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HIGHLIGHTS GRAPHICAL ABSTRACT

o Effective esterase immobilisation in
halloysite  alginate and chitosan
nanocomposites.

e Immobilisation increased the stability of
the enzyme along the time and
reusability.

o Chitosan bionanocomposite achieved
complete removal of DEHP and DBP.

e Feasible continuous treatment system
developed for plastifiers treatment.

ARTICLE INFO ABSTRACT
Keywords: The removal of Diethyl hexyl phthalate (DEHP) and Dibutyl phthalate (DBP) is of great importance due to their
Halloysite potential adverse effects on the environment and human health. In this study, two bionanocomposites prepared

Bacillus subtilis
Enzymatic degradation
Phthalic acid esters
Immobilization

by immobilization of Bacillus subtilis esterase by crosslinking to halloysite and supported in chitosan and alginate
beads were studied and proposed as a green approach. The esterase immobilization was confirmed by phys-
ical-chemical characterization. Bionanocomposite using chitosan showed the best degradation levels in batch
tests attaining complete degradation of DBP and around 90% of DEHP. To determine the operational stability and
efficiency of the system, two fixed bed reactors filled with both bionanocomposites were carried out operating in
continuous mode. Chitosan based bionanocomposite showed the best performance being able to completely
remove DBP and more than 85% of DEHP at the different flowrates. These results proved the potential of these
synthesized bionanocomposites to effectively remove Phthalic Acid Esters.

1. Introduction chemicals in the plastic industry to supply the needs of modern society.
Increasing demand for plastics has led to a significant increase in the
Phthalic acid esters (PAEs) are one of the widely used synthetic global production of PAEs around the world. Today, PAEs have an
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annual production volume of over 8 million metric tons in the world
(Weizhen et al., 2020). Owing to the fact that they do not have any
covalent bond to the plastic matrix, they can be released into the envi-
ronment during their manufacturing, use, and disposal. Once released,
they reach almost all environmental media through geochemical pro-
cesses, subsequently degrade very slowly under natural conditions, and
lastly accumulate in the air, surface water, wastewater, sediment, soil,
sewage sludge, and biota over time (Clark et al., 2003; Das et al., 2014).
Dibutyl phthalate (DBP) and Diethyl hexyl phthalate (DEHP) are among
the most abundant PAEs detected in the environment (Gao et al., 2020).
They exhibit toxic, mutagenic, and carcinogenic properties even at low
concentrations. Due to their high production volume, widespread dis-
tribution, and possible toxic effects, DBP and DEHP have been declared
environmental priority pollutants by the United States Environmental
Protection Agency (USEPA) and the European Union (EU). Besides,
some nations in the EU and the United States of America have limited or
prohibited their production and use. Therefore, the efficient removal of
DBP and DEHP in the contaminated environment is of great importance.
Various methods such as biodegradation and physical-chemical
methods (photolysis, chemical hydrolysis, and oxidation) have been
used to degrade DBP and DEHP in the environment. The biodegradation
process has a major role in the removal of these pollutants. This is
because it is a faster process than photolysis and hydrolysis, and results
in innocuous end products. Biodegradation studies on PAEs comprise
not only using bacterial strains but also using enzymes from these bac-
terial strains. Earlier reports also revealed that esterase is a major
enzyme that acts on the ester bonds in the structure of PAEs. The esterase
from Bacillus sp. (Niazi et al., 2001) and the esterase from Bacillus sp.
K91 (Ding et al., 2015) were reported to be highly effective to degrade
PAEs. Saito et al. (2010) underlined that pancreatic cholesterol esterase
enzymes (50 U) completely degraded DBP and DEHP (5 umol) within 15
min. Sun et al. (2022) reported that carboxyl esterase (0.1 U) was able to
degrade more than 90% of DBP and DEHP (1 mg/L) in an aqueous so-
lution within 288 h. The esterase appeared capable of degrading PAEs to
their corresponding monoester and phthalic acid (PA) (Ding et al. 2015;
Saito et al., 2010). Although there is information in the literature on the
degradation of PAEs in the presence of the esterase enzyme obtained
from various sources, no study was found on the use of the enzyme
obtained from Bacillus subtilis in the degradation studies of PAEs.
Immobilization on a support material increases the stability and half-
life of the enzyme and improves the resistance of the enzyme to
changing environmental conditions such as pH, and temperature
(Handayani et al., 2012; Wei et al., 2022). Enzymes can be bound by a
support material using various immobilization methods such as
adsorption, crosslinking, encapsulation, and entrapment. Among these
methods, crosslinking is a very useful and preferable immobilization
method. This is because it has various advantages over the stability and
retention rate of the enzyme on support. Furthermore, the leakage of
enzyme on support is low level. In enzyme immobilization, different
support materials such as chitosan (Dulazi and Liu, 2011; Olshansky
et al., 2018), alginate (Ramsay et al., 2005), silica (Chen and Lin, 2007)
as well as alumina are used. Support materials must be water-insoluble
and must have thermal, mechanical, and chemical stability, as well as
resistance to microbial attack. At the same time, these materials must be
low cost and must have biodegradability to harmless products. Among
many supports, chitosan (CTS) and alginate (ALG) are the materials of
interest in enzyme immobilization due to their wide availability and
having most of the above-mentioned properties (Choo et al., 2016;
Hurmuzlu et al., 2021). Furthermore, the reactive amino and hydroxyl
groups of CTS that are effective on enzyme binding reactions provide a
higher protein loading and higher activity (Hung et al., 2003; Dulazi and
Liu 2011). However, it needs to improve its mechanical properties
before an immobilization study (Peng et al., 2015; Choo et al., 2016). As
for ALG, its use can be limited in various applications due to its swelling
and degradation behavior in the water (Bhagyaraj and Krupa, 2020). To
be used in many applications, it is necessary to minimize its swelling and
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improve its mechanical properties, that is, to extend its service life
(Bhagyaraj and Krupa, 2020). It is possible to form composite beads with
the addition of nano clay, carbon nanotubes (CNTs), and titanium di-
oxide to reinforce the mechanical properties of CTS and ALG. Among
these materials, CNTs exhibit the potential to enhance the mechanical
properties of support material. However, the synthesis process of CNTs is
complicated and costly. Halloysite nanotube (HNT) with the formula of
Al,Si»05(0H)4-2H20 is a natural aluminosilicate clay mineral with a
large surface area and it is also cheap and easy to find. It has a tubular
structure with abundant hydroxyl groups. All these properties of HNT
support various modifications for different purposes. Due to the fact that
HNT has excellent mechanical properties and thermal stability, it can
reinforce the mechanical strength of CTS and ALG. There are only a few
studies on forming of CTS with HNT (CTS-HNT) and ALG with HNT
(ALG-HNT) beads in the literature. However, there are no studies about
the esterase immobilization on CTS-HNT and ALG-HNT beads and their
capability for the degradation of PAEs.

