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Abstract
Increasing numbers of chemical elements that are presenting very important problems, are threaten for
the environmental health today. The big part of the pollution load in aquatic systems occurred from
industrial wastes. The leather industry which emerges as one of the important industries, is considered in
terms of its potential for pollution. Unlike the physical, chemical and advanced treatment methods used
for the removal of micro- contaminants that are released during the transformation of from the raw skin
to the finished leather, the use of immobilization polymers with enzymes known as catalysts is suitable
for waste water removal in the leather industry, or in other sectors in order to reduce the environment
pollution effect. In this case, the covalent immobilization method between Trametes versicolor laccase
enzyme and epoxy group-containing p(HEMA-AGE) were optimized and the degradation conditions of
Acid Black 210 dye were investigated. The results were compared with waste dye water which was
released after dyeing in leather industry.

1. Introduction
Water in the leather industry; is used for the purpose of wetting and washing of raw leathers, the
penetration and fixation of chemicals used in whole leather manufacture processes and the removal of
unwanted residues in the leather production processes. Production results in large volumes of
wastewater which contain substances such as, small leather fragments, dissolved proteins, hair, blood,
lime, sodium sulfate, sodium hydroxide, chromium compounds, sugar, starch, various glycids,
phenolaceous substances and decomposition products of all these substances, aliphatic acids, glycerins,
dyes and pigment. All these substances are dissolved in water and / or colloidal. They are very large in
volume and have limited recycling possibilities [1]. Wastewater from the leather industry is one of the
wastewater that is difficult to treat because of its high pollutant content. The use of new technologies in
production reduces the amount of water used in production, but causes an increase in the pollution load
[2]. Physical, chemical and biological methods are used for waste water treatment systems, but the use of
these methods is not sufficient for dye removal (chemical-chemical, chemical-biological, chemical-
physical). By-products produced during the processes may sometimes be more harmful and toxic than
the main compounds for dye removal. The nanopolymers used in biotechnology are directly synthesized
by polymerisation of monomers using various polymerization techniques such as microemulsion, mini
emulsion, surfactant-free emulsion and interfacial polymerization [3]. Macroporous or super macroporous
structure, with spongy morphology are gels [4] and membranes are synthesized by the use of
benzylketals as photoinitiators by uv-photopolymerization [5]. Enzyme technology is used to increase the
efficiency of the polymeric materials used for dye removal and to reduce the toxicity of the by-products. In
particular, the laccase enzyme plays an important role in enzymatic oxidation technology [6, 7] and is
widely used in different industrial and biotechnology fields. Using enzymatic oxidation reaction
techniques, it shows high potential in a wide range of industrial areas such as pulp and paper, textile,
leather and food industries. Mann et al [8], laccase enzyme purified from Cerrena consors, which is a
white saprophyte, aims to remove olive oil waste water which contains malodourous, toxic and broad
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poly phenol group. Nazari et al [9] developed an electrochemical biosensor for the determination of
phenolic compounds. For this purpose, they covalently immobilized the laccase enzyme on polyaniline
with glutaraldehyde cross-linker and they modified the electrode by voltammetry and proved to be a direct
electron transfer path between the laccase enzyme and the electrode. and a specific method for the
removal of phenolic compounds. Kumar and Cabana [10] performed crosslinking of laccase enzyme by
introducing amine functional group via APTES to magnetic nanoparticles containing chitosan/1-ethyl-3-
(3-dimethylaminopropyl)-carboimide hydrochloride (EDAC) and shelf life for treatment of pharmaceutical
wastewater. They have aimed to produce magnetic biocatalysts that can be stored for a long time.
Mureşeanu et al [11] achive that hexobonal meso porous silica (HMS) structures supported by the amino
functional group and the micellar-coated silica Santa Barbara Amorphous (SBA-15) are to immobilize
their structures on the laccase enzyme for the removal of the hydrocarbons and SBA-15, the most stable
structure of the enzyme with micelle-coated silica structure. Georgiou et al [12] for the removal of the
melanodine waste produced by fermentation in the furnace industry, immobilized the purified laccase
enzyme from Trametes versicolor on aluminum nanoparticles and they compared the free and
immobilized forms of the laccase enzyme and showed that the immobilized enzyme was effective in the
removal of waste by high selectivity and re-use. Zeng et al [13] produced the purified laccase enzyme
from Trametes versicolor by solid phase fermentation and bisphenol A (BPA) containing agricultural
waste. Taheran et al [14] performed covalent binding of laccase on polyacrylonitrile membranes and
chlortetracycline (CTC), carbamazepine (CBZ) and diclofenac (DCF) that intended to be removed in an
environmentally appropriate concentration. Ji et al [15] the immobilization of P. ostreatus purified laccase
enzyme on TiO2 nanoparticles. They investigated the effects of the support material on the enzyme with
a new techniques and the removal of bisphenol-A and carbamazepine pollutants causing micro pollutant
effects in waste water. Rozi et al [16] developed an enzyme-based electrochemical biosensor for the
analysis of Sunset Yellow, a food coloring used in the food industry, poly (acrylamide-co-
ethylmethacrylate) membranes covered with carbon electrodes and laccase enzyme immobilized by
photopolymerization that have done research on the use of Sunset Yellow, in certain limits in foods (0–4
mg kg− 1) and beverages (50 mgL− 1). In this study, epoxy group containing p(HEMA-AGE) structures were
synthesized in different morphological structure. The covalent immobilization conditions of laccase
(Trametes versicolor) enzyme were optimized for the synthesized epoxy group containing polymers and
then Acid Black 210 dye, which is frequently used in leather, investigated to degradation different
morphological structure of laccase enzyme, were examined and results were compared with actual
leather wastewater and the results were examined for dye removal.

