid Violet 109 (AV 109), was obtained

fromLanaset (Lanaset Violet B). All other chemicals used in

this paper were of analytical grade.

Support preparation

Due to low adsorption capacity, prior to use as the

immobilization support, kaolin was activated by heating.

Namely, dry powdered kaolin was mixed with distilled

water (50 % of moisture) until paste was obtained. The

obtained paste then was heated 2 h at 550 �C in the oven.

After heating, the support was turned to powder and used

for the immobilization of HRP.

HRP immobilization onto kaolin

100 mg of the activated support was immersed with

500 lL of enzyme solution with different concentrations

(0.5–3 mg/mL) prepared in appropriate 0.1 M buffer (pH

2, 5, 7 and 9). The immobilization via adsorption was

allowed to continue for 2 h at room temperature as previ-

ously described [15]. After the immobilization was fin-

ished, the immobilized preparation (k-HRP) was separated

from the supernatant using centrifuge (MiniSpin plus,

Eppendorf, Germany) at 13,000 rpm for 2 min. To remove

the unbound proteins, the immobilized biocatalyst was

rinsed three times with immobilization buffer (0.5 mL),

until no activity was detected in the filtrate. Immobilized

preparations were suspended in the immobilization buffer

and stored at 4 �C until use.
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Characterization of kaolin, metakaolin and k-HRP

BET and BJH

The specific surface area and pore parameters (volume and

size) analysis was performed by Brunauer–Emmett–Teller

(BET) and Barrett–Joyner–Halenda (BJH) methods,

respectively, using an accelerated surface area and

porosimetry system—ASAP 2020 (Micromeritics, USA).

The samples were previously degassed under vacuum at

150 �C for 6 h.

SEM

Scanning electron microscopy (FEG–SEM) was performed

with field emission gun TESCAN MIRA3 electron

microscope at an accelerating voltage of 20 kV. Prior to

the observation the samples were degassed and sputter

coated with gold using a Polaron SC502 Sputter Coater

(Fison Instruments, United Kingdom). The average diam-

eter and the standard deviation of the particle size for all

the samples were determined using of MIRA TESCAN

in situ measurement software. In each case, the sizes of 250

particles were measured.

FTIR analysis

Fourier transform infrared (FTIR) spectra were recorded

using a BOMEM (Hartmann and Braun) spectrophotome-

ter. 1 mass% of sample was grounded thoroughly with

potassium bromide and the resulting powder was pressed

into a transparent pellet by a hydraulic press. FTIR spectra

were collected in transmission mode between 400 and

4000 cm-1 at a resolution of 4 cm-1.

Activity assay of free and k-HRP

The activity of k-HRP and its free counterpart was deter-

mined using pyrogallol as a substrate as previously

described in the literature [16]. 1 mL of pyrogallol

(0.013 M) in potassium-phosphate buffer (pH 7.0, 0.1 M),

and 10 lL of enzyme solution were placed in the cuvette.

By adding 10 lL of hydrogen peroxide (3 % v/v) reaction

was started. The change of color from yellow (pyrogallol)

to dark brown (purpurogallin) was monitored spectropho-

tometrically at 420 nm using UV–Vis spectrophotometer

(Ultrospec 3300 pro, Amerischam Bioscience). The change

in absorbance in the sample, against the reagent blank, was

recorded each 20 s for 3 min.

The activity of the immobilized HRP was determined

using 3 mL of pyrogallol (0.013 M) in the potassium-

phosphate buffer (pH 7.0; 0.1 M), 5 mg of immobilized

biocatalyst and 30 lL of hydrogen peroxide (3 % v/v).

After suspension preparing, magnetic stirrer was set to the

maximum, and samples were withdrawn every 1 min next

3 min, centrifuged at 13,000 rpm, 30 s and analytically

controlled. The activity of free and immobilized peroxidase

was calculated using a molar extinction coefficient of

purpurogallin (12 L mmol-1 cm-1) [17]. One unit of

activity was defined as the amount of peroxidase that will

form 1.0 mg of purpurogallin from pyrogallol in 20 s at pH

7.0 and 20 �C.