In this study, the main focus is the continuous degradation of DBP
and DEHP by two bionanocomposites based on CTS-HNT and ALG-HNT
beads. For this purpose, the amount of esterase immobilized on both
bionanocomposites was analysed, the enzyme immobilization efficiency
and stability was compared and the feasibility of the systems was tested
by DBP and DEHP degradation in fixed-bed reactors operating in
continuous mode.

2. Materials and methods
2.1. Materials

Pure HNT powder was provided by Esan, Eczacibasi Industrial Raw
Materials Company (Istanbul, Turkey). Chitosan from crab shells,
Bovine Serum Albumin (BSA), and Glutaraldehyde (GTA) were supplied
from Sigma-Aldrich (USA). Sodium alginate was purchased from Qui-
mipur, S.L.U. All other chemicals were of laboratory reagent grade and
used without further purification. Esterase from Bacillus subtilis was
obtained from Sigma-Aldrich. Before the immobilization study, HNT
and CTS were dried in a vacuum oven at 100 °C and 40 °C, respectively
to eliminate their moisture content and to make them ready for use. The
esterase was stored at —20 °C until its use.

2.2. Immobilization study

2.2.1. Preparation of chitosan-halloysite beads

CTS-HNT beads were prepared with minor modifications to the
previous studies (Choo et al. 2016; Hurmuzlu et al., 2021). Briefly, the
procedure is described as follows: Firstly, 2 g of CTS were dissolved in
100 mL of acetic acid solution (2.5%, v/v). The mixture was stirred
magnetically for 24 h at room temperature. Then, 1 g of HNT was added
to the CTS solution and mixed for 24 h. Following this, the solution was
sonicated for 1 h at ambient temperature to obtain a homogenous
dispersion of CTS-HNT. The resultant solution was pumped into 125 mL
of deionized water containing 15 g NaOH and 25 mL of 95% ethanol
through a needle (diameter 1.2 mm) at a flow rate of 1 mL/min under
stirring. Thereafter, the CTS-HNT spheres were formed instantaneously
and washed with deionized water until neutral pH was reached. Sub-
sequently, the beads were kept at —20 °C in the fridge overnight and
then dried using a freeze dryer (lyophilizer) under vacuum conditions
for 24 h at —50 °C (Telstar Cryodos).

2.2.2. Preparation of alginate-halloysite beads

3 g of sodium alginate were dissolved in 100 mL at 25 °C by me-
chanically stirring. 0.5 g of HNT was added to the sodium alginate so-
lution. The solution was mixed until HNT was dispersed in an alginate
solution at 300 rpm. After that, it was placed in an ultrasonicator for 1 h
at room temperature. The obtained solution was dropped at a flow rate
of 1 mL/min into calcium chloride solution (1 M) through a syringe
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needle with a diameter of 1.2 mm under continuous stirring. The cal-
cium chloride solution was kept at 4 °C before its use. The formed beads
were taken from the solution and then washed with deionized water
several times until the pH of the beads became neutral. Lastly, ALG-HNT
beads were stored at —20 °C and then dried using a freeze dryer under
vacuum conditions for 24 h at —108 °C. The dried CTS-HNT and ALG-
HNT beads were stored until further use.

2.2.3. Immobilization of esterase on chitosan-halloysite and alginate-
halloysite beads

In this study, GTA was used as crosslinking agent to immobilize the
esterase enzyme on the beads. In previous studies, the amount of GTA in
the solution required for the enzyme immobilization on beads has been
used in the range of 0.072 mL (0.15%) and 0.36 mL (0.75%) and the
optimal amount of GTA was determined to be 0.072 mL in the solution
for 0.4 g of beads (Mondal et al., 2015). To prepare the crosslinked beads
with GTA, 0.15% GTA solution (v/v) was added to 0.4 g of each bead.
The solution with beads was mixed for 4 h at 25 °C and 150 rpm in an
incubator shaker. To remove the non-crosslinked agent with beads, the
beads were rinsed with deionized water three times. Thereafter, 1 mL of
the enzyme (2 mg/mL) was added to the crosslinked beads and mixed on
a test tube shaker at 25 °C, 80 rpm for 1 h. At the end of this period, the
beads were filtered and washed with deionized water three times to
remove the unbounded enzyme. After the immobilization process, the
supernatant and washing solution was kept at 4 °C to determine the
enzyme immobilization efficiency.