2. Experimental

2.1 Materials
Trametes versicolor purified commercial laccase enzyme, ABTS [2,2’-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt, ethylene glycodimethylacrylate (EGDMA), hydroxyethyl methacrylate
(HEMA), allyl glycidyl ether (AGE), N,N'-methylenebisacrylamide (MBAAm), N,N,N’,N'-tetramethylene
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diamine (TEMED), ammonium persulfate (APS), potassium persulfate (KPS), polyvinyl alcohol (PVA),
DMPA (2,2-dimethoxy-2-phenylacetophenone), isopropyl alcohol, ethanol, sodium acetate, NaCl,
potassium dihydrogen phosphate, potassium hydrogen phosphate were obtained from Sigma (Steinheim,
Germany). Acid Black 210 was obtained from Coriacido Black T (Stahl holdings b.v.). Dye wastewater
was supplied by Tankrom AB (Soda Sanayi A.Ş.). All other reagents were of analytical grade and used
without any purification. For preparation of the solutions, deionized ultrapure Millipore SimplicityR (18.2
MΩ cm) water was used.

2.2. Preparation of p(HEMA-AGE) nanopolymers
The p(HEMA-AGE) nanopolymers were synthesized by the surfactant free emulsion polymerization
method with reference to previous studies [17]. Briefly, structural monomer HEMA and functional
monomer AGE were mixed with PVA solution. The polymerization process was started by incubating at
70ºC for 4 hours. At the end of the polymerization, the nanoparticles were washed with ethanol, ethanol-
purified water (v v) and purified water to remove unreacted compounds.

2.3. Preparation of p(HEMA-AGE) membranes
p(HEMA-AGE) membranes have been synthesized by free radical photopolymerization method with
reference to previous studies [18]. Briefly, using structural monomer HEMA and functional polymer AGE,
EGDMA as crosslinker, DMPA and isopropyl alcohol and purified water as the initiator were added and the
mixture was dissolved in the sonic bath for 5 minutes and passed through nitrogen gase for about 5
minutes. The 0.5 mL mixture was then poured into a glass mold and exposed to long wave UV radiation
(10 mW / cm 2, 365 nm) for 5 minutes to perform the polymerization. At the end of the polymerization
process, the membranes were washed several times with pure water and cut through the perforator in a
circular diameter of 0.6 cm.