Protein determination

Protein content in the initial solutions, supernatants and

filtrates was determined according to the modified method

of Lowry [18]. The amount of immobilized HRP onto

kaolin was expressed as the difference in the mass of

protein in the initial solution and the mass of protein in the

supernatant and the filtrates.

Adsorption isotherm

The maximum amount of the enzyme that can be adsorbed

on the kaolin surface was monitored using the adsorption

isotherm. Adsorption isotherm was determined by varying

the HRP concentration from 0.5 to 3.0 mg/mL, while

temperature, contact time and pH of incubation medium

were constant.

The Langmuir isotherm model can be represented using

the following equation:

Qe ¼
QmaxCe

KL þ Ce

ð1Þ

where Qe is the amount of the adsorbed protein on the

kaolin at equilibrium (mg/g), Ce is the protein amount in

the solution at equilibrium (mg/L), Qmax is the maximum

adsorbent capacity (mg/g), KL is the Langmuir isotherm

model constant (L m/g). Using the dimensionless param-

eter RL, it can be evaluated the feasibility of adsorption on

adsorbent; if the adsorption is unfavorable RL[ 1, RL = 1

linear, 0\RL\ 1 favorable, RL = 0 irreversible. Experi-

mental results were analyzed using Origin Pro software

version 7.0 (Origin Lab Corporation, Northampton, MA,

USA) and showed the correspondence with the Langmuir

isotherm model by virtue of the high regression coefficient.

Desorption studies

The solutions of CaCl2 (1 M) and non-ionic surfactant

TRITON X-100 (1 %, w/w) were used in desorption

studies. The obtained immobilized preparations were

incubated for half an hour in the solution of CaCl2, rinsed

with the immobilization buffer (acetate, pH 5, 0.1 M) and

submitted to activity determination, after which the
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samples were incubated in the solution of TRITON for half

an hour too. After the treatment with CaCl2 and TRITON

X-100 solutions, activities were compared to assume the

type of interactions that prevail between HRP and support.

Dye decolorization

To determine the optimum pH for the decolorization

reaction, stock solutions (30 mg/L) of AV 109 were pre-

pared in different buffers (pH between 3 and 12). Gener-

ally, into 5 mL of each dye solution, 0.4 mM of hydrogen

peroxide and 0.1 IU of free or immobilized enzyme were

added. Samples were taken every 5 min and analyzed using

UV–Vis spectrophotometer at maximum wavelength for

tested dye (kmax 590 nm AV 109). After the optimal pH

and contact time were determined, the concentration of dye

and hydrogen peroxide was varied in the range of

10–100 mg/L and 0.05–1.0 mM, respectively.

Percent of decolorization was calculated using the fol-

lowing Eq. (2) [19]:

Decolorization ¼ A0 � Atð Þ
A0

� �
� 100 ð2Þ

where A0 is the initial absorbance of untreated dye solu-

tions (control) and At is the absorbance of dye solutions

after enzymatic treatment.

Reusability of the immobilized enzyme

The reusability (or operational stability) of the immobilized

k-HRP was studied in an isothermal batch type reactor at

5 mL scale under constant conditions (pH 5.0, temperature

24 �C, dye concentration 40 mg/L and 0.2 mM of

H2O2 %) using 0.1 IU of the immobilized enzyme. At the

end of each reaction, the immobilized HRP was separated

from the reaction medium by centrifugation (2 min,

13,000 rpm), washed with the immobilization buffer twice

to remove any remaining substrate or a product and used in

the next catalytic cycle in fresh medium. The reusability

study was repeated until decolorization of testing dye was

detected.

Results and discussion

Support characterization

In this study, to complete the structure changes over phase

transformation and get metakaolin, kaolin was subjected to

thermal treatment (2 h, 550 �C) [20]. The phase transfor-

mation of kaolin was carried out due to increase in specific

surface area and reactivity as a consequence of the pres-

ence of silica (SiO2) and amorphous alumina (Al2O3) in

reactive forms [20–22]. Using BET method, it was esti-

mated that the obtained metakaolin had a specific surface

area of 9.26 m2/g. The porosity of the support after thermal

treatment was substantially improved suggesting that the

amount of possible attachment sites for HRP molecule

increased. Namely, the total pore volume of kaolin was

0.041 mL/g, before phase transformation and it has

reached a value of 0.054 mL/g after the transformation.