As result of these procedures, two different bionanocomposites were
synthesized: CTS-HNT-EST and ALG-HNT-EST.

2.3. Protein determination

To determine the protein concentration of free and beads immobi-
lized enzyme, the Bradford method was implemented. Firstly, a standard
curve was created using Bio-Rad dye reagent and BSA as model protein.
The absorbance of the solutions was measured using a UV-Visible
spectrophotometer (Genesys-150) at the wavelength of 595 nm (Brad-
ford, 1976). The protein concentration in the solutions was estimated
using a calibration curve. Then, the amount of immobilized enzyme on
the beads was calculated according to the mass balance. Immobilization
efficiency (Imm.eff. (%)) and enzyme loading amount (Load. amount
mg/mg) were calculated using the following equations (1-2);

__Initial protein amount — (protein amount in the supernatant and washing solution
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Then, the assay mixture was incubated at optimum temperature for 5
min and initial rates were estimated by measuring the increase in
absorbance at 400 nm as a function of time. The activity of the immo-
bilized enzyme was determined depending on the calculated activity of
the free enzyme. The enzyme activity (U/L) was calculated according to
the following equation (3).

(Absorbance at 400 nm ) (Vt) (DF)
(1) (h) (Ve) (d)

Vt: total sample volume (mL), DF: dilution factor, t: reaction time (min),
€: p-nitrophenol molar extinction coefficient at 400 nm (17,215
M’1~cm’1), Ve: enzyme volume (mL), d: light path (1 cm).

Besides, after each day of degradation experiments, the activity of
the immobilized enzyme was measured and then expressed as relative
activity (He et al., 2015).

Enzyme activity (U/L) = 3

2.5. Material characterization

Before and after enzyme immobilization, HNT, CTS-HNT, and ALG-
HNT were structurally characterized by Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), Fourier Transform
Infrared Spectroscopy (FT-IR). To investigate the thermal resistance of
these materials, Thermogravimetric Analysis (TGA) was conducted.
These analyses were done by the external services of CACTI (University
of Vigo).

2.5.1. Scanning Electron Microscopy analysis

The microstructure of pure HNT, CTS-HNT, and ALG-HNT beads and
the beads with esterase was examined using an FEI QUANTA 250 FEG
Scanning Electron Microscopy (SEM) instrument equipped secondary
detector. Before SEM analysis, the samples were dried and their surface
was coated with gold in argon to eliminate the charging of the beam.

2.5.2. Transmission Electron Microscopy analysis

The morphological properties of HNT, CTS-HNT, and ALG-HNT
beads were investigated using a MICRO JEOL JEM 1010 Transmission
electron microscopy (TEM) with an accelerating voltage of 200 kV.
Before TEM analysis, both HNT and the beads with HNT were dispersed
in ethanol solution using an ultrasonic bath. Subsequently, a drop of
each dispersion was deposited on a 400 mesh carbon-coated copper grid.
The sample grids were kept at room temperature to evaporate ethanol.

Imm. eff. (%
mm. eff. (%) Initial protein amount

mg

_ Initial protein amount —  protein amount in the supernatant and washing solution)

1100 &)

(2)

Load. t{—
oad. amoun (mg> mass of HNT

2.4. Enzyme activity assay

The enzyme activity of free and immobilized esterase was deter-
mined spectrophotometrically by hydrolysis of 4-nitrophenyl acetate
(pNPC-2) according to Tekedar and Sanli-Mohamed (2011). For free
esterase, the assay mixture (1 mL) consisted of 0.8 mL phosphate buffer
(100 mM, pH = 7), 0.1 mL of 0.5 mM pNPC-2 dissolved in acetonitrile,
and 0.1 mL of free enzyme solution (1 mg/mL). The activity of the
immobilized enzyme was determined according to the activity mea-
surement of the free enzyme. Instead of free enzyme solution, 0.1 mL of
supernatant and/or washing solution was added to the assay mixture.

2.5.3. Fourier-Transform Infrared Spectroscopy analysis

Before FTIR analysis, the samples were mixed with potassium bro-
mide (KBr) and pelletized. FT-IR spectra of the HNT, CTS-HNT, ALG-
HNT, CTS-HNT with esterase, and ALG-HNT with esterase were recor-
ded on a JASCO FT-IR 4100 spectrometer (Jasco Inc., Easton, MD, USA)
to examine functional groups. All spectra were scanned in the range of

4000-400 cm ™! at a resolution of 2 ecm™".

