
Journal of Molecular Liquids 354 (2022) 118849
Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier .com/locate /mol l iq
Insight into immobilization efficiency of Lipase enzyme as a biocatalyst
on the graphene oxide for adsorption of Azo dyes from industrial
wastewater effluent
https://doi.org/10.1016/j.molliq.2022.118849
0167-7322/� 2022 Elsevier B.V. All rights reserved.

⇑ Corresponding authors at: Department of Environmental Health Engineering,
School of Public Health, Tehran University of Medical Sciences, Tehran, Iran (M.H.
Dehghani).

E-mail addresses: mubarak.yaseen@gmail.com (N.M. Mubarak),
hdehghani@tums.ac.ir (M.H. Dehghani).
Lim Wen Yao a, Fahad Saleem Ahmed Khan a, Nabisab Mujawar Mubarak b,⇑, Rama Rao Karri b,
Mohammad Khalid c, Rashmi Walvekar d, Ezzat Chan Abdullah e, Shaukat Ali Mazari f, Awais Ahmad g,
Mohammad Hadi Dehghani h,i,⇑
aDepartment of Chemical Engineering, Faculty of Engineering and Science, Curtin University, 98009 Miri Sarawak, Malaysia
b Petroleum and Chemical Engineering, Faculty of Engineering, Universiti Teknologi Brunei, Bandar Seri Begawan BE1410, Brunei Darussalam
cGraphene & Advanced 2D Materials Research Group (GAMRG), School of Engineering and Technology, Sunway University, No. 5, Jalan University, Bandar Sunway, 47500,
Subang Jaya, Selangor, Malaysia
dDepartment of Chemical Engineering, School of New Energy and Chemical Engineering Xiamen University Malaysia, Jalan Sunsuria, Bandar Sunsuria, Sepang 43900,
Selangor, Malaysia
eMalaysia-Japan International Instute of Technology, Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia
fDepartment of Chemical Engineering, Dawood University of Engineering and Technology, Karachi 74800, Pakistan
gDepartamento de Quimica Organica, Universidad de Cordoba, Edificio Marie Curie (C-3), Ctra Nnal IV-A, Km 396, E14014 Cordoba, Spain
hDepartment of Environmental Health Engineering, School of Public Health, Tehran University of Medical Sciences, Tehran, Iran
i Institute for Environmental Research, Center for Solid Waste Research, Tehran University of Medical Sciences, Tehran, Iran

a r t i c l e i n f o a b s t r a c t
Article history:
Received 10 December 2021
Revised 30 January 2022
Accepted 28 February 2022
Available online 03 March 2022

Keywords:
Graphene oxide
Lipase
Enzyme immobilization
Methyl orange dye
Isotherm and kinetic
Wastewater effluent
Immobilization of enzymes improves their stability, performance, reusability, and recovery. This study
investigated the removal of Azo dyes from industrial wastewater effluent using immobilized Lipase
enzyme on Graphene Oxide (GO) in batch mode. The Lipase enzyme extracted from Porcine Pancreas
was immobilized onto the GO via adsorption, where the enzymes are attached to the support by inter-
molecular forces. This study aims to investigate the immobilization efficiency of Lipase on the GO and
determine the effect of parameters such as Lipase concentration, pH, and temperature on the enzyme
activity. The results showed that the enzyme activity increased with the Lipase concentration, pH and
temperature until an optimum point was achieved. The saturation of support surface pores causes the
loss of enzyme activity due to the excessive Lipase enzyme, structural deformation of the support surface
and enzyme denaturation due to extreme pH and temperature. The immobilized Lipase activity and free
Lipase activity were compared. The optimum Lipase concentration is 6 mg/mL, with the greatest immo-
bilization efficiency and highest enzyme activity. Besides, the optimum pH for the highest immobilized
Lipase activity is 8.0, and the optimum temperature is 40 �C. The characterization results confirmed
the immobilization of the Lipase enzyme. Adsorption isotherm and kinetic studies are also carried out
to investigate the dye removal performances. The highest Azo dye removal efficiency obtained is
89.47% at 240 min of contact time and 5 mg/L of initial dye concentration. Further, the reusability of
the immobilized Lipase was also investigated and found that the immobilized Lipase can be reused up
to four cycles. Thus, the adsorption of dyes through immobilized lipase on GO can significantly impact
various industrial sectors.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Environmental pollution has been one of the major problems in
developing countries nowadays. The discharge of the dyes to the
wastewater from industries such as textiles, cosmetics, plastics,
papers, rubbers, printing, pharmaceutical industries has been
regarded as a significant source of water pollution [1,2]. Azo dyes
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are the major synthetic dyes class consisting of an azo functional
group (AN@NA) and two aromatic radicals in their chemical struc-
tures. They are the most commonly used dyes in industries as they
account for approximately 70% of all industrial dyes [3]. Azo dyes
are considered one of the major pollutants in industrial wastewa-
ter because of their toxic, mutagenic, teratogenic, and carcinogenic
nature, which can endanger the photosynthesis activity of aqueous
ecosystems due to the reduction in light penetration [4].