The FEG–SEM images of kaolin deliver us the infor-

mation regarding the morphology of the samples before,

after thermal treatment and after HRP immobilization, and

are shown in Fig. 1 at different magnifications. The aver-

age particle diameter determined using MIRA TESCAN

in situ measurement software, before thermal treatment

was determined to be 12.6 lm, with standard deviation

(STD) of 6.8 lm, meanwhile after thermal treatment

average particle diameter decreased on 10.1 lm, with STD

of 5.7 lm, suggesting an increase of the specific surface

area available for the HRP adsorption. The FEG–SEM

micrographs (Fig. 1) indicate that before and after thermal

treatment kaolin is composed of irregular shape particles

which surface morphologies change after thermal treat-

ment. Namely, from the Fig. 1b it appeared that the heating

increased the porosity and friability of the kaolin layered

structure. After the adsorption of HRP, a significant change

was observed in the structure of clay support. It is clearly

seen from the Fig. 1c that the support has irregular and

rough surface [21] and, also, the filling of the space

between leaf layers of the support and compact agglom-

erations has become evident that can be assumed to be due

to the enzyme adsorption.

Adsorption of HRP was also confirmed with FTIR

analysis. Figure 2 contains spectra of kaolin before and

after heating as well as HRP immobilized on pretreated

kaolin. The spectrum of kaolin and pretreated kaolin by

heating has all the characteristic bands previously descri-

bed in the literature [21, 23]. By heating at 550 �C kaolin

lost water and aluminum and seemed to become tetrahe-

drally coordinated. Fading the bands at 3701, 3616 and

1620 cm-1 that originated from stretching of hydroxyl

group and stretching and bending of adsorbed water

molecules, and disappearance of bands at 905 and 530

along with appearance of new band at 800 cm-1 that

originate from change in aluminum coordination unam-

biguously showed that dehydroxylation occurred [23].

Compared to spectrum of heated kaolin, appearance of two

bands at 1638 and 1575 cm-1 in spectrum of immobilized

enzyme confirmed the adsorption of HRP because these

bands are the most prominent bands of the protein and

originate from the –C=O stretching and –NH bending

vibration of the peptide bonds [24].
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Conditions for immobilization of HRP

Optimum pH

pH of the reaction mixture for the adsorption appeared to

be one of the most important parameters because of its

intrinsic influence on the surface charge densities of

enzyme and support, but also on enzyme conformation, and

structure. Thus, the pH determines the type and intensity of

enzyme-support interactions. Adsorption behavior of HRP

under different pHs is depicted on Fig. 3a.

Fig. 1 a SEM image of kaolin before thermal treatment: magnifica-

tion 98 k, 920 k and 950 k, b SEM images of thermally treated

kaolin: magnification 98 k, 920 k and 950 k, c SEM images of

thermally treated kaolin after immobilization of HRP: magnification

98 k, 920 k and 950 k
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As can be seen from the Fig. 3a, the specific activity of

the immobilized HRP varied significantly with pH. Thus,

the activity increased with increasing pH in the range from

2.0 to 5.0 reaching maximum value of 38.89 ± 0.05 IU/mg

and then gradually decreased. At pH 2.0, the immobilized

preparation showed the lowest activity of only

0.45 ± 0.02 IU/mg, suggesting that at pH B 3.0 the acid-

induced conformational changes in enzyme molecules

occurred. This process has been shown to be followed by

hydrogen bonding disruption around heme causing the

release of the heme from the protein cavity [25] and loose

of the catalytic activity. The mentioned structural changes

were confirmed by recording the UV–Vis spectrum of HRP

in the solutions at different pHs. When the secondary

structure of the HRP is disrupted, displacement or disap-

pearance of Soret peak at 403 nm can be observed as it was

recorded at pH 2.0 [26]. The maximum activity at pH 5.0

can be explained by the fact that under these conditions the

enzyme binding was in a way that allowed the conservation

of the catalytic function. At pH above 7.0, the activity of

obtained immobilized preparation was reduced signifi-

cantly. Experimentally, it was found that the isoelectric

point (pI) of metakaolin used for the immobilization is 1.36

(experimental procedure not shown) reveling that the

support surface was negatively charged at pH 2.0 and 5.0.