2.5.4. Thermogravimetric analysis

The thermal behavior of CTS-HNT with esterase and ALG-HNT with
esterase was investigated using a Seteram thermogravimetric analyzer a
temperature range that started at the room temperature and ended at
800 °C at a heating rate of 10 °C/min under nitrogen atmosphere (20
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mL/min).
2.6. Degradation assays

2.6.1. Assays with free esterase

For the experiment on DBP and DEHP (100 mg/L) degradation, a
reaction mixture (1 mL) containing 0.1 mL of free esterase solution (1
mg/mL), 0.1 mL of DBP/DEHP (1000 mg/L) in DMSO, 0.1 mL of Tween
80 (1%, v/v) and 0.7 mL of phosphate buffer (0.5 mM, pH = 7) was
prepared. Tween-80 was used as a solubility agent to increase the sol-
ubility of DBP and DEHP in the solution. Under optimum conditions, the
samples containing the reaction mixture were incubated at certain time
intervals for 1 h and subsequently were collected. All samples were fil-
trated with a 0.22 um PTFE syringe filter to remove particulate material
from the samples before HPLC analysis. Subsequently, 1 M HCI (10% v/
v) was added to the samples to stop the enzymatic reaction and the
samples were stored at 4 °C until the analysis.

2.6.2. Assays with bionanocomposites

Enzymatic experiments were conducted in two column systems filled
with CTS-HNT-EST and ALG-HNT-EST. 0.4 g of beads containing
esterase were placed in the column. Initially, the batch experiments
were performed by filling the column with DBP or DEHP solution with
an initial concentration of 100 mg/L.

For the continuous process, the systems were fed with the DBP so-
lution with a concentration of 100 mg/L under different volumetric
flows (0.015-0.045 mL/min). After DBP degradation experiments were
completed using each bead with esterase, DEHP degradation experi-
ments were performed under the same conditions. During continuous
operation, samples were collected in the system to determine the
enzyme and pollutants concentration. All samples were filtered through
a 0.22 pym PTFE syringe filter to remove particulate material prior to
High-Performance Liquid Chromatography (HPLC) analysis. To termi-
nate the enzymatic reaction, 1 M HCl (10% v/v) was added to the
samples, which were then stored at 4 °C in a fridge.

2.6.3. Analysis of phthalates and their metabolites

After degradation experiments, the quantification of DBP and DEHP
was analyzed under a reversed-phase using an HPLC Agilent 1260 In-
finity connected to a DAD equipped with a ZORBAX Eclipse XDB C-8
column (5 pm particle size, 150 mm x 4.6 mm i.d.). The mobile phase
consisting of acetonitrile:water (60:40, v/v) was used at a flow rate of 1
mL/min for DBP analysis. As for DEHP analysis, the mobile phase
composition (acetonitrile:water) in gradient elution was varied over
time as follows: 0 to 3 min 80:20, 3 to 9 min 95:5, 9 to 12 min 100:0, 12
to 22 min 80:20 and the flow rate was set at 0.5 mL/min. For each in-
jection, the volume taken from samples in DBP and DEHP analysis was
20 pL and 10 pL, respectively. The analysis was carried out together with
a UV detector (224 nm) at room temperature. DBP and DEHP degra-
dation metabolites were identified using a Bruker Elute LC system
connected to a Trapped Ion-Mobility Spectrometry Time-of-Flight Mass
Spectrometer (TIMS-TOF-MS) (Bruker Daltonics, Bremen Germany).
Ionization was performed using electrospray (ES) source with a voltage
of 3.5 kV applied to the needle and an endplate offset of 500 V. Using
both positive and negative scan modes, ES spectral data was obtained.
The data were obtained using Bruker Otof Control Software version 5.1
and processed with the Data analysis software version 5.1 from Bruker
Daltonics.

3. Results and discussion
3.1. Assays with free esterase
3.1.1. Effect of the operational condition on the esterase activity

In this study, an esterase obtained from Bacillus subtilis was selected
to evaluate its efficiency in the removal of PAEs. Although it is a
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Fig. 1. Esterase activity under different conditions.

mesophilic enzyme, the effect of temperature on the enzyme activity was
measured in a wide temperature range from 20 °C to 70 °C and exam-
ined for a solution pH between 5 and 7.

As shown in Fig. 1, the activity of the esterase increased with the
temperature rising to 30 °C in the presence of pNPC-2 substrate. How-
ever, the increase above 40 °C caused a sharp decrease in the activity of
the esterase. These results are in accordance with the reported in the
literature where it is noted that temperatures above 30 °C are likely to
cause a decrease in the activity of the enzyme (Fitter et al., 2001). Be-
sides, the importance of pH on the enzyme activity was probed to be
quite high at pH 7 compared to the more acidic investigated pH values.
Therefore, the optimum temperature and pH for esterase were deter-
mined to be 30 °C and 7, respectively. Once the optimal operational
conditions were evaluated the degradation capacity of the enzyme for
two different PAEs (DEHP and DBP) was studied.

3.1.2. Degradation assays
Enzymatic degradation experiments of DBP and DEHP (100 mg/L)
were performed using free esterase enzyme (1 mg/mL) under optimum
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Fig. 2. Time-dependent DBP (w) and DEHP (@) concentration changes in the
presence of free esterase (1 mg/mL).
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conditions. Fig. 2 shows the change of DBP and DEHP concentration
over time in presence of the esterase. While the esterase was able to
completely degrade DBP for 15 min, it could not exhibit the same
degradation ability on DEHP within the same time. At the end of 15 min,
DEHP concentration was approximately 80.13 mg/L. It is apparent from
Fig. 2 that the free esterase can degrade DEHP more slowly. It is known
that PAEs with lower molecular weight such as DBP are more easily
degraded compared to those with high molecular weight such as DEHP
(Dulazi and Liu, 2011). Zhang et al. (2014) conducted a study on the
degradation of different PAEs types using the esterase enzyme obtained
from Sulfobacillus acidophilus DSM10332. They reported that six PAEs
(Diethyl phthalate (DEP), Dipropyl phthalate (DPrP), DBP, Dipentyl
phthalate (DPeP), Dihexyl phthalate (DHP), and Benzyl butyl phthalate
(BBP)) were completely degraded to their monoesters within 24 h, but
two PAEs, namely DEHP and Dicyclohexyl phthalate (DCHP), could not
be degraded in the same period. Many studies have highlighted that the
degradation rate of PAEs may decrease with the increase of the molec-
ular weight (Ren et al., 2016). For this reason, the degradation of DEHP
may take a longer time than that of DBP in this study. As can be seen
from Fig. 2, DEHP was completely degraded within 8 h in the presence of
the esterase.