Moreover, aquatic life, wildlife, and human beings are also be
threatened due to toxic amines in the azo dye effluents. Methyl
orange (MO) dye is classified as an azo dye. Its complex aromatic
molecular structure makes them stable towards heat, light, and
non-degradable under natural environmental conditions [5,6].

In recent years, enzyme immobilization technology has gained
broader interest as a promising tool for removing dyes from aque-
ous solutions or industrial wastewater due to their intrinsic prop-
erties [7]. Enzymes are widely used in different reactions to act as
effective catalysts that minimize the reaction steps and time and
the number of hazardous solvents required, making the processes
more environmental-friendly and cost-effective [8]. Enzyme
immobilization is a process of adhering enzyme molecules onto
insoluble solid support to enhance enzyme performances [9]. The
enzymes’ movement in space is restricted entirely or into a small
limited space after the immobilization [10]. The immobilized
enzyme has better performance in terms of higher thermal and
operational stability, stronger tolerance in extreme pH and tem-
perature conditions, greater ease of enzyme separation, improved
reusability and recovery, and reduced production costs than the
free enzymes [11]. However, the immobilized enzymes usually
show lower activity than the free enzymes due to the relative dif-
ficulty accessing the substrate after the enzymes are immobilized
on the support [9].

Furthermore, the technique used to immobilize the enzyme is
considered one of the most crucial factors influencing immobilized
enzyme performances. Some common enzyme immobilization
techniques have been executed, such as adsorption, covalent bond-
ing, cross-linking, entrapment, and encapsulation [7,12]. Adsorp-
tion is the most common and simple but reversible technique
involving physically attaching the enzyme molecules onto the sup-
port surface by weak intermolecular forces like Van der Waals,
ionic interaction, hydrogen bonding, etc. [12].

The support needs to have reactive functional groups, high
affinity to enzyme, stable interactions with enzyme, high availabil-
ity, and cost-effectiveness. Many support materials can be selected
for the enzyme immobilization process, such as organic, inorganic,
hybrid, and composite origin [7,8]. There are different types of sup-
port materials like chitosan, polyacrylonitrile beads, clays, kaolin,
and metal oxides, which have been successfully immobilized with
enzymes and studied by several researchers [13–18].

In this study, GO was used as the immobilization support, and it
has been regarded as an ideal enzyme immobilization substrate
owing to its unique chemical and structural properties [19]. GO
has attracted great attention because of its characteristics such as
specific large accessible surface area, excellent chemical and ther-
mal stability, high adsorption capacity, good biocompatibility, and
may even improve biocatalytic enzyme activity [8,20,21]. It is use-
ful and effective in removing various pollutants from wastewater
such as dyes, phenols, and heavy metal ions. GO is made up of hon-
eycomb carbon structure and comprised of oxygen-based func-
tional groups such as hydroxyl group (AOH), carbonyl group
(C@O), alkoxy (CAOAC), the carboxylic acid (ACOOH), etc. [22].
The presence of the oxygen functionalities in GO facilitates the cre-
ation of strong enzyme-matrix interactions and easy dispersibility
in water or other organic solvents [8].