Considering that the isoelectric point of HRP used in this

study is 7.2 [27], the electrostatic interaction apparently

played an important role in the adsorption mechanism

because protein molecule surfaces are positively charged at

these pHs. This is in agreement with the literature [28, 29].

The results are presented in Table 1.

It seemed that at pH 5.0, electrostatic interactions were

predominant. Namely, almost 88 % of bound enzyme was

desorbed from the support after incubation with 1 M

solution of CaCl2 for 90 min. This provided evidence that

most of the enzyme was adsorbed by electrostatic inter-

actions on the support rather than by hydrophobic inter-

actions or covalently. At pH 7.0, protein molecules were

slightly neutral to positively charged, while support was

negatively charged, so the contribution of electrostatic

interactions was less pronounced (around 62 % of bound

enzyme was desorbed after incubation with 1 M solution of

CaCl2), resulting in immobilized preparation with signifi-

cantly reduced activity. Contrary, at pH 9.0, net charges of

both protein surface and support surface were negative and

it could be expected that the electrostatic repulsion led to

the lower immobilization yield. The substantially weaker

adsorption of proteins on the clay surface when the pH is

above the isoelectric point of the protein has been already

reported in the literature [30]. Even though at pH above pI,

the protein surface carries a negative charge as well as

support surface, there is a small portion of surface with

positive charge available for some binding interactions

[31]. In addition, the enzymes are flexible and can occupy

conformation complementary to the vicinity on the support

surface, so the same charge repulsion is minimized and

Fig. 2 FTIR spectra of a kaolin, b metakaolin, c k-HRP

Fig. 3 a The specific activity of k-HRP as a function of the initial pH, b the effects of the initial enzyme concentration on mass of bound protein

(circle) and specific activity (square), c Langmuir adsorption isotherm (pH 5.0, contact time 2 h, temperature 24 �C)
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adsorption of the protein is possible [32, 33]. The pH 5.0

was selected as suitable for immobilization of HRP onto

kaolin since the obtained immobilized enzyme showed

around fourfold higher activity than the preparations ob-

tained at pH 7.0 and 9.0.

Adsorption isotherm

To determine the maximum capacity of the support and the

type of interactions, the adsorption isotherm of HRP was

measured at pH 5. The concentration of the offered protein

was varied in the range 0.5–3.0 mg/mL and the results

have been presented in Fig. 3b. Experimental data were

fitted with both Langmuir and Freundlich adsorption iso-

therms (data not shown) and based on the value of the

linear regression coefficient it was calculated that this set of

results can be adequately described with Langmuir model

(R2 = 0.97). Langmuir isotherm model assumed that the

support surface consists of definite binding sites, with equal

adsorption energy, where adsorption and desorption are in

equilibrium. At once occupied binding place, no further

adsorption can take place. Thus, the well agreement of

equilibrium data with Langmuir isotherm model confirmed

the monolayer coverage of enzyme molecules onto kaolin

surface, and the maximum adsorption capacity was found

to be 4.63 mg/g. The formation of protein adsorption

monolayer on the clay surfaces has also been confirmed by

other researchers too [34].

It is evident from Fig. 3b that an increase of offered

enzyme concentration to 1.5 mg/mL led to an increase in

mass of the adsorbed enzyme up to 2.61 mg/g of the sup-

port (42.6 %). At higher concentrations, the saturation of

the kaolin surface with the HRP molecules can be observed

and the dynamic equilibrium between the adsorbed and

desorbed molecules has been established. During the

adsorption, the protein molecules can occupy one or more

binding places depending on the protein molecule orien-

tation. If the protein molecule is orientated in such a way

when occupies more places, the adsorbing capacity of the

support decreases [35]. Therefore, an inadequate HRP

molecules orientation on the kaolin surface can be the

reason why the kaolin adsorbed only 2.61 mg/g protein

which was lower than theoretically predicted value of

4.63 mg/g. The parameters of Langmuir model could also

give us information about the type of the adsorption. Using

the dimensionless factor RL it was calculated that

RL = 0.391, i.e. 0\RL\ 1 which means that the

adsorption of HRP onto kaolin was favorable process.

