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a b s t r a c t

Dibutyl phthalate (DBP) is one of the listed phthalic acid esters (PAEs) known as
the priority toxicants which exhibit carcinogenic and teratogenic properties and is
responsible for endocrine disruption. Therefore, its removal has become a matter to
tackle with. In this work, the feasibility of DBP degradation by esterase and lipase
enzymes obtained from various microorganisms and the immobilization of the most
effective in a clayey material were investigated. Esterase from Bacillus subtilis exhibited
the highest degradation efficiency reaching a complete degradation. Its immobilization
onto halloysite nanotubes (HNTs) by adsorption method was studied by response
surface methodology using a central composite design face-centered. The four selected
factors that affect the HNT-enzyme composite generation were: pH, adsorption time,
enzyme/HNT (E/H) ratio, and adsorption temperature, and the optimal conditions were
determined (pH 7, time 360 min, E/H ratio 0.2, temperature 30ºC). Consequently, the
activity did not significantly decrease by immobilization, and the adsorption efficiency
and relative activity were determined to be 73.15% and 82.7%, respectively. Besides, the
immobilization enhanced thermal and storage stability. As for enzyme reusability, after
7 continuous cycles, the composite maintained almost 75% of its initial activity. Both the
free enzyme (1 mg/mL) and the composite degraded 100 mg/L DBP with 100% efficiency
and several byproducts were detected. Moreover, the composite could be reused for
7 cycles keeping a remarkable catalytic activity. Overall, this study indicated that the
HNT-enzyme composite may be used as an effective candidate for remediation of the
environmental media contaminated with DBP and other PAEs.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past few decades, the number of synthetic chemicals found in pharmaceutical and manufacturing additives as
ell as metal, personal and household care products has increased to supply the needs of modern society. The production
olume of phthalic acid esters (PAEs) is over 8 million metric tons per year in the world (Seyoum and Pradhan, 2019;
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Balci et al., 2022). PAEs are ubiquitous and recalcitrant compounds that can be released into the environment during
their manufacturing and use. Thus, they are degraded slowly under natural conditions and accumulate in the air, surface
water, wastewater, sediment, and soil over time (Scholz et al., 1997; Pirsaheb and Zinatizadeh, 2009; Kong et al., 2018;
Baloyi et al., 2021). Most PAEs can easily migrate to various water bodies and then enter a variety of aquatic organisms
(Cao et al., 2018; Huang et al., 2021) and being accumulated in the food chain and cause health problems such as chronic
health effects, cancer risks, and endocrine disruption. Additionally, they have significant adverse impacts on mammalian
reproduction, development, and the nervous system (Wang et al., 2023). Among the various types of PAEs, dimethyl
phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), butyl benzyl phthalate (BBP), di-n-octyl phthalate
(DnOP), diethyl hexyl phthalate (DEHP) have been categorized as priority pollutants by The United States Environmental
Protection Agency (USEPA) and its counterparts in European Union countries.

Different available methods include photolysis and hydrolysis, however, biodegradation is considered safer, cleaner,
nd more environmentally friendly. Recently, there has been a significant increase in the use of enzymes in various
ndustries such as biomedicine, food, and energy. The enzymes have a vital role to protect the environment (Moreira
t al., 2020; Bilal et al., 2022). Hydrolase enzymes such as esterase and lipase are very effective on the ester bonds in the
tructure of PAEs (Sharma et al., 2019). There are several studies demonstrating that esterase from Bacillus sp. and lipase
rom Candida cylindricea, Pseudomonas sp. V21b and Comamonas sp. 51F exhibit the ability to degrade PAEs (Tanaka et al.,
2000; Ding et al., 2015; Sungkeeree et al., 2017; Kumar et al., 2017). However, enzymes are relatively unstable losing
their structural stability for the duration of any reaction and, thus, having a short catalytic lifetime (Brena et al., 2013;
Sharma et al., 2021; Souza et al., 2022). The generation of a composite by immobilization of the enzyme enhances the
kinetic and biochemical properties of enzymes enabling enzyme recycling and reuse and reducing its inhibition (Zhai
et al., 2010; Monteiro et al., 2019; Cavalcante et al., 2021; Bilal et al., 2022). Adsorption is one of the simplest and
most economical immobilization methods not requiring the use of chemicals and the generated composite can be reused
multiple times (Sassolas et al., 2012). The choice of adequate support material is crucial and several alternatives have been
proposed in the literature, including the most expensive activated carbon and nanoparticles or cheaper natural minerals
(Kamble et al., 2012; Yeniova-Erpek et al., 2015). Among the natural minerals with high abundance (zeolite, hydrotalcite,
or nanotubes), only zeolite and hydrotalcite are suitable for loading certain specific enzymes due to their limited pore
diameters and surface areas. Materials with nano-scale structures can greatly enhance the active surface available for
enzyme adsorption (Zhao et al., 2017). Halloysite nanotubes (HNTs) have a non-toxic, porous, and biocompatible structure
being suitable materials for the composite. In comparison with other nano-scale materials, they are easily obtainable
and much more cost-effective than carbon nanotubes (CNTs) (Zhai et al., 2010). Besides, materials with HNTs have high
mechanical strength compared to those with kaolinites (Gass et al., 2015). HNTs are inorganic natural clay minerals with
a large surface area consisting of two-layer aluminosilicates and have a length of between 400 and 1,000 nm. They have
a negative outer surface containing silicon dioxide (SiO2) with an outer diameter between 50 and 100 nm, and a positive
nner surface of aluminum hydroxide (AlOH3) with a lumen diameter ranging between 15 and 20 nm (Tari et al., 1999;
eniova-Erpek et al., 2015). The maintenance of the counter-charged surfaces of HNTs between pH 3 and 10 constitutes
selectivity for the immobilization of the charged molecule (Kamble et al., 2012). Besides, the most obvious difference
etween HNTs and other aluminosilicate minerals is that HNTs have a unique nanotubular structure and biocompatibility
Ferrari et al., 2017). Due to all these properties, HNTs appear to be a very attractive matrix for the immobilization of
arious molecules such as drugs, antiseptics, corrosion inhibitors, and proteins (Abdullayev et al., 2009; Patel et al., 2016;
ully et al., 2016; Rao et al., 2018). Immobilization on HNTs improves enzyme stability, activity, selectivity, and specificity,
nd prevents enzyme inhibition, thus making enzymes reusable in continuous reactors.
Central composite design (CCD) is a statistical experimental design technique used to optimize and model a response

ariable, typically in the context of engineering, chemistry, or other scientific fields. It enables the investigation of the
ovariance of variables (independent factors) to achieve the optimal response (dependent factor) with a minimal number
f experiments (Monteiro et al., 2019). In this context, CCD of the response surface methodology (RSM) was applied to
etermine the optimum values of process variables for the immobilization of the enzyme to HNTs in this study.
So far, a few studies have focused on the degradation of PAEs in the presence of a hydrolase enzyme in the literature.