Furthermore, graphene-based supports can protect the enzyme
inactivation due to their antioxidant properties, which intensify
2

the removal of free radicals from the reaction mixtures [8]. Because
of these features, enzymes such as Lipases or Peroxidases have
been successfully immobilized on the GO surfaces according to
the previous studies [23,24]. An improved Hummer’s method can
be said as the most appropriate method used to synthesize the
GO because it eliminates the use of Sodium Nitrate (NaNO3) and
prevents the emissions of nitrogen dioxide (NO2) and dinitrogen
tetraoxide (N2O4) toxic gases [25]. Besides, it has better GO produc-
tion, a more organized GO structure, and more oxidized GO is pro-
duced compared to Brodie, Staudenmaier, and Hummer’s method
[26]. Hence, this method is regarded as a more environmental-
friendly, safe, efficient, and low-cost method.

Lipase from Porcine Pancreas (PPL) was used as the enzyme
immobilized on the GO support in this study. PPL is attractive for
industrial applications because of its accessibility, broad specificity
for non-natural substrates biotransformation, and high stability
[27]. It also has a lower cost than other commercial microbial
and animal Lipases. Lipase enzyme is a robust and efficient biocat-
alyst capable of breaking down lipids with high selectivity and
wide substrate specificity. The main role of the Lipase enzyme is
to catalyze the hydrolysis of triglycerides into free fatty acids, glyc-
erol, monoacylglycerols, and diacylglycerols [28]. In this study, the
immobilization of the Lipase enzyme on GO was performed, and
the immobilized Lipase-GO was used to remove MO from an aque-
ous solution via adsorption in batch mode.

This research aims to assess the influence of various factors on
Lipase immobilization efficiency on the GO and the effect of Lipase
concentration, pH, and temperature on enzyme activity and
reusability of immobilized Lipase. Furthermore, using parametric
assessment, this study attempts to compare immobilized Lipase
activity to free Lipase activity. In addition, the influence of contact
time and initial dye concentration on dye removal efficiency is
being investigated in this study. Dye removal performance has also
been studied using adsorption isotherms and kinetic
investigations.
2. Materials and methods

2.1. Materials

The Porcine Pancreas Lipase (PPL) and Graphite (molecular
weight: 12.01 g/mol) were purchased from Sigma-Aldrich in pow-
der form. Phosphate Buffered Saline (PBS) was purchased from
Sigma-Aldrich in tablet form. Sulphuric Acid (H2SO4, 98%), Phos-
phoric Acid (H3PO4, 85%), Potassium Permanganate (KMnO4),
Hydrogen Peroxide (H2O2, 30% w/v), Hydrochloric Acid (HCl,
37%), Ethanol (C2H5OH), Phenolphthalein indicator (C20H14O4),
Sodium Hydroxide (NaOH, molecular weight: 40.00 g/mol), Boric
Acid (H3BO3, molecular weight: 61.83 g/mol) and Methyl Orange
(C14H14N3NaO3S, molecular weight: 327.34 g/mol) were purchased
from Merck KGaA (Darmstadt, Germany). Gum Acacia (5% w/v)
was prepared using Gum Acacia powder purchased from Fisher
Scientific, UK. Citric Acid Monohydrate (C6H8O7�H2O, molecular
weight: 210.15 g/mol), Sodium Citrate Dihydrate (C6H5Na3O7�2H2-
O molecular weight: 294.04 g/mol), and Sodium Tetraborate Dec-
ahydrate (B4Na2O7�10H2O, molecular weight: 381.36 g/mol),
quartz or glass or plastics were also obtained from Fisher Scientific,
UK. Extra Virgin Olive Oil was purchased from the local market in
Miri, Sarawak. Whatman� PTFE Membrane Filters (50 mm) were
purchased from GE Healthcare, UK.
2.2. Synthesis of graphene oxide