2.4. Preparation of p(HEMA-AGE) cryogels
p(HEMA-AGE) cryogels were synthesized by free radical cryopolymerization method with reference to
previous studies[19]. Briefly, structural monomer HEMA and functional monomer AGE used as monomer
is dissolved in pure water then dissolved in pure water in another reaction plate MBAAm. The mixtures
dissolved in the separate reaction plate are mixed and the TEMED on the mixture is then added to the
radical reaction initiator APS. The reaction mixture is stirred for 1 minute and immediately poured into a
plastic syringe with a closed outlet. The polymerization solution is frozen at 12 ° C for 24 hours and then
brought to room temperature. The unreacted compounds are removed with purified water.
Characterization studies of p(HEMA-AGE) structures of different morphological structures were
performed by Fourier Transform Infrared Spectroscopy (FTIR-ATR), Scanning Electron Microscopy (SEM),
X-ray Photoelectron Spectrophotometer (XPS), swelling test. p(HEMA-AGE) structures were obtained
using the FTIR-ATR spectrum (Shimadzu, Japan). Samples (0.1 g) were dried and placed in solid form
and FTIR-ATR spectra were taken. Surface morphology of the different morphological polymers which
were synthesized were investigated by scanning electron microscopy (SEM) (Phillips XL-30S FEG Almelo,
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The Netherlands). XPS (X-ray Photoelectron Spectrophotometer),was used to determine the covalent
binding of laccase enzyme to the different morphological polymers which were synthesized. Polymers
(nanopolymers, membranes and cryogels) were dried at 60 ºC for 24 hours to determine the degree of
swelling of p(HEMA-AGE) structures with different morphological structure. The dried polymers were
weighed and kept in pure water (25 ºC) and the adsorbed water quantities were measured at certain time
intervals and the swelling characteristics of the polymers were examined. The degree of swelling of the
polymers was calculated using the following equation.

% Degree of swelling = [(mwet polymer - mdry polymer) / m dry polymer]

2.5. Covalent Immobilization of Laccase onto Different
Morphological Structure p(HEMA-AGE)
Immobilization of proteins with methods based on the formation of covalent bonds is among the most
commonly used methods. Due to the stable nature of the bonds formed between the enzyme and the
matrix, this method has the advantage that the enzyme does not have a state of leakage into the solution
[20]. Epoxy supports react with different nucleophilic groups on the protein surface (eg, amino, hydroxy or
thiol groups) to form highly strong bonds (secondary amino bonds, ether bonds and thioether bonds)
with minimal chemical modification of the protein (eg pK values of new secondary amino groups are very
similar to those of pre-existing primary amino groups). The binding between the enzyme and the support
material takes place in two steps, in the first step, physical adsorption occurs between the enzyme and
the support material covalent reaction between the adsorbed enzyme and epoxy groups in the second
step. Covalent immobilization of the laccase enzyme to the p(HEMA-AGE) structures of different
morphological structures, batch system for nanopolymer and membrane and continuous system for
cryogel were performed. p(HEMA-AGE) constructs were incubated with 5mL of laccase enzyme solution
for 18 hours at 25ºC. The effect of the pH (0.1M 4.0–5.0 acetate buffer; 0.1M 6.0–8.0 phospate buffer)
and the effect of inital laccase concentration on the laccase covalent immobilization of the nanopolymer,
membran and cryogel were also studied. Immobilized amount of laccase was obtained by monitoring the
UV absorbance at 280 nm that least three replicated experiments.