owever, there are no studies on the immobilization of a hydrolase enzyme obtained from bacteria on HNTs and its
ubsequent use in the degradation of PAEs. In this sense, the study may form the basis for the use of the immobilized
nzyme to HNTs in various environmental compartments for the degradation of PAEs. Furthermore, the potential uses of
he immobilized enzyme (environmental treatment, food, pharmaceutical, industrial sectors, etc.) may expand.

In the present study, firstly, the ability of commercial lipase and esterase enzymes to degrade DBP, which is one of
he most widely used and produced PAEs, was investigated. The enzyme exhibiting the highest DBP degrading ability was
mmobilized onto HNTs generating a composite. Then, the optimal conditions for the immobilization were determined by
CD. Next, the biocompatibility between the enzyme and HNT in the composite was investigated and used to treat DBP.
inally, the generation of DBP metabolites and the reuse of the composite were investigated.

. Material and methods

.1. Materials

Pure halloysite (HNT) powder was provided by Esan, Eczacibasi Industrial Raw Materials Company (Istanbul, Turkey).
sterase enzymes (esterase from Bacillus subtilis (EC 3.1.1.1; ≥10 U/mg) and Bacillus stearothermophilus (EC 3.1.1.1; ≥0.2
2
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U/mg)) were obtained from Sigma-Aldrich and lipase enzymes (lipozyme CALB from Candida Antarctica B. (EC 3.1.1.3;
,000 LU/g), lipozyme TL 100 L from Thermomyces lanuginosus (EC 3.1.1.3; 100 KLU/g), and palatase 20,000 L from
hizomucor miehei (EC 3.1.1.3; 20,000 LU/g)) were purchased from Novozymes (Denmark). Bovine serum albumin (BSA,
99%), DBP (99%), Methanol (99.8% ACS reagent), Tween-80 and p-nitrophenyl acetate (pNPC-2, esterase substrate >98%)
ere purchased from Sigma-Aldrich. Other chemicals were of laboratory reagent grade and used without any further
urification.

.2. DBP degradation in the presence of free enzymes

To investigate the DBP degrading ability of free enzymes, a DBP solution (1,000 mg/L) was prepared in methanol. To
ncrease the solubility of DBP in the solution, Tween-80 was used as a solubilizing agent. The reaction mixture (1 mL)
onsisted of 0.1 mL of the free enzyme (1 mg/mL), 0.1 mL of 1,000 mg/L DBP in methanol, 0.1 mL of Tween-80 (1%, v/v),
nd 0.7 mL of phosphate buffer (0.1 M, pH 7). The reaction mixture was incubated for 15 min under optimum conditions
etermined by the manufacturers. After incubation of the reaction mixtures for an interval of a specific time, the samples
ere collected. 1 N HCl was added to the collected samples at a rate of 10% (v/v) to stop the enzymatic reaction (Saito
t al., 2010). All samples were filtered through a 0.22 µm PTFE syringe filter to remove particles prior to HPLC analysis.

.3. Enzyme immobilization on HNT and optimization

.3.1. HNT-enzyme composite
The enzyme immobilization by adsorption was conducted with minor modifications to the study of Wang et al. (2015).

irstly, an enzymatic solution (1 mg/mL) in which the selected enzyme was dissolved in sodium phosphate buffer (0.1 M,
H 7) and stirred well was prepared. Next, 1 ml of this solution was added to the HNTs with an Enzyme/HNTs (E/H) ratio of
.2. The obtained suspensions were vortexed for 5 min and stirred at 150 rpm in an incubator shaker for 195 min. Then,
he Enzyme-HNTs were sonicated for 30 min to eliminate the agglomeration of HNTs. They were centrifuged at 8,000
pm for 10 min. The supernatant phase was collected and then the HNT pellets with enzyme were washed twice with
he buffer (1 mL) to remove excess protein/unbounded enzyme. Following this, the supernatant and washing solutions
ere stored at 4 ◦C for the activity measurement and determination of protein concentration.

.3.2. Optimization of the parameters for the immobilization procedure
The optimization of the parameters affecting the enzyme immobilization was carried out using the RSM and more

pecifically, a central composite design face-centered (CCDFC) was selected for this purpose. This design was developed
sing the Design-Expert software 8.00 (Stat-Ease Inc., Minneapolis, USA) to explore the impact of the selected independent
ariables on the immobilization process (pH, adsorption time, E/H ratio, and temperature). These variables were labeled
s X1, X2, X3, and X4, respectively. The adsorption efficiency (%) and the specific enzyme activity (U/mg) were taken as
esponses Y1 and Y2, respectively.

A CCDFC design 24 (2-levels-4 factors) was used to determine the optimum conditions of the variables considering the
following ranges: pH (5–7), adsorption time (30–360 min), E/H ratio (0.02–0.2 mg enzyme/mg HNT), and temperature
(20–40 ◦C). In the CCDFC, the number of experimental tests (N=30) was calculated using Eq. (1) with 2n factorial runs, n
xial runs, and nC central points.

N = 2n
+ 2n + nC (1)

The statistical analysis of the model was carried out using analysis of variance (ANOVA) with Design Expert
®

8.0.0
oftware. This analysis included the Fisher’s F test (overall model significance), its associated probability values, and the
oefficient of determination R2 which measures the goodness of fit of the regression model (Rosales et al., 2012). The
esponses were expressed using a quadratic polynomial regression model to describe the correlation between responses
nd independent variables. The model Eq. (2) is as follows:

Y = β0 +

n∑
i=1

βiXi +

n∑
i=1

βiiX2
i +

n∑
i=1

n∑
j=1

βijXiXj + ε (2)

where Y represents the response of dependent variables; Xi and Xj are the independent variables; β0, βi, βii, and βij are the
mathematical model constants, the linearity coefficient of i factor, the quadratic coefficient of i factor, and the interaction
coefficient between factors (i and j), respectively; ε is an experimental uncertainty (error) that indicates the various
sources variability.