Synthesis of Graphene Oxide (GO) was carried out using the
improved Hummer’s method before immobilizing the enzyme
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and batch adsorption of dye. There are two main methods for syn-
thesizing GO: top-down and Bottom-up methods. The top-down
method involved mechanical exfoliation, chemical exfoliation,
and chemical fabrication. The Bottom-up method included pyroly-
sis, epitaxial growth, chemical vapor deposition (CVD) and plasma
synthesis (Lim et al. 2018). The Top-down methods are the more
favourable and commonly used method than the Bottom-up meth-
ods because they have their drawbacks of time-consuming and
scalability challenges. Top-downmethods refer to the raw graphite
attack to separate its layers to produce graphene sheets. Chemical
exfoliation can be the best method to carry out with two proce-
dures. The first step is to reduce the weak Van der Waals forces
of the interlayer spacing increment. The second procedure is exfo-
liating the graphene into a single layer thin by sonication or fast
heating [26]. Hummer’s method is a chemical exfoliation method
that is safer, more efficient and has a higher oxidation level than
the Staudenmaier or Brodie methods. This improved Hummer’s
method eliminates the use of Sodium Nitrate (NaNO3), causing
the emission of toxic gases.

The synthesis of GO was carried out using the improved Hum-
mer’s method. Firstly, an ice bath was set up on the magnetic stir-
rer. 90 mL of Sulphuric Acid (H2SO4) and 10 mL of Phosphoric Acid
(H3PO4) were mixed in the ice bath and then stirred for 30 min. The
temperature is kept below 20 �C. Next, 3 g of Graphite powder and
18 g of Potassium Permanganate (KMnO4) were added to the mix-
ture. The mixture was continued to stir for another 30 min again,
and the mixture has turned into muddy green. The ice bath was
then removed. After that, the mixture was warmed to 35 �C and
continued to stir for another 2 h at 35 �C until it turned dark
brown. Next, 200 mL of pure distilled water was slowly added.
The mixture solution was kept stirring for a few minutes, and then
another 200 mL of distilled water was added again. 20 mL of
Hydrogen Peroxide (H2O2) was also added to stop the KMnO4 reac-
tion. After adding the H2O2, the mixture solution was left overnight
for settling.

After the synthesized GO had settled to the bottom of the flask,
the supernatant was discarded to another breaker using Pipette.
The pH value of the supernatant was tested using the pH meter
and recorded. Then, the GO was centrifuged for 30 min at
6000 rpm using the Benchtop Centrifuge Machine for further sep-
aration. After the centrifugation, the supernatant was removed
again. The separated GO was washed with the 10% HCl to dissolve
any metal impurities and then washed 5 to 6 times with distilled
water until pH 7 of the supernatant was obtained. Lastly, the
washed GO was frozen in the freezer and then freeze-dried for
24 h using the freeze-dryer. The dried GO was stored at room tem-
perature for further usage.

2.3. Preparation of buffer solutions

There were three types of buffer solutions prepared for the
experiments: Phosphate buffered saline (PBS) solution, Citrate-
Sodium Citrate buffer solution, and Boric Acid-Borax buffer solu-
tion. The citrate-Sodium Citrate buffer solution was used for pH
3.0–6.0, PBS solution was used for pH 7.0, and Boric Acid-Borax
buffer solution was used for pH 8.0–9.0. Firstly, 0.1 M Sodium
Hydroxide (NaOH) solution was prepared by dissolving 4 g of
Sodium Hydroxide in 1 L of distilled water. After that, 1 L of
0.01 M PBS solution at pH 7.0 was prepared by dissolving the five
PBS tablets in 1 L of distilled water. Next, to prepare 500 mL of the
0.05 M Citrate-Sodium Citrate buffer solution at pH 3.0, 400 mL of
distilled water was first prepared in a beaker. Then, 4.89 g of Citric
Acid and 0.51 g of Sodium Citrate were added and dissolved in the
solution. The solution was adjusted to the desired pH using
Hydrochloric Acid (HCl) or Sodium Hydroxide (NaOH). Once the
desired pH was obtained, distilled water was added until the vol-
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ume of 500 mL, and then the buffer solution was kept in a volumet-
ric flask and labelled properly for further usage. The procedures
were repeated to prepare 500 mL of the 0.05 M Citrate-Sodium
Citrate buffer solution at pH 5.0, but the amount of Citric Acid
and Sodium Citrate used was changed to 2.15 g 4.34 g, respectively.
To prepare 500 mL of the 0.05 M Citrate-Sodium Citrate buffer
solution at pH 6.0, the procedures were repeated with 1 g of Citric
Acid and 5.96 g of Sodium Citrate.