2.6. Determination of Laccase Activity
The laccase activity method was carried out using ABTS [2,2'-azino-bis(3-ethylbenzotialosine-6-sulfonic
acid] as substrate. The enzyme activity was expressed as the amount of enzyme that oxidized 1µmol
ABTS at 1 min under the reaction conditions. The reaction mixture was carried out using 1mM ABTS
containing the pH 5.0 acetate buffer and sufficient amount of the enzyme. The oxidation of ABTS was
determined by the decrease in absorbance at 420 nm (Ԑ=36000 M− 1cm− 1). These activity assays were
investigated by the pH range 4.0–5.0 (0,1M acetate buffer), and pH range 6.0–8.0 (0,1M phosphate
buffer) and temperature range 4–65°C to determine the pH and temperature profiles for the free and the
immobilized enzymes. To determine the effect of immobilization on the immobilized laccase activity, the
substrate concentration was varied between 1 and 10 mg/mL in the reaction medium and then Km Vmax
and kcat use as kinetic parameters were determined in Lineweaver–Burk plot. The thermal stability of
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free and immobilize laccase were investigated by measuring the residual activity between 4–55ºC in
acetate buffer (0.1 M, pH 5.0). For the storage stability of free and immobilized laccase, they were stored
in 0.1 M of acetate buffer (pH 5.0) at 4°C for 45 days and the operational stability of immobilized laccase
at 25ºC, laccase immobilizarion studies were carried out for ten cycles and enzyme activities were
measured after the each uses.

2.7. Degradation Studies
Degradation studies of Acid Black 210 dye was investigated at 2 hours with 0.5 mg/mL of immobilised
laccase onto different morphological structure p(HEMA-AGE) that is batch system for nanopolymer and
membrane and continuous system for cryogel. The effect of the pH (0.1M 4.0–5.0 acetate buffer; 0.1M
6.0–8.0 phospate buffer), the effect of inital Acid Black 210 dye concentration and the effect of
temperature between 4–65 ºC and on the laccase covalent attached to the nanopolymer, membran and
cryogel were also studied. Degradation studies of Acid Black 210 dye was obtained by monitoring the UV
absorbance at 435 nm that least three replicated experiments. After the optimized degradation
conditions, the wastewater discharged as a result of the dyeing process and passed through vacuum
filtration. The degradation conditions on the different morphological polymers were investigated and the
results were compared with the optimized dye degradation conditions and FTIR-ATR.

3. Result And Discussion

3.1 Characterization of Different Morphological Structures
of p(HEMA-AGE) 
FT-IR spectroscopy is a form of vibration spectroscopy that reflects both the molecular structure and the
molecular environment. These changes in vibrational movements cause bands in the vibration spectrum
and are characterized by each spectral band, frequency and amplitude. Figure 1 is shown the FTIR-ATR
spectra of p(HEMA) and p(HEMA-AGE) structures. The structure of p(HEMA) with is OH group vibration is
seen 3500 cm1.  p(HEMA) and p(HEMA-AGE) structures belonging to peaks are seen CH group vibrations
3050 cm-1, C=O (ester carbonyl) vibration stretch of 1750 cm-1 and 1050 cm-1, ROR (ether bond). The
presence of vibrations of oxiran group was proved to be 915 cm-1 in a study by Dannenberg [21]. It was
found to be approximately the same as the epoxy group in the structure of the polymer we synthesized.
The functional groups of the polymer we synthesized by looking at FTIR-ATR interpretations are seen in
detail. SEM images of p(HEMA-AGE) with different morphological structure can be seen. The diameter of
the nanopolymers in spherical and spherical structure is approximately 346.5 nm. Membranes have
spherical and porous structure and cryogels have more porous structures (Figure 2). XPS (X-ray
Photoelectron Spectrophotometer) is known as the most effective technique for characterizing the
chemical structure of polymer surfaces. XPS analysis was performed to determine the interaction
between covalent and non covalent binding of laccase enzyme to p(HEMA-AGE) and p(HEMA) structures
of different morphological structure. In this case, different morphological structure of p(HEMA-AGE) is
opened by opening the epoxy ring and binding of laccase enzyme to the amine group (Figure 3).
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According to the XPS analysis results of the C (1s) spectrum of p(HEMA-AGE) structures of different
morphological structures, the C-C or C-H bond energies were 284.75 eV; The C-O or C-N bond energies
287.0 eV; the C=O bond energies of the carbonyl group are 288.5 eV; the bond energy formed by
deprotination of the amine group of the histidine amino acid and the epoxy group is exposed to 290.5 eV
and the bond energies containing the carboxyl group (-COOH) belonging to the laccase enzyme
incorporated in the structure are seen at 295.0 eV [22] (Table 1). The degree of swelling of polymers
affects monomer concentrations, cross-linking densities and porous structures of polymers.  It can seen
that the p(HEMA) structures have hydrophilic properties but p(HEMA-AGE) have hydrophobic properties
due to AGE monomer, Different morphological structure of p(HEMA-AGE) showed equilibrium in about 60
minutes swelling degree. In this case, the degree of swelling in the cryogel structure is highest in
comparison with the degree of swelling of the p (HEMA) structures for three different morphological
structures (HEMA-AGE), with the addition of AGE to the structure. Further adsorption of water can be
explained by the fact that the cryogel has a dense porous structure (Table 2).