2.4. Characterization analysis

Before and after the adsorption experiments, numerous analyses were conducted to determine both the structure
and the structural changes in raw HNTs and HNT-enzyme composite. Before the characterization analysis, raw HNTs and

◦ ◦
HNT-enzyme composite were dried in a vacuum oven at 100 C and 45 C, respectively to eliminate their moisture content.

3
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2.4.1. Structural characterization of the composite
The microstructure of HNTs was examined using an FEI QUANTA 250 FEG scanning electron microscopy (SEM)

nstrument-equipped secondary detector. To observe detailed surface characteristics of HNTs and HNT-enzyme composite,
he analysis of transmission electron microscopy (TEM) was performed on MICRO JEOL JEM 1010 at 200 kV (Service of
lectronic Microscopy, C.A.C.T.I., University of Vigo, Vigo, Spain). To determine the crystal structure of the HNTs, X-ray
iffraction analysis (XRD) was carried out at 2Θ=3–80◦ using the Philips Xpert Pro XRD analyzer at a scanning rate of

0.02 ◦/min.

2.4.2. Nanotextural and chemical characterization of the composite
The nanotextural and chemical characterization was performed by Brunauer–Emmett–Teller (BET) analysis, Fourier

transform infrared spectroscopy (FT-IR), and thermogravimetric analysis (TGA). BET was performed using Mikromeritics
TriStar II Plus 3.00 to determine the surface area and micropore size distribution of HNTs and HNT-enzyme composite. FT-
IR analysis was done using JASCO FT-IR 4100 (Jasco Inc., Easton, MD, USA) equipped with an attenuated total reflectance
(ATR) accessory to examine functional groups in HNTs and HNT-enzyme composite between 4000 and 400 cm−1. The
amples were mixed with potassium bromide and pelletized. TGA was carried out using a Seteram thermogravimetric
nalyzer with a temperature range that started at room temperature and ended at 800 ◦C at a heating rate of 10 ◦C/min

under 20 mL/min N2 atmosphere to record the weight change and to indicate the thermal stability and heat resistance of
the HNTs and HNT-enzyme composite.

2.5. Degradation studies in presence of the HNT-enzyme composite

In degradation experiments conducted using immobilized enzyme, HNT-enzyme composite (5 mg) was taken in a
glass tube. Then, the reaction mixture containing 0.1 mL of DBP (1,000 mg/L), 0.1 mL Tween-80 (1%, v/v) solution, and
0.8 mL of phosphate buffer (0.1 M, pH 7) was added to the glass tube. During 1h-periods, the samples were put into an
incubator shaker to degrade 100 mg/L DBP. At the end of each cycle consisting of 1h-periods, the samples were collected.
They were vortexed for 30 s and centrifuged at 5,000 rpm for 10 min. After centrifugation, the supernatant phase was
collected, and 1 N HCl was added to the supernatant at a rate of 10% (v/v) to stop the enzymatic reaction. Then, the
supernatant was filtered through a 0.22 µm PTFE syringe filter to remove particulate material from the samples. It was
stored at 4 ◦C for further analysis. At the end of each cycle, the pellet phase with the enzyme was fed with the reaction
mixture. The relative activity was calculated after each catalytic cycle according to Eq. (3). The first measured activity of
the immobilized enzyme was assumed to be 100% (He et al., 2015).

Relative activity (%) =
Activity at the end of nth cycle
Activity at the end of 1st cycle

× 100 (3)

2.6. Analytical procedures

2.6.1. Determination of the enzyme activity and protein concentration
The enzyme activity was determined by hydrolysis of pNPC-2 according to Tekedar and Sanli-Mohamed (2011). The

assay mixture (1 mL) consisted of 0.8 mL phosphate buffer (0.1 M, pH 7), 0.1 mL of 0.5 mM pNPC-2 dissolved in acetonitrile,
and 0.1 mL of enzyme solution (1 mg/mL). This solution was incubated at optimum temperature for 5 min and then used to
determine the catalytic activity. The absorbance was spectrophotometrically measured at 400 nm. After the measurement
of the absorbance, the activity calculation will be made according to the following Eq. (4).

Enzyme activity (U/L) =
(Absorbance at 400 nm/min) · (Vt) · (DF)

(ε) · (Ve) · (d)
(4)

where Vt: Test volume (mL), DF: Dilution factor, ε: molar extinction coefficient of 4-nitrophenol at 400 nm, Ve: Volume
of enzyme used (mL), d: Lightpath (1 cm).

One unit (U) of activity is defined as the amount of enzyme releasing 1.0 µmol of 4-nitrophenol per minute at pH 7,
optimum temperature, and using pNPC-2 as a substrate. The molar extinction coefficient of 4-nitrophenol in the buffer
system is 17,215 M−1 cm−1.

The protein concentration of the initial enzyme solution, supernatant, and washing solution was determined according
to Bradford Method (Bradford, 1976). The amount of adsorbed enzyme was calculated based on a mass balance. Adsorption
efficiency (%) and enzyme loading amount (mg/mg) were calculated based on the quantity of unadsorbed protein according
to the following Eqs. (5)–(6):

Ads. eff.(%) =
Initial protein amount − (protein amount in the supernatant and washing solution)

Initial protein amount
× 100 (5)

Load. amount
(
mg

)
=

Initial protein amount − (protein amount in the supernatant and washing solution)
(6)
mg mass of HNT
4
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2.6.2. Enzyme stability and reusability tests
Enzyme stabilization is a key objective of enzyme immobilization, as it enables the preservation of enzyme activity

gainst changing conditions and allows for enzyme reuse in multiple reaction cycles (Cruz-Ortiz et al., 2011).
To perform the thermal stability tests, free esterase and HNT-enzyme composite were incubated in phosphate buffer

0.1 M, pH = 7) at various temperatures ranging from 20 to 70 ◦C. Following incubation, the samples were collected. After
ooling, the activity was measured in the presence of 0.5 mM pNPC-2 substrate.
For the storage stability tests, both free esterase and the HNT-enzyme composite were stored for 14 days. Aliquots

ere taken for a predetermined period of time to measure the enzyme activity using 0.5 mM pNPC-2 substrate.
The enzyme activity of the HNT-enzyme composite was measured to determine the reusability of the composite. The

ame sample was used repeatedly for 7 cycles of enzyme catalysis. In each cycle, the sample was incubated with 0.5 mM
NPC-2 dissolved in acetonitrile for 5 min at 30 ◦C. After incubation, the supernatant was separated to measure the
nzyme activity. The difference between the enzyme activity of the sample before incubation and that of the supernatant
fter incubation was calculated for each cycle. The remaining activity was expressed as relative activity (%).