On the other hand, the procedures were the same for preparing
the 0.05 M Boric Acid-Borax buffer solution, but Boric Acid and
Borax replaced the Citric Acid and Sodium Citrate. To prepare
500 mL of the 0.05 M Boric Acid-Borax buffer solution at pH 8.0,
1.08 g of Boric Acid and 0.72 g of Borax were used. To prepare
500 mL of the 0.05 M Boric Acid-Borax buffer solution at pH 9.0,
0.31 g of Boric Acid and 1.91 g of Borax were used. All the buffer
solutions were labelled and stored in the enzyme immobilization
and enzyme activity testing experiments.

2.4. Immobilization of Lipase on the GO

Before starting the immobilization process, the dispersion of GO
was performed by using ultra-sonication. Firstly, five sets of GO
with 0.05 g each were prepared. Then, 5 mL of the Phosphate buf-
fered saline (PBS) solution (pH 7.0) was added to each set of the GO
as the dispersion solvent. The GO and PBS mixtures were stirred for
a few minutes and then ultrasonicated for 5 min. After the GO had
been dispersed, immobilization of Lipase was carried out via the
adsorption method.

The Lipase enzyme solution with different concentrations of 2,
4, 6, 8 and 10 mg/mL was prepared. This determines the effect of
different initial Lipase concentrations on the amount of enzyme
bound to the GO and investigates their enzyme activity. The 5
Lipase solutions with different concentrations were prepared by
dissolving the Lipase enzyme in the PBS solution (pH 7.0) and
labelled. Next, the 5 Lipase solutions were mixed with the dis-
persed GO solutions. The 5 mixture solutions were stirred for a
few minutes and then shaken at 120 rpm for 3 h at room temper-
ature using the orbital shaker for the adsorption immobilization
process. After 3 h of stirring, the immobilized Lipase was separated
by vacuum filtration using the PTFE membrane filters and washed
2–3 times using the PBS solution to remove any unbounded
enzyme. The 5 sets of filtered immobilized Lipase with different
initial Lipase concentrations were dried in the oven for 24 h at
35–40 �C. Lastly, the dried immobilized Lipase was weighed to
determine the amount of enzyme bound to the GO and calculate
the immobilization efficiency. The amount of enzyme immobilized
was determined by measuring the weight of GO before and after
the immobilization. The immobilized enzyme performance can
be expressed as the immobilization efficiency (IE) percentage,
which can be determined as the ratio of the amount of enzyme
immobilized on the support to the total amount of enzymes intro-
duced [7]:.

Immobilization efficiency; IEð%Þ ¼ Y0 � Y1

Y0
� 100 ð1Þ

where Y0 and Y1 represent the total amount of enzyme introduced
into the solution and the number of unbounded enzymes,
respectively.