3.2. Characterisation of bionanocomposites

The free enzyme proved to be a viable alternative for the treatment of
PAEs. However, the enzyme’s resistance to changing environmental
conditions and allowing its use in a continuous treatment system needs
to be developed. This purpose can be achieved by its immobilization in a
suitable matrix. The immobilization of the enzyme in clay support such
as HNT by crosslinking allows to achieve the anchoring of the enzyme,
but for an application, in continuous treatment, the generation of a
powder is discouraged by the operational problems generated in these
treatment systems. Thus, the combination of the HNT with the immo-
bilized enzyme generating both CTS and ALG based beads was carried
out. The enzyme immobilization efficiency of the esterase in CTS-HNT-
EST and ALG-HNT-EST was evaluated attaining 89.2% and 95.2% effi-
ciency (Eq. (1)), respectively. Moreover, the loss rate of enzyme activity
in the immobilized process on CTS-HNT and ALG-HNT is 17.83% and
18.66%, respectively. The prepared bionanocomposites (CTS-HNT and
ALG-HNT beads) were characterized in order to determine their
morphological and chemical properties.

The three-dimensional tubular structure of pure HNT and its surface
was recognized in the SEM images (see supplementary material). The
length of the HNT is not uniform and ranges from 0.4 to 1 ym. The
diameter of HNT is more or less 30 nm and its outer surface is between
70 and 100 nm. Additionally, its average wall thickness is approximately
10 nm. SEM images of CTS-HNT and ALG-HNT beads (see supplemen-
tary material) before and after enzyme immobilization at different
magnifications show that the beads containing HNT have a rough,
dense, and compact structure. Similar observations have been reported
in previous studies (Zhai et al., 2013; Hurmuzlu et al., 2021). Zhai et al.
(2013) underlined that after modification of HNT with CTS, the surface
of the CTS-HNT composite is rougher than that of pure HNT. The
roughness of the surface increases the enzyme immobilization efficiency
when creating a new surface area on material for enzymes (Zhai et al.,
2013). HNT in the beads is not visible, however, it can be seen that HNT
was covered by CTS and ALG, respectively. Esterase immobilized on
CTS-HNT and ALG-HNT formed new regions by partially reducing the
roughness on the surfaces of the beads. On the other hand, esterase
immobilization changed the surface morphology of the beads. Conse-
quently, this implies that enzyme immobilization has been successfully
performed.

TEM images of the pure HNT revealed that the HNT has a hollow
cylindrical structure with a transparent central area and two open ends
(see supplementary material). Before and after enzyme immobilization,
TEM images of CTS-HNT and ALG-HNT beads were taken and the tube
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structure of HNT is visible on both beads (see supplementary material).

After enzyme immobilization, the presence of esterase is observed in
TEM images of CTS-HNT and ALG-HNT beads. There is a slight increase
in the outer diameter of the nanotubes in the beads with esterase. Zhai
et al. (2013) stated that the HNT with enzyme is rougher and thicker
than pure HNT. This result shows that the enzyme is loaded on CTS-HNT
and ALG-HNT beads.

The infrared spectrum of pure HNT shows the O—H stretching of
water at 3696 cm’l, and the OH deformation of water at 3625 cm ™. The
sharp peak at 1033 cm™! originated from in-plane Si-O-Si stretching
vibration (Luo et al., 2010). The peaks correspond to the deformation
vibrations of inner surface hydroxyl groups at 910 cm ' and 693 cm L.
Besides, the peaks observed at 754 cm™! and 540 cm™! could be
attributed to perpendicular stretching of Si-O and deformation of Al-O-
Si, respectively (Luo et al., 2010). It can be observed that CTS-HNT
samples (see supplementary material) exhibited some new peaks at
1639-1650 cm ™! (amide I) and 15291535 cm ™! (amide IT) compared to
pure HNT. The amide I (1630 c¢m 1) and amide 11 (1535 ¢cm ™ !) bands are
the two most prominent vibrational bands of the protein backbone (Jang
et al.,, 2015). In addition, the spectra of CTS-HNT composite samples
appear to contain characteristic peaks of both HNT and CTS. These re-
sults demonstrate that HNT has been successfully combined with CTS in
this study. With the addition of GTA to CTS-HNT beads, three prominent
peaks of GTA (1708, 1654, and 1562 cm™ 1) are observed. After the
immobilization of esterase, there is a small modification in the FT-IR
spectrum of CTS-HNT-EST implying the immobilization of esterase.