.6.3. Determination of kinetic parameters
The kinetic parameters, including the Vmax and Km, of both free esterase and HNT-enzyme composite, were

etermined by measuring enzyme activity at various concentrations of pNPC-2 (0–50 mg/L). The Lineweaver–Burk plots
ere used to estimate the kinetic parameters.

.6.4. Analysis of DBP and its metabolites
DBP concentrations were determined under a reversed-phase using an Agilent 1260 Infinity series HPLC-DAD equipped

ith a column ZORBAX Eclipse XDB C-8 column (5 µm particle size, 150 mm × 4.6 mm i.d.). The mobile phase consisting
f acetonitrile:water (60:40, v/v) was used at a flow rate of 1 mL/min. For each injection, the volume taken from samples
as 20 µL. The analysis was carried out together with a UV detector (224 nm) at room temperature.
DBP metabolites were identified using a trapped ion-mobility spectrometry time-of-flight mass spectrometer (TIMS-

OF-MS) (Bruker Daltonics, Bremen Germany). Ionization was performed using an electrospray (ES) source with a voltage
f 3.5 kV applied to the needle and an endplate offset of 500 V. Using both positive and negative scan modes, ES spectral
ata was obtained. Data was acquired using Bruker Otof Control Software version 5.1 and processed with the Data analysis
oftware version 5.1 from Bruker Daltonics.

. Results and discussion

.1. Determination of the most suitable enzyme for DBP degradation

Before enzymatic degradation experiments, the optimal temperature for each enzyme was evaluated based on the
ptimum conditions determined by the manufacturers (Fig. SM1a). The results confirmed the optimal conditions specified
y the Manufacturers. The degradation experiments by free enzymes were performed under optimum conditions for each
nzyme (Fig. SM1b). Esterase from Bacillus subtilis degraded 100% of DBP at 30 ◦C within 15 min, however, esterase from
acillus stearothermophiluswas able to degrade 3.7 ± 0.9% of DBP at 60 ◦C at the same time. As for degradation experiments
onducted using lipase enzymes for 15 min, whereas Lipozyme CALB and Lipozyme TL 100 degraded 17.6 ± 1.17% and
5.2 ± 0.2% of DBP at 50 ◦C, respectively, Palatase degraded 95.2 ± 0.7% of DBP at 40 ◦C.
The esterase from Bacillus subtilis exhibited the best result with the highest DBP degradation efficiency (100%) in a short

time. According to Eq. (4), the activity of free esterase was determined to be 521.2 U/L at 30 ◦C. In the literature, there
re various studies on the effective use of esterase for the degradation of most PAEs. Saito et al. (2010) investigated the
bility of bovine pancreatic cholesterol esterase (CEase) to degrade DBP, DEP, di-n-propyl phthalate (DprP), di-n-pentyl
hthalate (DpeP), dihexyl phthalate (DHP), and DEHP. They found that CEase completely degraded all PAEs (5 µmol)
ithin 15 min. Zhang et al. (2014) investigated the degradation of 10 µmol PAEs (DEP, DPrP, DBP, DPeP, DHP, DEHP,
icyclohexyl phthalate (DCHP), and BBP) using esterase obtained from Sulfobacillus acidophilus. They reported that the

esterase has a high degradation rate on PAEs with short alkyl side chains, especially DBP. While the esterase was able
to degrade 35% to 82% of PAEs (10 mM) within 2 min, it degraded all PAEs within 24 h. Esterase from Bacillus sp. K91
was reported to degrade 100% of diisobutyl phthalate (10 mM) over a long duration of time (Ding et al., 2015). Similar
to the results of the aforementioned studies, esterase from Bacillus subtilis displayed a high ability to degrade DBP in this
study. Therefore, this study focused on the immobilization of esterase obtained from Bacillus subtilis as the major enzyme
responsible for DBP degradation.

3.2. Esterase immobilization

The increase of the enzyme activity and stability and also facilitating the recovery and reuse of the enzyme is a matter
of interest and the immobilization of enzymes is a tool commonly applied to fulfill these objectives. In this study, enzyme

immobilization was performed by physical adsorption on a nanoclay support (HNTs).

5
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Initially, the enzyme immobilization was studied considering an adsorption time of 360 min, pH 7, E/H 0.02, and
emperature of 20 ◦C, and the results demonstrated that the immobilized enzyme had significant activity and adsorption
fficiency. The loading efficiency and specific enzyme activity are different depending on several variables such as pH,
dsorption time and temperature, and E/H ratio. Thus, the study of the influence of the selected variables on enzyme
dsorption during the immobilization process was then tackled with both composite adsorption efficiency and the activity
s the responses (Table SM1).

.2.1. HNT-enzyme composite adsorption efficiency
The response surface analysis by ANOVA was performed (Table SM2) and the constructed regression model was

etermined to be significant (p < 0.05). Besides, the model F-value was found to be 63.14, and this large F-value related
to the p-value showed that the experiment can be modeled with less error (Sadukhan et al., 2016). All the considered
variables, the interaction terms between X1 and X4, X3 and X4, and the quadratic terms of the X1, and X4 were significant
for the esterase adsorption efficiency. The final model Eq. (7) avoiding the insignificant terms led to a reduction in the
equation representing the relationship between the independent variables and the efficiency of enzyme adsorption as
follows:

Y1 = 86.06 − 16.11X1 + 3.45X2 + 2.17X3 − 8.70X4 − 9.27X1X4 + 4.75X3X4 − 8.39X2
1 − 21.82X2

4 (7)

Among them, X2, and X3, an interaction term between X3 and X4 exhibited a positive effect on the efficiency of
enzyme adsorption. However, X1, X4, the interaction term between X1 and X4, and the quadratic terms of X1 and X4
showed a negative effect on the adsorption efficiency of esterase. To evaluate the quality of curve fitting, the coefficient
of determination (R2) and the adjusted coefficient of determination (Adj-R2) was found to be 0.98 and 0.96, respectively.
These values showed that the model has a high capability to predict the responses. Furthermore, the predicted R2 (Pred-
R2) of 0.90 was in reasonable agreement with the Adj-R2. Adequate Precision (Adeq. Precision) is known to be a test that
measures the signal-to-noise ratio (Dritsa et al., 2009). This ratio is used to compare the range of the predicted values
at design points to the average of the prediction error. If the ratio is higher than 4, it is considered acceptable. For the
adsorption efficiency, it was found to be 28.06. This also can be concluded in the model is significant. The value associated
with the Adeq. Precision suggests that obtained model can be used to navigate the design space. The coefficient of variance
(C.V.) of 5.29% indicated that the experiment had a very high precision and good reliability. The 3D response surface and
2D contour plots showing the effect of some independent parameters on the enzyme adsorption efficiency are given in
Fig. 1.