3.2 Covalent Immobilization of Laccase
Effect of pH on covalent immobilization of p(HEMA-AGE) on laccase enzyme of different morphological
structure are used acetate buffer (0.1M)  pH (4.0-5.0) and pH (6.0; 7.0; 8.0) phosphate buffer (0.1M). The
immobilization of the laccase enzyme in p (HEMA) and p(HEMA-AGE) structures of different
morphological structure was observed in pH 7.0 phosphate buffer for 18 hours (Figure 4).The binding of
p(HEMA) structures with laccase enzyme was performed in optimum conditions and the interactions
between the enzyme and HEMA are thought to be non-covalent. It is observed that amine groups that are
in the structure of the enzyme are effective in covalent bonding by the addition of AGE containing epoxy
group to the structure. At this stage, the binding between the enzyme and the support material takes place
in two stage. In the first stage, physical adsorption occurs between the enzyme and the support material.
In the second stage, the covalent reaction occurs between the adsorbed enzyme and the epoxy groups
(Figure 5). The covalent binding of the epoxy group containing AGE with the laccase enzyme is caused by
the histidine amino acid in the laccase enzyme structure to lose its protein by passing the imidazole ring
to the nucleophilic state. Laccase enzyme attached to three different morphological structure of p(HEMA-
AGE) structures is bonded nanopolymer (369.41mg /g polymer), membrane (16.43 mg/gpolymer) and
cryogel forms (1.17 mg/g polymer). The low pore structure which is effective in binding is associated
with increased surface area and high amount of enzyme loading. Doğan et al [23] found covalent
immobilization of the laccase enzyme on the p(HEMA-GMA) cryogel membrane as a maximum 0.148 mg
/g polymer in pH 5.0 acetate buffer for 24 hours. Li et al [24] synthesized p(GMA-MMA) nanopolymer and
found suitable conditions for covalent immobilization of laccase enzyme as maximum 44.78 mg/g
polymer in pH 3.0 citrate buffer for 24 hours. Effect of laccase initial concentration on p(HEMA-AGE)
structures is determined to 0.1-2.0 mg / mL concentration range. Maximum binding of laccase enzyme to
p(HEMA-AGE) structures of different morphological structure with reaching a plateau value at laccase
concentration of (1mg/mL) is shown for nanopolymer, membrane and cryogel, respectively  (518.28 mg /
g polymer; 21.68 mg / g polymer; 1.81 mg/g polymer) (Figure 6). As the amount of enzyme increased up
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to the specific concentration range, there was no change in the bonding points of the enzyme which is
related to the target molecule at the point where the bonding points at the polymer surfaces increased
until they reached the saturation level and at the point of saturation.