2.5. Determination of enzyme activity

The Lipase-specific hydrolytic activity was determined based on
the amount of fatty acid liberated using olive oil emulsion as the
substrate and the NaOH titration method. Firstly, 5 (w/v) % gum
acacia was prepared by dissolving 5 g of gum acacia powder in
100 mL of distilled water to prepare the olive oil emulsion. After
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that, 50 mL of the Gum Acacia was mixed with 50 mL of olive oil
and then pre-incubated for 15 min in 35 �C [29]. After the incuba-
tion, the olive oil emulsion was ready as the substrate for testing
the enzyme activity. On the other hand, to investigate the immobi-
lized Lipase activity, the immobilized Lipase solution was prepared
by mixing the immobilized Lipase with PBS solution (pH 7.0) and
then added to the oil emulsion [29]. The immobilized Lipase and
oil emulsion mixture solution were stirred for a few minutes and
then incubated for 1 h at 35 �C before performing the titration
[30]. After 1 h of incubation, 10 mL of ethanol and 2–3 drops of
1% (w/v) Phenolphthalein were added into the mixture solution
to stop the reaction [31]. Next, a blank solution was prepared by
mixing the PBS solution and oil emulsion without enzymes. Then,
0.1 M Sodium Hydroxide (NaOH) solution was also prepared by
dissolving 4 g of Sodium Hydroxide in 1 L of distilled water. Lastly,
titration was carried out in which the mixture solution and blank
solution were titrated with the 0.1 M NaOH until the light pink col-
our appeared. The amount of NaOH titrated was recorded, and the
specific hydrolytic activity was calculated using the equation [30]:.

Specific hydrolytic activ ity ðlmol=min � gÞ ¼ ðx� yÞ �M
W � t

ð2Þ

where x and y represent the amount of NaOH titrated for the sample
and blank, respectively (mL). M is the molarity of NaOH, which is
0.1 M for this experiment. W is the weight of the sample (g), and
t is the time of reaction (min).

2.5.1. Effect of Lipase concentration on the enzyme activity
The hydrolytic activity of the immobilized Lipase with different

Lipase concentrations of 2, 4, 6, 8 and 10 mg/mL was measured,
and the effect of Lipase concentration on the specific activity was
studied. Firstly, the 5 sets of immobilized Lipase generated in Sec-
tion 2.4 using 5 different initial Lipase concentrations were dis-
solved in 3 mL of PBS solution (pH 7.0) each. Besides, 5 mL of the
oil emulsion was transferred into 5 different containers. Then, each
oil emulsion was added to each immobilized Lipase solution and
stirred for a few minutes. The 5 mixture solutions were incubated
for 1 h in 35 �C [30]. Another 5 mL of the oil emulsion was mixed
with 3 mL of PBS solution in another beaker to prepare a blank
solution. After preparing all 5 sets of the immobilized Lipase solu-
tions and blank solution, the specific hydrolytic activity of immobi-
lized Lipase was tested and calculated according to the procedures
and formula stated in Section 2.5. Lastly, all the steps were
repeated for testing the free Lipase activity, and the results of using
immobilized Lipase and free Lipase were compared.

2.5.2. Effect of pH on the enzyme activity
The effect of different pH on the Lipase hydrolytic activity was

investigated by varying the pH from 3.0, 5.0, 6.0, 7.0, 8.0 and 9.0.
Firstly, 6 sets of immobilized Lipase were prepared with the same
initial Lipase concentration of 6 mg/mL. After that, 3 mL of 6 differ-
ent buffer solutions generated in Section 2.3 at pH 3.0, 5.0, 6.0, 7.0,
8.0 and 9.0 were prepared in 6 different containers. Then, the 6 sets
of immobilized Lipase were dissolved in the 6 different buffer solu-
tions. On the other hand, 5 mL of the oil emulsion was transferred
into 6 different containers. Each oil emulsion was then added to
each immobilized Lipase solution and stirred for a few minutes.
The 6 mixture solutions were then incubated for 1 h at 35 �C. In
this case, 6 blank solutions with different pH were prepared by
mixing another 3 mL of the 6 different buffer solutions with
5 mL of oil emulsion each. After preparing all 6 sets of the immo-
bilized Lipase solutions and blank solutions, the specific hydrolytic
activity of immobilized Lipase was tested and calculated according
to the procedures and formula stated in Section 2.5. Lastly, all the
steps were repeated for testing the free Lipase activity, and the
4

results of using immobilized Lipase and free Lipase were
compared.