As can be seen in Figs. 1a and 1b, the maximum adsorption efficiency (95.4%) was obtained when the adsorption time
and the E/H ratio were at 360 min and 0.2 mg/mg with temperature and pH considered in the middle points, respectively.
The adsorption efficiency improved with the increase in the E/H ratio and the prolonged adsorption time. The adsorption
efficiency tends to increase along with the rise in the amount of adsorbent and enzyme (Wang et al., 2015; Mohammadi
et al., 2020). Wang et al. (2015) observed a decrease in adsorption efficiency when the E/H ratio was reduced by two-fold.
Ilgu et al. (2011) reported that there was almost no change in the immobilization efficiency of the enzyme when the
amount of their support material was increased from 1.5 to 3 mg. Similarly, increasing the amount of HNTs did not make
a significant difference in the adsorption efficiency in this study. This may be because a low amount of HNTs is sufficient
for the adsorption of a low amount of the enzyme. Moreover, a high E/H ratio should be chosen to minimize oversaturated
HNTs which can cause inappropriate and non-specific chemical adsorption (Wang et al., 2015).

In Figs. 1c and 1d, the maximum adsorption efficiency was determined at the center points where the temperature was
30 ◦C and the pH was 6. While the pH value did not have a significant effect on the adsorption efficiency, the temperature
had a positive effect on the adsorption efficiency up to a certain temperature and then the efficiency began to decrease
with the increase in the temperature. This may be due to the weakening of electrostatic interactions between enzyme and
support at high temperatures (You et al., 2015). Twaig et al. (2017) reported that the amount of active sites on the surface
of HNTs increases with increasing temperature and adsorption efficiency hereby increases. They observed a decrease in
the adsorption capacity over 35 ◦C and suggested that this decrease may be related to the conformational change on
the enzyme surface or distortion of the HNT structure. Based on this information, it may be more appropriate to set the
adsorption temperature below 40 ◦C for enzyme immobilization.

3.2.2. HNT-enzyme composite specific activity
The analysis by ANOVA of the results attained in the design of experiments concerning this response showed that the

model is significant (p-value < 0.05 and F value 1254.63) (Table SM3). The specific activity of esterase was significant
(p < 0.05) and model Eq. (8) with the significant terms was given as follows:

Y2 = 7.27 + 13.79X1 + 0.45X2 + 1.74X4 − 0.50X1X3 + 1.19X1X4 + 0.55X2X4 + 0.25X3X4 + 9.16X2
1 (8)

X1, X2, and X4, the interaction terms between X1 and X3, X1 and X4, X2 and X4, X3 and X4, the quadratic term of X1
played a significantly important role in the specific enzyme activity. The interaction term between X1 and X3 displayed a
negative effect on the specific enzyme activity. X1 was the most significant factor affecting the specific enzymatic activity
(F = 14842.97). Both the R2 and the Adj-R2 were found to be 0.99. These results indicated a great connection between
the predicted values and the actual values obtained as a result of the experiment. Besides, the Pred-R2 was determined to
6
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Fig. 1. 3D response surface and 2D contour plots: The effect on adsorption efficiency of (a-b) E/H and time, (c–d) temperature and pH, and the

effect on the specific enzyme activity of (e–f) the E/H and time; (g–h) temperature and pH.
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be 0.99. It was in reasonable agreement with the value of the Adj-R2. The F-value of the model with 1254.63 implied that
the model was significant. The Adeq. Precision value was obtained as 90.79. This value indicated the constructed model
was usable for navigating the design space. The C.V. (3.80%) which had a very low value, showed a very high degree of
precision and good reliability of the experiment. The 3D response surface and 2D contour plots showing the interaction
of the model-independent parameters on the specific enzyme activity are given in Fig. 1.

As shown in Figs. 1e and 1f, the highest specific enzyme activity was achieved when the E/H ratio and the adsorption
time were 0.2 mg/mg and 360 min, respectively. With a rise in the E/H ratio and adsorption time, the enzyme-specific
activity increased. However, the E/H ratio and the adsorption time had no significant effect on the enzyme-specific activity
in this study. Wang et al. (2015) reported that the amount of loaded enzyme and enzyme activity increased when the
incubation time was prolonged and then they reached an equilibrium. In this study, enzyme activity decreased with the
high amount of HNTs (Low E/H) and increased with the high amount of enzyme (high E/H) and then it plateaued. Wang
et al. (2010) studied laccase immobilization on silica nanoparticles and reported a similar trend for the laccase enzyme.
Mohammadi et al. (2020) investigated the effects of the amount of HNTs and enzyme on specific enzyme activity. They
reported that the enzyme activity decreased at a high amount of HNTs and enzyme. Besides, Wang et al. (2015) reported
that the amount of adsorbed lipase enzyme and enzyme activity increased with the increase in the enzyme concentration
and then reached a plateau. Lee et al. (2009) adsorbed a commercial porcine pancreas lipase on the surface of modified
nano-sized magnetite particles and observed that increased lipase concentration had an optimum concentration because
more than optimum value caused a decrease in specific enzyme activity due to protein–protein interaction hindrance
(Jiang et al., 2009).

As seen in Figs. 1g and 1h, the pH and adsorption temperature at which the enzyme has the highest specific activity
were determined to be 7 and 40 ◦C, respectively. The specific enzyme activity increased when pH and adsorption
temperature rose and then reached a plateau in this study. Generally, the temperature has a positive effect on the enzyme
activity up to a certain temperature and then the activity begins to decrease as the temperature increases (Osho et al.,
2016).