3.3 Free and Immobilized Laccase Activity
Activity measurements of laccase enzyme were performed using ABTS [2,2 asit-Azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt. The effect of pH on free and immobilized
laccase activity was investigated in the pH: 4.0-8.0 range. The optimum pH values of free and
immobilized laccase enzymes were found to be 5.0 (acetate buffer 0.1M). The immobilized enzyme
exhibited more larger range of activity than the free enzyme (Figure 7) and that the oxirane groups on the
carrier had a positive effect on enzyme immobilization and this effect was due to electrostatic
interactions. If we compare the activity values of the immobilized enzymes in different morphological
structures, it is seen that the nanopolymer has higher activity and then the enzymes in the membrane and
cryogel structure. The pore structures of the polymers play an important role in binding the enzyme and
determining the activity. As the pore size increases, there is a decrease in activity as the binding points of
the catalytic sites of the enzyme decrease in interaction with the substrate. Mazlan and Hanifah
[25]covalently immobilized the laccase to the epoxy group-containing methacrylate spheres and found
the optimum pH to 5.0 for the immobilized enzyme. The increase in temperature increases the kinetic
energy between the molecules, in this case, as the enzymes catalyze the reactions by random collide with
the substrate molecules, the increasing temperature increases the reaction rate and creates more
products. A further increase in temperature results in the deterioration of the weak bonds holding the
enzyme molecules together, and the deformation of the active site of the enzyme, and even denaturation,
and an increase in the activity loss. As shown in Figure 8, the optimum temperature for the free enzyme
was 25 ºC and the optimum temperature for the immobilized enzymes was determined as 37 ºC. The
covalent interactions formed by the immobilized enzyme on the support material reduces the
conformational elasticity and therefore the interaction between the enzyme and the substrate must be
realized with a higher activation energy. Arıca and Bayramoglu [26] the optimum temperature for the Rhus
vernificera laccase, which they immobilized to the p(GMA-EGDMA) -DAH spheres found in the 40-50 ºC
range. Table 3 shows the kinetic constants determined using Lineweaver-Burk plots for free and
immobilized enzymes. The Km value of an enzyme indicates its interest in the substrate. If the enzyme's
interest in the substrate is high, Km value is small, otherwise Km value is high. The changes in the
functional groups exhibited by active sites on the surface of the enzymes together with thermo-stability
enhanced by better catalytic effect due to the reduction in the Km of the enzyme [27]. The low Km value of
immobilized enzymes compared to the free enzyme indicates that it is more effective against catalytic
activity, reusability and operational stability [28,29]. In this case, when the enzyme is in the immobilized
form, the reason for the decrease of the Km values indicates the high interest of the enzyme in the
substrate. Vmax decreases when the enzyme is in immobilized form, but it is generally expected and
observed that the maximum speed of the free enzyme is greater than the maximum rate of the reaction
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catalyzed by the immobilized enzyme [30]. The reason for this decrease in Vmax is thought to be due to
conformational change in the movement of the enzyme. kcat value is more useful than Vmax and Km

values in predicting the behavior of an enzyme in immobilization. kcat (number of turnovers) is the
number of substrate molecules transduced into the product per unit time by a single enzyme molecule. In
the kcat values obtained in this study, it is seen that there is a decrease in the immobilized form.