Unlike the enzyme loading, the activity of the immobilized

preparation decreased with further increase in the initial

enzyme concentration (Fig. 3b). Namely, an increase in the

mass of bound protein resulted in specific activity increase

until the initial concentration of 1.5 mg/L was reached.

This could be explained by the fact that an increase in mass

of bound protein intensified the protein–protein interac-

tions causing protein structural rearrangement and activity

decline [36, 37]. Thus, the immobilized HRP obtained at

1.5 mg/mL of the initial enzyme concentration, with

specific activity 39.1 IU/mg, was applied in the subsequent

experiments.

Optimization of process parameters for AV 109

decolorization

Primarily, it is important to emphasize that there are no

data in the literature about the adsorption of HRP onto

kaolin and its further application in the decolorization of

the anthraquinone dye. To exclude the possibility of the

dye adsorption on support, kaolin was applied in the

decolorization reaction under the same reaction conditions

as the immobilized enzyme. The result of this experiment

was negative, confirming that the dye degradation is solely

result of the enzymatic reaction. Potential and the effec-

tiveness of k-HRP preparations were examined in the

decolorization reaction of AV 109 anthraquinone dye.

0.1 IU of immobilized enzyme was applied in the reaction

and the results were compared with the decolorization

reaction catalyzed by the same amount of free HRP.

Optimal pH for the decolorization was evaluated and the

results are depicted in Fig. 4.

It was showed that the immobilization of HRP onto

kaolin resulted in a slight shifting and broadening of the

pH optimum (Fig. 4). This can be associated with the

ionic changes around the enzyme active center caused by

the immobilization process. The fact that the immobilized

enzyme exposed almost constant decolorization potential

in the range of 1 pH unit in the acidic environment could

be of high importance from the application point of view.

Table 1 Activities of

immobilized preparations after

desorption

pH Initial activity

(IU/g)

Activity after

CaCl2 (IU/g)

Activity after TRITON

X-100 (IU/g)

2.0 1.8 0 0

5.0 102.0 12.3 17.1

7.0 27.2 10.3 4.9

9.0 33.8 0 42.5
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Primary application of k-HRP was the remediation of

industrial wastewater polluted with anthraquinonic dyes,

which is generally slightly acidic [38, 39]. Although the

highest decolorization was attained with the free HRP at

pH 4 (90.9 %), even small variation in solution pH led to

decrease in the efficiency (Fig. 4c). In contrast, with

immobilized HRP the decolorization efficiency remained

unchanged from pH 4 to 5, revealing that the immobi-

lization of HRP onto kaolin had stabilizing and protecting

effects on the enzyme. After 40 min of incubation at pH

5.0, the immobilized HRP removed 69.3 % of AV 109

dye. Free HRP exhibited the highest activity at pH 4.0,

where after 15 min of contact between enzyme and dye,

90.9 % of AV 109 dye was decolorized, under similar

conditions. One of the seldom examples of anthraquinone

dyes decolorization with immobilized HRP was decol-

orization via HRP immobilized onto various polysulfone

supports. Herein, optimum pH for anthraquinone dye RB

19 decolorization was found to be 5.0, like in this study

[40]. Similar behavior was also noticed when HRP was

immobilized on electrospun microfibrous membranes

where optimum pH for immobilized HRP was 5.0. The

activity of free as well as immobilized enzyme was in

correlation with pH, which affected the acidic–basic

behavior of the substrate, indicating the importance of

finding an optimum pH for performing the desired reac-

tion [41].

After pH and contact time optimization, the initial

hydrogen peroxide and dye concentration influence on

immobilized and free enzyme was explored (Fig. 5a, b).

Besides radical species formed in the HRP catalytic cycle,

phenoxy radicals, or polymerized phenols that obscures

active center, HRP molecule can be inactivated with

hydrogen peroxide [42]. So, there is a need for finding the

adequate hydrogen peroxide dose, to avoid its negative

influence on the HRP molecule, increasing the efficiency of

the immobilized HRP in the treatment of wastewater pol-

luted with dyes.