3.2.3. Optimization of the conditions for the enzyme immobilization
Based on the obtained results, the optimization of the variables was carried out considering simultaneously both

responses studied. To maximize both responses, Design Expert 8 software was used. The optimum conditions for esterase
immobilization were determined to be the pH of 7, the adsorption time of 360 min, the E/H ratio of 0.2 and the adsorption
temperature of 30 ◦C, and the adsorption efficiency and the specific enzyme activity predicted with the model were 73.15%
and 29.05 U/mg, respectively, with a desirability value of 0.796. After immobilization, the relative activity of the esterase
was determined to be 82.7%. These results were validated experimentally and the attained results were quite similar to
the predicted (71.86%, 28.5 U/mg). Under the optimal conditions, the loaded amount of enzyme on HNTs was determined
to be 1.922 mg/mg. Ilgu et al. (2011) immobilized the thermophilic recombinant esterase on chitosan nanoparticles. They
found the loading amount of the esterase on the nanoparticles as 0.85 mg/mg. Thorn et al. (2011) reported the loading
amount of feruloyl esterase on mesoporous silica materials (MPS-5D and MPS-9D) and non-porous silica as 0.034, 0.073,
and 0.031 mg/mg, respectively. Bonzom et al. (2018) determined the maximum loading amount of the esterase on MPS
to be 0.022 ± 0.03 mg enzyme/mg MPS. Compared to the other studies, the loaded amount of esterase on HNTs in this
study (1.922 mg/mg) is noticeable and it can be attributed to the structure of HNTs due to specific sites in and out of the
lumen.

3.3. Characterization analysis

Once the optimal conditions were determined, the composite was characterized and its structural and morphological
properties were evaluated.

3.3.1. Structural characterization of HNTs and HNT-enzyme composite
The characterization of the composite structure was performed using XRD, SEM, and TEM microscopy (Fig. 2a–d). The

observed diffraction peaks are indexed to the hexagonal structure of HNT (Al2Si2O5(OH)4) based on the reported values
f Halloysite 7 Åwhich complies with lattice constants: α = b = 5.13, c = 7.16 (JCPDS 00-029-1487). Bragg’s law (Eq. (9))

is used to determine the d-spacing (the interlayer distance between the layers of HNT).

λ = 2d · sinθ (9)

λ is the wavelength of the X-ray sent on the samples, and θ is the diffraction angle .
HNTs showed the first diffraction peak (001) at 12.1◦ corresponding to a basal spacing of 0.73 nm. A second diffraction

peak (100) at 20.1◦ attributed to 0.44 nm indicates the tubular structure of HNTs. Also, other diffraction peaks at 24.5◦

(002), 35◦ (110), 37.9◦ (003), 54.5◦ (210), and 62.5◦ (300) with lower intensity are ascribed to Halloysite 7 Å (Zhai et al.,
2013).

The three-dimensional structure of pure HNTs and their surface was studied using SEM. The average length of the HNTs
varies between 0.4 and 1 µm and its external diameter ranges from 70 to 100 nm. Additionally, its internal diameter is
found to be more or less 30 nm, and its average wall thickness is 10 nm.
8
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Fig. 2. Composite characterization: XRD analysis (a), SEM images (b), and TEM images of HNTs (c) and HNT-enzyme composite (d), FT-IR spectrum
e) and TGA curves (f) of HNT (black), esterase (red), and HNT-enzyme composite (blue). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article)

TEM images of the pure HNTs (Fig. 2c) and HNT-enzyme composite (Fig. 2d) showed that HNTs have a hollow tubular
tructure, and their two ends are open. Thus, after adsorption, esterase may be immobilized to the lumen and surface
f HNTs. After enzyme immobilization, small irregular formations were observed in the lumen and surface of the HNTs,
onfirming the adsorption of esterase to the HNTs. Similar results are reported in the literature by Tully et al. (2016) who
mmobilized lipase enzymes to HNTs.

.3.2. Nanotextural and chemical characterization of HNT-enzyme composite
N2 adsorption–desorption analysis was performed to determine the adsorption efficiency according to the changes

in Brunauer–Emmett–Teller (BET) surface area, pore volume, and pore diameter. BET surface area and pore volume of
pure HNTs were calculated to be 66.064 m2/g and 0.002772 cm3/g, respectively. When the enzyme is immobilized on
the support material, the surface area of HNTs decreases (Rodrigues et al., 2008). When the HNTs showed a decrease
in BET surface area from 66.064 m2/g to 37.8918 m2/g (42.64% decrease) after the esterase adsorption, the micropore
9
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volume of HNTs diminished from 0.002772 to 0.001632 cm3/g (41.12% decrease). When the average pore diameter of the
NT-enzyme composite was found to be 107,931 Å, that of HNTs was 90,325 Å. Following the enzyme adsorption, the
ecrease in the surface area and pore volume and the increase in pore diameter of HNTs could be implications for enzyme
mmobilization on HNTs.

The structure of the nanotextured composite was investigated by the FT-IR spectrum of HNTs and esterase (Fig. 2e). The
nfrared spectrum of pure HNT characteristic peaks shows the O-H stretching of water at 3696 cm−1, the OH deformation
f water at 3625 cm−1, and in-plane Si-O stretching at 1033 cm−1. In addition, the peaks at 910 cm−1 and 693 cm−1 are
aused by deformation vibrations of hydroxyl groups. Lastly, the peaks at 754 cm−1 and 540 cm−1 could be attributed
to perpendicular stretching of Si-O and deformation of Al-O-Si, respectively. The amide I (1630 cm−1) and amide II
(1535 cm−1) bands are the two most prominent vibrational bands of the protein backbone. It is apparent that both
the amide bands and characteristic peaks of HNTs in the spectrum of HNT-enzyme composite are observed. There are
significant differences between the peaks of HNTs and HNT-enzyme composite. Several researchers have attempted to
immobilize lipase on HNTs. They have obtained similar results demonstrating that the adsorption method is a practicable
method for enzyme immobilization on the HNTs (Wang et al., 2015; Mohammadi et al., 2020).