Free and immobilized laccase enzymes were stored at +4 ºC for 45 days and activity measurements were
performed to determine storage stability. When stored in solution, the activity of the free enzyme is
reduced depending on its structural state, while the enzyme is immobilized and the activity is better
preserved (Figure 9). While the free enzyme retained 41% of its activity at the end of the twentieth day,
70.27% of the immobilized enzyme on the nanopolymer, 67.1% of the immobilized enzyme on the
membrane, and 66.78% of the enzyme immobilized on the cryogel were retained. The enzyme is
immobilized in the backing material which in turn increases the stability of storage by providing some
conformational changes and limiting its mobility and increasing its stability against denaturation [31].
Vršanská et al [32] examined the storage stability of free and immobilized laccase at +4 ºC for 70 days
and found that the immobilized enzyme lost 5% activity while losing 75% of the free enzyme activity. Xu
et al [33] explained that immobilized and free enzymes for 18 days (+4 ºC) and on the 18th day the
activity of the immobilized enzyme was reduced by 8%, while the free enzyme showed 80% activity loss.
Since enzymes are protein-structured, increasing the temperature and prolonging the incubation period
result in reduced activity or complete elimination. If the thermal stability of an enzyme varies with
immobilization, this suggests that the enzyme is suitable for use in many areas. Table 4; 4, 25, 37 and 55
ºC thermal stability of free and immobilized enzyme experiments were examined. As shown in Table 4,
free enzyme and immobilized enzymes 4, 25, 37 and 55 ºC for 300 minutes after the heat treatment of
free enzymes after 300 minutes in the activity of immobilized enzymes decreased by increasing the
temperature of the activity is observed that there is a significant decrease. The interaction of the
immobilized enzyme with the support material stabilizes the conformational structure and causes the
enzyme to become slower denatured despite the increasing temperature. When the p(HEMA-AGE)
structures of different morphological structures were compared, it was observed that the nanopolymer
form had better thermal stability effect than the membrane and cryogel form. As a result, thermal stability
is a positive result for the industrial usability of immobilized enzymes. Kunamneni et al [34] determined
the thermal stability experiments of the laccase enzyme covalently bound to the epoxy-containing
Sepabeads polymers at 60 and 70 ºC for 120 minutes depending on the time. Bayramoğlu and Yılmaz
[35] immobilized the laccase enzyme covalently to the magnetic chitosan spheres containing epoxy
group and studied the thermal stability behavior of the enzyme at 55 and 65 ºC for 120 minutes. It was
determined that the free enzyme lost its activity at the end of 90 minutes at 65 ºC but the immobilized
enzyme lost about 40% activity at the end of this period. The operational stability of the laccase enzyme
covalently bound to the polymers of different morphological structures was investigated in successive
activity measurements at 25 ºC. Immobilized laccase was reacted with new ABTS in the reaction with
ABTS in reaction with ABTS at 25 ºC, and the reaction was repeated 10 times to determine residual
laccase activity. It was observed that the immobilized enzyme was in the nanopolymer structure after the
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10 cycle, while its activity was 94.56%, it was 93.86% in its membrane structure and 93.30% in its activity
while it was in the cryogel structure. According to these results, immobilization of the enzyme to the
support material resulted in no significant loss of activity of the enzyme. It has been found that the
immobilized enzyme is suitable for continuous and re-use in the industrial field.

3.4 Investigation of The Degradation Conditions of Acid
Black 210 Dye in p(HEMA-AGE) Structures with Different
Morphological Structure
The effect of pH for the degradation conditions of acid black 210 dye of p(HEMA-AGE) structures with
different morphological structure of laccase was performed by using different buffers. For this purpose;
acetate buffer (0.1M) for pH 4.0-5.0, pH 6.0; 7.0; 8.0 phosphate buffer (0.1M) was used. The most
suitable pH for the color removal (degradation) is usually at neutral or slightly alkaline pH. Therefore, the
degradation conditions of acid black 210 dyes in different morphological polymers with laccase
immobilized were observed in the optimum pH value of acetate buffer for 2 hours (Figure10). Figure 11,
 laccase immobilized p(HEMA-AGE) structures of Acid Black 210 dye for the degradation of Acid Black
210 dye to the initial concentration of the effects of 0.1-2.0 mg / mL concentration was determined.
Degradation capacities were increased (0.75 mg / mL) due to increased concentration of Acid Black 210
dye, but the increase in concentration caused degradation efficiency. This is due to the fact that the
immobilized laccase enzyme concentration is constant. Since there is not enough enzymes in the
environment, the degradation of the dye has decreased. The degradation for p(HEMA) appears to be less,
because the interaction between the enzyme and the polymer is caused by nonspecific interactions, so
that the enzyme is not stable causes a lesser degradation of the dye. In this case, the strong interaction
between the enzyme and the support material is important for the removal of the degradation. Agrawal et
al [1] showed that the concentration of Acid Black 210 was increased to 750 ppm and the dye
concentration decreased after 1000 ppm. In order to investigate the effect of temperature on the
degradation of Acid Black 210 dye with different morphological polymers in laccase, temperature was
changed between 4-65 ºC. As the temperature rises to 37 ° C, degradation efficiency is increased for each
polymer of different morphological structure. The reason for the decrease in the degradation efficiency at
+ 4º C and 65 ºC can be explained by the fact that the enzyme cannot be degraved enough due to
conformational changes in the structure. Percentage degradation yields for laccase immobilized p(HEMA-
AGE) nanopolymers, membranes and cryogels in different morphological structures were 82.15% for 2
hours, respectively; 75.77%; It was found as 69.72% (Figure 12).