The FT-IR spectrum of ALG (see supplementary material) contains a
broad band centered at approximately 3250 cm ™! due to the stretching
of hydroxyl groups. The band at 2900 cm " is assigned to —CH, groups.
The two peaks at 1610 cm ™! and 1417 cm ™! arise due to the asymmetric
and symmetric stretching modes of carboxylate salt groups (-COONa),
respectively. The vibrations in the range of 1200 cm ™! and 1000 cm ™!
come from the glycoside bonds in the polysaccharide (C—O—C
stretching). The spectrum of EST crosslinked on ALG-HNT beads indi-
cated the characteristic peaks of ALG, HNT, and EST. After the immo-
bilization of enzymes, the intensity of the peak attributed to the
asymmetric stretching of carboxylate salt groups decreased. This result
implies the esterase has been successfully immobilized on the ALG-HNT
beads.

TGA results were determined for studying the degradation trend of
the prepared beads (see supplementary material). The decomposition of
protein under air flow shows a maximum mass loss between 300 °C and
350 °C (Duce et al., 2017). In addition, a shoulder is observed at 245 °C
due to the polypeptide chain thermal decomposition of esterase (Duce
et al., 2013). At 450 °C and 650 °C, esterase undergoes the decompo-
sition of aggregates as well as the carbonizing and ashing of the hard
residues of the proteins (Duce et al., 2017).

Thermal degradation of CTS-HNT-EST and ALG-HNT-EST is
observed in two stages. In the first stage, the thermal degradation of
CTS-HNT-EST in the range of 25 °C and 100 °C is caused by the loss of
the physically adsorbed water molecules (Lisuzzo et al., 2020). As for
ALG-HNT-EST, the weight loss between 70 °C and 90 °C can be attrib-
uted to the evaporation of loosely bound moisture. In the second stage,
while degradation of CTS-HNT-EST, vaporization and elimination of
volatile compounds occurred between 170 °C and 500 °C (Hurmuzlu
et al., 2021). The reduction of ALG-HNT-EST in the range of 190 °C-
280 °C can be attributed to the evaporation of glycerol and the thermal
degradation of the biopolymer (Bhagyaraj and Krupa, 2020). As a result,
the bionanocomposites obtained by immobilization of esterase on CTS-
HNT and ALG-HNT beads significantly improved the thermal resistance
of the enzyme.

3.3. Batch degradation assays with bionanocomposites

The use of enzymes on a large scale demands operational stability
from the bionanocomposite as a key factor in the processes and also to
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Fig. 3. Profile of concentrations of (a) DBP and (b) DEHP in their degradation
by CTS-HNT-EST (w) and ALG-HNT-EST (@).

decrease operational costs.

Based on the promising previous results, the ability of the bio-
nanocomposites for the degradation of DBP was ascertained in a batch
system and the attained results are shown in Fig. 3. A significant dif-
ference is observed depending on the selected bionanocomposite. The
structural differences between them suggest that the enzyme is more
available when CTS-HNT-EST was used with complete removal of the
pollutant in only 1 h. The process is slower in ALG-HNT-EST attaining
less than 70% of removal after 4 h.

The good results achieved in the DBP degradation suggested that the
system could be applied for the removal of a more complex compound
such as DEHP and the study of the effect of the chain length in the
biocomposites degradation of the pollutants was performed. According
to the results, it can be assumed that a rapid degradation process occurs
in the first hour, followed by a significant reduction in the degradation
rate after the sixth hour. No complete degradation is achieved with any
of the bionanocomposites meaning that the length of the pollutant chain
affects the treatment process. They present a higher degradation ability
for PAEs with lower molecular weights. This is in accordance with the
reported in the literature by Dulazi and Liu (2011) who reported similar
behavior for lipase immobilized in chitosan beads.

As conclusion from the batch assays, it can be suggested that there
are two plausible mechanisms involved in the process: (i) direct degra-
dation by the immobilized enzyme and (ii) the combination of adsorp-
tion and degradation in the process. For this reason, the possible
generation of metabolites during the treatment process was ascertained
confirming the degradation process is taking place.