TGA was performed to prove that proteins adsorb onto HNTs (Fig. 2f). It is shown that HNTs have undergone
dehydration of the physically adsorbed water at 30 ◦C and interlayer water molecules bound by hydrogen bonds at
250 ◦C, and the dehydroxylation process at 470 ◦C. It is known that the decomposition of protein under air flow shows a
maximum mass loss in the range of 300 ◦C and 350 ◦C (Duce et al., 2017). In addition, a shoulder forms at 245 ◦C due to
the polypeptide chain thermal decomposition of esterase. At 450 ◦C and 650 ◦C, esterase undergoes the decomposition
of aggregates as well as the carbonizing and ashing of the hard residues of the proteins (Duce et al., 2017). Compared
to the HNT-enzyme composite, the free esterase displayed rapid decomposition with the increasing temperature due to
enzyme denaturation. The pure HNTs and the free esterase displayed a mass loss of 17.53% and 87.27%, respectively in the
range of 20 ◦C and 800 ◦C. As for the HNT-enzyme composite, the weight loss percentage was determined to be 20.05%
within the same temperature range. These results exhibited that the enzyme adsorption on HNTs significantly improved
the thermal resistance of the enzyme.

3.4. Stability tests

3.4.1. Thermal stability
With the increase in temperature, the HNT-enzyme composite showed a 17.5% loss in activity at 70 ◦C while the

free esterase enzyme only maintained about 5.7% of its original activity at the same temperature (Fig. SM2a). The enzyme
immobilization resulted in enhanced thermal stability at higher temperatures, which is attributed to an increase in rigidity
achieved during the immobilization process. This rigidity helps to prevent conformational changes in the enzyme’s tertiary
structure (Hartmeier, 1988; Zhai et al., 2010). Consequently, immobilized enzymes have the potential to be used in a wide
range of industrial applications (Hu et al., 2007).

3.4.2. Storage stability
As shown in Fig. SM2b, at the end of storage time for 14 days, the free esterase lost almost 21% of its original activity,

whereas the HNT-enzyme composite still retained 92% of its initial activity. Zhai et al. (2010) reported that the immobilized
urease and α-amylase on HNT retained %90 and 94% of their initial activities, respectively after 15 days of storage time.
Wang et al. (2015) conducted a test to evaluate the stability of immobilized lipase on HNTs. They reported that the
immobilized lipase maintained more than 80% of the initial activity at the end of 14 days storage, while free lipase lost
almost all of the original activity at the same time. This fact indicates that HNTs can offer a conducive environment for
immobilized enzymes, resulting in significantly improved storage stability.

3.4.3. Reusability of HNT-enzyme composite
Enzymes that have been immobilized on supports can be readily recovered and reused multiple times, which is not

possible with free enzymes that are difficult to separate from the reaction mixture. In the literature, the relative enzyme
activities after 7 repeated use following the immobilization of α-amylase (Zhai et al., 2010), urease (Zhai et al., 2010),
and lipase (Mohammadi et al., 2020) onto HNTs were reported as 56.2%, 65%, and 70%, respectively. In this study, the
HNT-enzyme composite exhibited significant stable activity even after 7 continuous cycles of the enzymatic reaction and
it retained almost 75% of its initial activity (Fig. SM3). This result demonstrated much better reusability of HNT-esterase
composite compared to other immobilized enzymes on HNTs. This may be attributed to biocompatibility between enzyme
and HNTs. Additionally, the loss in activity can be due to enzyme inactivation resulting from its repeated use (Zhai et al.,
2010).

3.5. Determination of kinetic parameters

The Km and Vmax of free esterase and HNT-esterase composite were determined using the Lineweaver–Burk plots
(data not shown). The Lineweaver–Burk plots demonstrated a linear relationship within the tested concentration range.
When the Km and Vmax of free esterase were 0.673 µM and 35.461 µM/min, respectively, these values of the HNT-enzyme
10
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composite were determined to be 1.76 µM and 52.6 µM/min, respectively. The Km value for the HNT-esterase composite
was found to be higher than that of the free esterase, indicating that the HNT-enzyme composite had a lower affinity for
the substrate and a lower tendency to interact with it. Similar results were reported in the literature (Pereira et al., 2019;
Mohammadi et al., 2020) which the HNT-enzyme composite exhibited a higher Km value than free esterase. Furthermore,
the Vmax value of the HNT-enzyme composite was 1.5-fold higher than that of the free esterase. The immobilization
process can lead to changes in the structure of the enzyme and alter its accessibility to the substrate, which can affect the
kinetic parameters. Therefore, differences in the Km and Vmax values between the free and immobilized enzymes can be
attributed to these changes (Akgöl et al., 2001; Tutar et al., 2009). In addition, the increase in the Vmax value of the HNT-
enzyme composite, despite the increase in the Km value, may be attributed to a decrease in enzyme inhibition (Rodrigues
et al., 2013). The Km and Vmax values obtained in this study may be lower than those obtained in the literature (Tekedar
and Sanli-Mohamed, 2011; Mohammadi et al., 2020). The enzyme with low Km and Vmax indicates better enzyme–
substrate binding (Sudo, 1995; Saganuwan, 2021). This fact shows that the esterase enzyme used in the study has a high
affinity with its substrate.

3.6. DBP degradation study by HNT-enzyme composite

The results of the degradation experiment showed that the free esterase enzyme (1 mg/mL) completely degraded DBP
(100 mg/L) within 15 min (Fig. 3a), and the HNT-enzyme composite continued the degradation of DBP until the end of the
3rd cycle with a 100% efficiency (Fig. 3b). Moreover, the HNT-enzyme composite was able to degrade almost 70% of 100
mg/L DBP at the end of the 7th cycle. It can be used in long cycles for DBP degradation although the free esterase could
not be used repeatedly due to the need to separate from the reaction mixture. This may be because only a part of the
HNT-enzyme composite comes into contact with DBP. Therefore, the HNT-enzyme composite exhibits good degradation
capability even after repeated use. In recent years, a few studies have focused on the degradation of DBP in the presence
of an enzyme immobilized on various materials. Dulazi and Liu (2011) immobilized lipase enzyme on chitosan beads
to degrade different types of PAEs (15 mg/L). They reported that the lipase immobilized on chitosan beads degraded
73.05% of DBP in a solution consisting of a mixture of different types of PAEs. Sungkeeree et al. (2017) conducted a DBP
degradation study using an immobilized esterase obtained from Sphingobium sp. SM42 on amine-functionalized supports.
They reported that the immobilized esterase degraded 99% of 10 mM DBP and 30% of 100 mM DBP within 18 h. In this
study, the HNT-enzyme composite with high activity exhibited high degradation efficiency in long cycles. It may be related
to the biocompatibility between the esterase and HNTs. Because the reusability of the immobilized enzyme depends on
the support material and the substrate (Zhai et al., 2010).