3.5 Laccase Immobilized Leather of Different
Morphological Structures Comparing with Degradation
Conditions on Acid Black 210 Dye in Waste Water
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Discharge waters resulting from the staining procedure were treated with different morphological laccase
immobilized polymers for 120 minutes and the percent degradation conditions of the optimized Acid
Black 210 dye and the FTIR-ATR measurements were used to determine whether the dye had gradient. It
is seen that the removal of Acid Black 210 dye from the leather waste water is also successful with the
use of different morphological enzyme-dependent polymers, but it has been observed that the values
show a low gradient efficiency when faced with the optimized results. It is thought that the formic acid
used in the dyeing process decreases the activity of the enzyme and decreases its activity [36] (Table 5).
Laccase immobilized poly (HEMA-AGE) structures are observed by the disappearance of peaks belonging
to N=N group in the structure of the dye in which the degradation of Acid Black 210 dye occurs the
enzyme appears to degrade the nitrogen-nitrogen double bond under favorable conditions. (Figure 13).  

4. Conclusion
The results showed that laccase-immobilized polymers of different morphological structure were
effective in degradation Acid Black 210 dye in leather waste water. In the leather industry, after the dyeing
process, the physical, chemical and advanced treatment methods of dye wastewater as well as the
biological method are preferred, enzymatic degradation of the dye is effective in terms of not causing any
harm to the environment. According to the type of batch or continuous system to be selected in the
industrial field, it has been observed that the dye can be effectively degraded enzymatically. It thinks that
nanotechnology combined with traditional biological processes is thought to play an important role in
reducing environmental pollution.
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Figure 1

FTIR-ATR Spectrums of p(HEMA) and p(HEMA-AGE) structures  (nanopolymer, membrane and cryogel;
respectively)
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Figure 2

SEM photographs p(HEMA-AGE) structures a)nanopolymer, b) membrane and c) cryogel; respectively)

Figure 3

C(1s) XPS Spectrum of p(HEMA) and p(HEMA-AGE) structures 1)nanopolymer, 2)membrane, 3) cryogel;
respectively)
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Figure 4

The effect of pH on laccase covalent immobilization onto different morphological p(HEMA) and p(HEMA-
AGE) structure.(laccase concentration: 0.5 mg/mL; temperature: 25ºC. Error bars represent the standard
deviation (n=3).
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Figure 5

Covalent immobilization steps

Figure 6

The effect of initial laccase concentration on laccase covalent immobilization onto different
morphological p(HEMA) and p(HEMA-AGE) structure.(pH:7.0; temperature: 25ºC. Error bars represent the
standard deviation (n=3).



Page 19/24

Figure 7

Effect of pH on free and immobilized laccase activity
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Figure 8

Effect of temperature on free and immobilized laccase activity

Figure 9
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Storage stability of laccase enzymes immobilized to poly (HEMA-AGE) structures in free and different
morphological structures

Figure 10

Effect of pH on Acid Black 210 degradation to laccase immobilized polymers (dye concentration: 1.0 mg
/ mL; temperature 25ºC; Error bars represent the standard deviation n=3)
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Figure 11

Effect of inital Acid Black concentration on Acid Black 210 degradation to laccase immobilized polymers
(laccase concentration 0.5 mg/mL; temperature 25ºC; Error bars represent the standard deviation n=3)
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Figure 12

Effect of temperature on Acid Black 210 degradation to laccase immobilized polymers (dye
concentration: 1.0 mg / mL;laccase concentration 0.5 mg/mL; temperature 25ºC; Error bars represent the
standard deviation n=3)
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Figure 13

Laccase immobilized polymers of different morphological structure on Acid Black 201 dye wastewater
and leather wastewater FTIR-ATR Spectrum Measurements a)nanopolymer; b) membrane and c) cryogel,
respectively).
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