The metabolites, generated during the degradation processes, were
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identified using LC-MS and the ratios of the compounds obtained by
mass spectrometry were confirmed with the ratios of the same com-
pounds in the literature (see supplementary material). DBP solution
without enzyme was used as control sample in the analysis. Initially,
DBP was identified and at the end of the degradation experiment in the
presence of free esterase for 15 min. There was a signal showing the
presence of phthalic anhydride (CgH403), which is a product formed due
to the dehydration of PA. According to the literature, it is known that the
biodegradation mechanism of PAEs begins with the hydrolyzation of the
ester bond in the presence of esterase. PAE is converted to its monoesters
and then to PA and corresponding alcohol (Wang and Gu, 2006). Lastly,
the mineralization mechanism ends with the decomposition of PA and
CO4 and/or CH4 by microorganisms (Staples et al., 1997). Mono Butyl
Phthalate (MBP), Dimethyl phthalate (DMP) and PA products have been
also detected as intermediates in the actual degradation assays. Gener-
ally, Butyl methyl phthalate (BMP), MBP, DMP, and PA are detected as
the potential metabolites of DBP that occur via transesterification or/
and de-esterification reaction in the presence of methanol (Kim and Lee,
2005; Ahn et al., 2006; Kumar et al., 2017). Kim and Lee (2005) con-
ducted a study on the enzymatic degradation of DBP. They reported that
BMP was the major metabolite to appear in DBP degradation conducted
using the esterase. Fang et al. (2017) focused on the degradation of DBP
using a bacterium (Enterobacter sp. T5) which was isolated from
municipal solid waste. They underlined MBP and PA as major metabo-
lites of DBP in the study. In a study by Fang et al. (2017), 1,2 Benze-
nedicarboxylic acid, Butyl methyl ester, DMP, and PA were among the
metabolites detected as an indicator of DBP degradation. Wang et al.
(2017) conducted a study on DBP degradation using a bacterial con-
sortium (LV-1). They identified three major metabolites (MBP, Mono-
ethyl phthalate (MEP), and PA) at the end of DBP degradation
experiments. In another study on DBP degradation, DBP was degraded
to PA after the formation of MBP, MEP, and Monomethyl phthalate
(MMP) (Ahuactzin-Perez et al., 2018). However, most of the above-
mentioned metabolites may not have appeared in this study due to the
use of DMSO as an organic solvent to dissolve PAEs. This is because in
the absence of methanol, PAEs undergo transformation only via the
sequential hydrolysis of ester and the esterification of the carboxylic
acid in the monoester forms does not occur (Okamoto et al., 2011). It is
apparent from LC chromatograms that DBP was degraded to phthalic
anhydride by esterase immobilized on CTS-HNT and ALG-HNT. Phthalic
anhydride that appeared in the presence of free esterase during DBP
degradation was also found in the presence of the esterase immobilized
on CTS-HNT and ALG-HNT beads. These results demonstrate that both
free esterase and the immobilized esterase degraded DBP to Phthalic
anhydride and imply that after immobilization, the esterase has the
potential to be used as an effective degrader in long cycles without
losing all of its characteristics.

Similarly, DEHP as well as three degradation products, 1,3-isobenzo-
furandione (IBF), Phthalic anhydride and mono-2-ethylhexyl phthalate
(MEHP), were identified when metabolites related to DEHP degradation
were investigated. During this degradation process, DEHP was con-
verted to IBF by diester hydrolysis. The formation of MEHP and PA was
also reported as the result of enzymatic or bacterial degradation of DEHP
(Saito et al. 2010). Besides, Feng et al. (2002) conducted a study on
DEHP biodegradation using a bacterium (Pseudomonas fluorescens FS1)
isolated from the activated sludge at a petrochemical factory. Mono (2-
Ethylhexyl) phthalate, benzene dicarboxylic acid, benzoic acid, and
phenol were identified as the major metabolites of DEHP in the study.
Yang et al. (2018) studied DEHP degradation using Rhodococcus ruber
YC-YT1 and reported that DEHP was hydrolyzed to PA through the
formation of MEHP. Subsequently, the bacterium converted PA to ben-
zoic acid for cell proliferation in the study. DEHP metabolites which
were defined based on the information compiled from the literature
were also found in this study. The signal at 11.2 min observed in the
chromatogram belongs to the polymer. When the chromatograms
related to DBP and DEHP degradation are examined, the retention time
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of PA is different for each chromatogram. The reason for this is the use of
different methods in the LC-MS analysis of the two PAEs. While the
immobilized esterase on CTS-HNT and ALG-HNT was able to degrade
DEHP to Phthalic anhydride, the free esterase enzyme was incubated in
DEHP solution for 8 h, and it degraded DEHP to MEHP. It may be related
to the steric hindrance of MEHP which has carboxyl groups inhibiting
free enzymes to bind the substrate (Liang et al., 2008). That is, the side
chain of MEHP hampers the binding site of hydrolytic enzymes (Liang
et al., 2008; Singh et al., 2017). Therefore, the hydrolysis of MEHP is
hindered and thus the hydrolysis reaction is inhibited. There are some
studies where the steric hindrance near the ester bonds inhibits the rate
of hydrolysis. Singh et al. (2017) studied DMP and DEHP degradation
using Arthrobacter sp. C21. They reported that the degradation efficiency
of DMP (99.5%) was higher than that of DEHP (51.4%) and underlined
that this is due to the steric hindrance caused by the side ester chain of
DEHP.
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Fig. 4. Pollutants removal of (a) DBP and (b) DEHP operating in continuous
under different volumetric flows in the presence of the CTS-HNT-EST (green)
and ALG-HNT-EST (brown). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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3.4. Continuous degradation

Once the efficiency of the degradation of the pollutants and their
mineralization has been proved, the proposed treatments have been
evaluated in a continuous flow system for the removal of both pollutants
(DBP and DEHP).

3.4.1. Dibutyl phthalate bionanocomposite degradation

Fig. 4a shows the stationary DBP concentrations attained in contin-
uous degradation experiments in the presence of the CTS-HNT-EST and
ALG-HNT-EST bionanocomposites at different volumetric flows.