Contrary to the free esterase, the HNT-enzyme composite could be separated easily in the reaction mixture and
subsequently reused. At the end of each degradation cycle, the activity of the composite was assayed again. Free esterase
enzyme could not be reused in degradation experiments. During the degradation experiments with the 7 cycles of 1h-
periods, the relative activity and the mass percentage of the esterase immobilized on HNTs were given (data not shown).
The mass percent of the esterase on HNTs was 71% at the 3rd cycle and this percentage was determined to be 48% at the
end of the experiment. It was understood that approximately 50% of the esterase immobilized on HNTs was released at
the end of the experiment. Furthermore, while the esterase immobilized on HNTs retained 70% of its initial activity in
the 3rd cycle in the degradation experiment, it lost 55% of initial activity at the end of the 7th cycle. This decrease in the
activity of the HNT-enzyme composite can be attributed to the accumulation of metabolites that covers the enzyme and
has an effect on the next degradation cycles (Zhai et al., 2013).

3.7. Investigation of DBP metabolites

After the degradation experiments, the metabolites of DBP were identified based on mass spectra at a particular
retention time (RT) as shown in Fig. SM4. DBP solution without the esterase was used as the control sample in HPLC-
MS analysis (Fig. SM4a). The obtained m/z ratios by mass spectrometry were compared to those of compounds in the
literature. The m/z ratio for DBP was 279.15 (RT 22.6 min). After degradation experiments in the presence of free esterase,
phthalic anhydride (M1; m/z 149.02; RT 2.8 min), DMP (M2; m/z 163.0388; RT 6.9 min), mono butyl phthalate (MBP;
M3; m/z 223.0961; RT 9.7 min) and butyl methyl phthalate (BMP; M4; m/z 259.039; RT 15.4 min) were detected as
the metabolites of DBP (m/z) in the presence of methanol (Fig. SM4b). MBP, BMP, and DMP are likely to be formed by
transesterification reaction in the presence of methanol as a result of the DBP degradation experiments (Kim and Lee,
2005; Ahn et al., 2006; Kumar et al., 2017). Besides, Okamoto et al. (2011) reported that PAEs undergo transesterification
which is the process of exchanging the alkyl group of an ester with the alkyl group of an alcohol. Phthalic acid (PA)
which is formed by the de-esterification reaction of PMEs was reported in many studies as a metabolite of PAEs via
bacterial (Feng et al., 2002) or enzymatic degradation (Saito et al., 2010; Dulazi and Liu, 2011). Then, phthalic anhydride
is formed as a result of the dehydration of PA. In this study, the other peaks observed in the chromatograms were
determined to be polymer. Kim and Lee (2005) studied the degradation of DBP by free esterase and cutinase. They
identified three metabolites; 1,3 isobenzofurandione (IBF), DMP, and BMP. In the study, firstly, DBP was converted to 1,3
isobenzofurandione (IBF) at the end of 7.5 h in the presence of cutinase and then, the amount of BMP began to increase as
that of IBF decreased after the 3rd day. It was reported that BMP was the major metabolite of DBP degradation conducted
11
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Fig. 3. DBP degradation efficiency in the presence of (a) free esterase and (b) HNT-enzyme composite.

sing the esterase. IBF was not detected in this study. This is because the formation of the metabolites significantly
epends on the enzyme used in the study. IBF is a major degradation product in the DBP degradation study in the presence
f cutinase (Ahn et al., 2006). Fang et al. (2010) conducted a study on DBP degradation using a bacteria (Enterobacter sp.

T5) isolated from municipal solid waste and they reported that the major DBP metabolites were MBP and PA. Kumar
et al. (2017) conducted a study on the biodegradation of DBP using two isolated bacteria (Pseudomonas sp. V21b and
Comamonas sp. 51F) from municipal solid waste. They identified MBP and PA to be the metabolites of DBP. Fang et al.
(2017) investigated the biodegradation of DBP in the presence of Acinetobacter sp. strain LMB-5 isolated from soil. There
were four metabolites of DBP, 1,2 benzenedicarboxylic acid, butyl methyl ester, DMP, and PA during DBP degradation.
Generally, most DBP metabolites identified in the literature were found as a result of DBP degradation in the presence
of the esterase in this study. It is apparent from Fig. SM4c that MBP, BMP, DMP, and phthalic anhydride appeared in
12
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the HPLC chromatogram at the end of the degradation experiment conducted using the HNT-enzyme composite for
1 h. PAEs and their metabolites tend to be adsorbed in the support materials (Dulazi and Liu, 2011). Compared to Fig.
SM4b and SM4c, there were differences in the peak areas of metabolites that occurred in the presence of free enzyme
and HNT-enzyme composites. This fact may be due to the adsorption of some PAE metabolites on the HNT-enzyme
composite. For this reason, the peak area may be visible at a lower intensity. As seen in the HPLC-MS chromatograms, all
metabolites that appeared in the presence of free esterase during DBP degradation were found in the presence of the HNT-
enzyme composite. As a result of this study, it is understood that the HNT-enzyme composite metabolizes DBP to phthalic
anhydride. This may be an indication that the esterase does not lose its characteristic properties after immobilization and
can be used as an effective degrader during long cycles of degradation experiments.

4. Conclusion

In this study, the ability of esterase and lipase enzymes obtained from various microorganisms to degrade DBP was
nvestigated. Esterase from Bacillus subtilis displayed the highest DBP degradation ability and then it was immobilized
n halloysite nanotubes (HNTs) with the adsorption method under optimal conditions. The HNT-enzyme composite was
epeatedly used in the DBP degradation over time, retaining most of its initial activity. Whereas the free esterase revealed
high ability to degrade DBP in a short time, the immobilized esterase could be used with a high degradation ability
uring long cycles. It has been confirmed that HNTs are a desirable natural support material to overcome the limitation
f enzyme catalytic activity, and also the esterase obtained from Bacillus subtilis is an effective degrader of DBP. All these
esults support the fact that the HNT-enzyme composite can be more suitable for future practical applications in the
emediation of phthalic acid esters in different environments.
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