The influence of the initial hydrogen peroxide concen-

tration was examined by varying the concentration in the

range 0.05–1.0 mM. It was apparent from Fig. 5a that

k-HRP required higher concentration of hydrogen peroxide

than free HRP. It was found that optimal concentrations of

hydrogen peroxide for decolorization reaction were 0.1 and

0.2 mM with free and k-HRP, achieving the AV 109

decolorization of 90.7 and 80.3 %, respectively. By

increasing the initial hydrogen peroxide concentration,

small decrease in decolorization percentage was observed,

so that k-HRP retained 96 % of maximal activity at 1 mM

of hydrogen peroxide applied, which is another proof that

immobilization attenuated inhibitory effect of HRP co-

substrate. HRP immobilized in b-cyclodextrin–chitosan
matrix, exhibited highest activity when 0.6 mM hydrogen

peroxide was applied, and removed around 61 % of tested

azo dye after 2 h of the reaction [12].

Anthraquinone dyes consist of fused aromatic rings, and

resonance effects in their cyclic structures are well known,

which makes them harder to decolorize than azo dyes.

They are recalcitrant substrates and require carbon–carbon

bonding breakage that is more difficult than the breakage of

nitrogen bonds in azo dyes structure due to their less

electronegativity [43]. Due to the substrate specificity, the

maximum concentration of AV 109 that can be decolorized

was examined with free and immobilized HRP, under

defined conditions. The initial dye concentration was var-

ied in 10–100 mg/L range and results have been presented

in Fig. 5b.

It was clear from Fig. 5b that tested anthraquinone dye

exerted inhibitory effect on HRP. The dye decolorization

for free HRP increased by increasing dye concentration up

to 30 mg/L and then gradually decreased. On the other

hand, k-HRP showed higher affinity toward tested dye, so

the maximum dye concentration that can be decolorized in

high percentage, under specific conditions was 40 mg/L.

This indicated that immobilization of HRP onto kaolin

provided a biocompatible and inert environment for

Fig. 4 The effect of pH on AV 109 decolorization with a free HRP, b k-HRP, c free and k-HRP. Reaction conditions: 0.1 IU, 30 mg/mL,

temperature 24 �C
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enzyme molecules whose active centers were less exposed

to the inhibitory effect of tested dye. Thus, k-HRP was

possible to decolorize 87 % (40 mg/L) of the dye, as

opposed 92 % (30 mg/L) with free HRP. When applied in

100 mg/L of AV 109 solution, k-HRP retained 86 % of

activity when free HRP only 23 %.

The catalytic efficiency of free and immobilized enzyme

was determined in terms of three kinetic parameters, Km,

Vm and Ki. The experimentally obtained results are sum-

marized in Table 2, and graphically presented in Fig. 5c.

All results from this set of experiments showed good

agreement with Ping Pong Bi–Bi model which considers

the inhibition with dye. Mathematical model can be

expressed using the following Eq. (3) [19]

#0 ¼
Vmax H2O2½ �0 D½ �0

Kmb H2O2½ �0Kma D½ �0 1þ D½ �0
Kib

� �
þ H2O2½ �0 D½ �0

ð3Þ

where #0 is the initial rate of the reaction, Vmax is the

maximum rate, [H2O2]0, [D]0 are initial concentrations of

hydrogen peroxide concentration and dye, respectively,

Kmb, Kma are Michaelis constants for dye and hydrogen

peroxide, respectively, Kib inhibition constant for dye.

The data presented in Table 2, obtained by modeling the

experimental results with Ping Pong Bi–Bi model inhibi-

tion with dye, clearly indicated the improved performances

of the immobilized HRP. First, by comparing the maximal

velocities of the reaction catalyzed with free enzyme

(1.27 mM/min), and with immobilized enzyme (0.87 mM/

min), it was evident that immobilization resulted in diffi-

culties with the access of the substrate to the enzyme active

center. This was confirmed by comparing the values of

apparent kinetic constants Kmb for free and k-HRP.

Namely, higher value of Kmb for k-HRP approved its

reduced affinity toward dye. This can be due to steric

hindrance of enzyme active center by the support or con-

formational changes of the immobilized enzyme [43].