Operating at a flow rate of 0.045 mL/min, it can be observed that the
alginate bionanocomposite reduced DBP significantly until values close
to 30 mg/L. However, the selection of chitosan bionanocomposite led to
the complete removal of DBP. This fact can be due to differences in the
enzyme activity. The chitosan bionanocomposite resulted in a lower loss
of activity and, thus, higher degradation capability in comparison with
the alginate composite (ALG-HNT-EST) which lost two-folds the relative
activity. The reduction of the volumetric flow to 0.030 mL/min (led to
an improvement in the efficiency of the removal with ALG-HNT-EST
attaining a DBP concentration value of 21 mg/L and degradation level
of around 80%. As can be expected according to the previous results,
CTS-HNT-EST bionanocomposite was able to remove all the DBP. After
the degradation tests were completed, it was observed that DBP was
completely degraded in the presence of the CTS-HNT-EST
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Fig. 5. (a) Relative activity of the esterase immobilized on CTS-HNT-EST (m)
and ALG-HNT-EST (@) during the DBP degradation. (b) Relative activity of the
esterase immobilized on CTS-HNT-EST (w) and ALG-HNT-EST (@) during the
DEHP degradation.
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bionanocomposite when the volumetric flow was still decreased (0.015
mL/min). However, no total degradation was detected for ALG-HNT-
EST bionanocomposite with a concentration found to be 19.11 mg/L.
This fact can be related to the enzymatic activity retained after the
treatment. The degradation efficiency of DBP in presence of ALG-HNT-
EST at a flow rate of 0.045, 0.028, and 0.015 mL/min was 70%, 80%,
and 81%, respectively. Thus, reducing the volumetric flow prolonged
the contact time of DBP with the bionanocomposites. This fact may be
the reason for the increased degradation efficiency of DBP in column
experiments.

Fig. 5a shows the relative activity of the esterase crosslinked on the
bionanocomposites. In all the evaluated flows, ALG-HNT-EST bio-
nanocomposite presented a higher decrease in the enzyme activity with
values 5% lower than the detected within CTS-HNT-EST bio-
nanocomposite. At the end of the experiments, ALG-HNT-EST retained
79% of its initial activity while CTS-HNT-EST retained over 85% of its
initial activity indicating that they have good operational stability
operating in a continuous way. The values are in good agreement with
the reported by Tercan et al. (2021) in the esterase entrapment using
chitosan/calcium/alginate-blended beads with more than 70% of the
enzyme activity after three subsequent cycles. Yoo et al. (2020) also
reported good operational stability (70%) by using crosslinked enzyme
aggregate (CLEA) for twenty cycles. Accordingly, at the end of DBP
degradation experiments, the enzyme mass (%) on CTS-HNT and ALG-
HNT was found to be 86.48% and 80.2%, respectively.

3.4.2. Diethyl hexyl phthalate bionanocomposite degradation

The profiles of DEHP concentration during the treatment with the
bionanocomposites at different flow rates in the presence of esterase
immobilized on CTS-HNT-EST and ALG-HNT-EST beads are shown in
Fig. 4b.

Similarly and as reported in the previous section, the bio-
nanocomposite containing esterase immobilized on the CTS-HNT-EST
presented the highest value of degradation, but no complete removal
of DEHP was achieved (~11 mg/L DEHP). The bionanocomposite of
esterase immobilized on the ALG-HNT-EST was not able to completely
degrade DEHP reaching a concentration of around 40 mg/L. It suggests
that the availability of the immobilized enzyme for the degradation of
the PAEs and their complexity are key factors in the degradation process.
The analysis of the morphology of the bionanocomposites by SEM im-
ages (see supplementary material) could explain some of the causes of
the different behavior being related to the distribution of HNT-EST in
the composite. These images showed a higher availability of HNT con-
taining enzyme on the surface of the CTS bionanocomposite in com-
parison with alginate and with a higher surface. Thus, when the
volumetric flow was decreased and thus the residence time increased,
DEHP concentration was found to be zero in the presence of CTS-HNT-
EST bionanocomposite. The steady state was reached in all evaluated
volumetric flows. Thus, the DEHP concentration was 27.64 mg/L for the
column filled with ALG-HNT-EST bionanocomposite at 0.030 mL/min,
while the value decreased to 23.6 mg/L when a lower volumetric flow
was chosen (0.015 mL/min). As well as the reduction of the compound,
the relative activity during the treatment process is an important factor
to consider (Fig. 5b). At the end of the operation in continuous, CTS-
HNT-EST bionanocomposite retained 81% of its initial activity, while
ALG-HNT-EST bionanocomposite was able to maintain approximately
75% of its initial activity (Fig. 5b). Moreover, the enzyme mass (%) on
CTS-HNT and ALG-HNT was found to be 85.48% and 79.2%, respec-
tively. This may be because an amino group of CTS that is unreacted
with GTA in the immobilization with the crosslinking method can
adsorb PAEs and their metabolites (Dulazi and Liu 2011).

In addition, although CTS-HNT beads did not break or deform, ALG-
HNT beads showed deformations upon completion of the experiment.
This may be related to alginate having fast swelling behavior.
Throughout the experiment, the solution with PAEs diffuses into the
beads, thereby increasing the osmotic pressure inside the beads. The
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ALG-HNT beads may swell increasing their size, and eventually, the
bead may collapse (Roquero et al., 2022). This may be the reason why
ALG-HNT with esterase exhibits less degradation efficiency when
compared to CTS-HNT with esterase.

4. Conclusions

Bionanocomposite beads based on esterase enzyme immobilized in
halloysite nanotubes and natural polymers (chitosan and alginate) were
successfully prepared and proved an improvement of the catalytic ac-
tivity and other properties of the enzyme. The results demonstrated that
they maintained their activity for a long period and the enzymatic de-
gradability of PAEs is affected by the length of the alkyl side chain in
their structures. CTS-HNT-EST are more effective and robust support
material for the degradation of the pollutants in batch and continuous
treatment. Both of them may act as strong candidates for the remedia-
tion of PAEs.
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