Steric hindrance can be associated with the fact that some

of the HRP molecules were entrapped inside of the kaolin

pores. Furthermore, this behavior of k-HRP resulted also in

inhibition diminishment. The inhibition constant for free

HRP was less than for k-HRP, which means that kaolin

seemed protective on the HRP active center. HRP was

immobilized onto electrospun microfibrous membranes,

and kinetics of degradation of bisphenol A was monitored

following the Michaelis–Menten equation without inhibi-

tion [41]. Generally, in the literature there are a little data

about the kinetics of dye decolorization with free either

immobilized HRP, and all of them neglected the substrate

inhibition presence.

bFig. 5 a The effect of the initial H2O2 concentration on the

decolorization of AV 109 with free and k-HRP, b the effect of the

initial dye concentration on the decolorization of AV 109 with free

and k-HRP, c the initial reaction rate versus dye concentration for free
HRP (fixed H2O2 concentration 0.1 mM, dotted lines) and for k-HRP

(fixed H2O2 concentration 0.2 mM, solid line)
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Reusability study

Economic validity for the application of enzymes in the

decolorization of textile dyes from wastewater at industrial

scale significantly increases with the possibility of utilizing

the same enzyme repeatedly in the desired reaction.

Reusability of k-HRP was examined through consecutive

cycles in the decolorization reaction of AV 109. The

obtained results are presented in Fig. 6.

The stability profile revealed that the activity of

k-HRP dropped initially after four cycles, remaining

almost constant during the next three batches. Namely,

the immobilized enzyme retained 35 ± 0.9 % of the

initial activity after seven successive cycles. By com-

paring the productivity of free and immobilized HRP, it

appeared that that the immobilized HRP was 4.2-fold

more productive than the free enzyme. Particularly, in

the first treatment cycle, both free and immobilized HRP

showed high capacity for the tested dye decolorization

(percent of decolorization was 92 and 87 % for free and

k-HRP, respectively). However, k-HRP was recycled and

in the second and third cycle decolorized 88 and 53 %

of the offered dye amount after 210 min, respectively.

Next four cycles were prolonged even more, but resulted

in almost constant AV 109 decolorization percentage of

35 ± 0.9 %. Ultimately, free enzyme decolorized

2.7 mg, meanwhile k-HRP 11.3 mg of AV 109 dye. The

operation stability was higher than previously reported

for the HRP immobilized on various supports which also

shown significant loss of activity after fourth cycle [8,

10, 38].

However, besides being highly efficient and stable, a

support used for industrial applications must also be pro-

duced at affordable costs. A rough cost analysis based on

support material prices (Catalog prices, Sigma-Aldrich)

revealed that the kaolin used in our research is many times

cheaper than the commercially polymers such as Diaion�,

2-hydroxyethyl methacrylate (HEMA) or Eupergit C (8.6,

21.1 and 1464.5 times, respectively). Furthermore, in the

current analysis, additional costs including labor cost, labor

requirements, equipment cost for enzyme immobilization

have not been considered which is important for a large-

scale wastewater treatment because of the reduction of the

additional costs permitted by eliminating the support or

enzyme activation step in this case. Comparing to several

covalent binding protocols reported in the literature, the

k-HRP is preferred to use as a biocatalyst because of its

low cost, easy production, and efficient removal from the

reaction medium for reuse.

Conclusion

In this study kaolin, as a cheap support, adsorption as a

mild immobilization method, HRP as a versatile enzyme,

proved to be a clean alternative for the decolorization of

wastewater polluted with dyes. Detailed examination

showed that the performances of immobilized HRP were

substantially improved. The performance improvement is

reflected in the increased resistance to the suicidal effects

of co-substrate as well as the AV 109 dye. Kinetic

parameters values were the confirmation of immobilized

HRP advantages already mentioned above. The next

research step could be stability increase of immobilized

HRP, i.e. covalent immobilization, which opens the pos-

sibility of application of this biocatalyst in the appropriate

configuration of bioreactors, for the purpose of continuous

use.
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Table 2 The values of kinetic parameters obtained by modeling the experimental results with Ping Pong Bi–Bi model inhibition with dye

Vmax (mM/min) Kma (mM) Kmb (mM) Kib (mM) R2

Free HRP 1.27 0.028 0.047 0.0020 0.9326

k-HRP 0.87 1.21 0.079 0.0139 0.9762

Fig. 6 Reusability of the immobilized enzyme
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kaolin clay to obtain metakaolin. Hem Ind 64:351–356
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