2.5.3. Effect of temperature on the enzyme activity
The effect of different temperatures on the Lipase hydrolytic

activity was studied by varying the incubation temperature as
40, 50, 60, 70 and 80 �C. Firstly, 5 sets of immobilized Lipase were
prepared with the same initial Lipase concentration of 6 mg/mL.
Then, the 5 sets of immobilized Lipase were dissolved in 3 mL of
PBS solution (pH 7.0) each. Next, 5 mL of the oil emulsion was
transferred into 5 different containers. Each oil emulsion was
added to each immobilized Lipase solution and stirred for a few
minutes. The mixture solutions were incubated for 1 h at 40, 50,
60, 70 and 80 �C each. Besides, another 5 mL of the oil emulsion
was mixed with 3 mL of PBS solution in another beaker to prepare
a blank solution. After preparing all 5 sets of the immobilized
Lipase solutions and blank solution, the specific hydrolytic activity
of immobilized Lipase was tested and calculated according to the
procedures and formula stated in Section 2.5. Lastly, all the steps
were repeated for testing the free Lipase activity, and the results
of using immobilized Lipase and free Lipase were compared.

2.6. Batch adsorption of methyl orange dye using immobilized Lipase-
GO

A methyl orange stock solution with a concentration of 25 mg/L
was prepared, and it was diluted with distilled water to produce
MO dye solutions with a concentration of 5, 10, 15, 20 and 25 mg/L.
After that, the absorbance of all the dye solutionswith different con-
centrations was measured using the UV–Vis to develop the calibra-
tion curve of absorbance versus concentration. The effect of
different contact times and initial dye concentration on the dye
removal efficiency were studied. Firstly, the immobilized Lipase-
GO was prepared with the same initial Lipase concentration of
6mg/mL. Then, 20mL of theMOdye solutionwith an initial concen-
tration of 5mg/L was prepared in a beaker, and 0.5 g of the immobi-
lized Lipase-GOwas added into the dye solution. 1mL of the sample
was taken out after every contact time of 30, 60, 90, 120, 150, 180,
210, and 240 min. The samples were then centrifuged using the
Benchtop Centrifuge machine to separate contaminants. After the
centrifugation, the absorbance of the samples was measured using
theUV–Vis, and theirfinal concentrationsweredeterminedby refer-
ring to the calibration curve developed. The dye removal efficiency
for every contact time was calculated using the initial and final dye
concentration values with the equation:.

Dye removal efficiency %ð Þ ¼ C0 � Ci

C0
� 100% ð3Þ

where, C0 represents the initial concentration and Ci represents the
final concentration. Lastly, the experiment was repeated for differ-
ent initial dye concentrations of 10, 15, 20 and 25 mg/L.

All the experiments were repeated thrice and observed that the
error plots show that the standard deviation is less than 2%. The
average value is used for further analysis.

2.7. Reusability of immobilized lipase

Experimental studies are conducted to investigate the perfor-
mance in the reusability of the immobilized Lipase on the dye
removal process. The dye adsorption process was carried out
regarding the same procedures stated in Section 2.6, using 5 mg/
L of initial dye concentration. However, after each cycle of the
removal process, the immobilized Lipase was filtered out by vac-
uum filtration and then reused again on a new 5 mg/L dye solution
for the next cycle. The dye solution after each cycle was taken to
centrifugation using Benchtop Centrifuge Machine to separate
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any contaminants, and its absorbance was measured using UV–Vis.
The absorbance value obtained was used to determine the final dye
concentration after the adsorption process by referring to the cal-
ibration curve. Then the dye removal efficiency for each cycle
was calculated.

3. Adsorption isotherms

Adsorption isotherm study illustrates the equilibrium relation-
ship between the amount of dye particles adsorbed per unit mass
of adsorbent (q) and the concentration of adsorbable dye particles
in the solution (C) at a particular temperature. This study discusses
two types of adsorption isotherm: Langmuir and Freundlich iso-
therm [32,33]. The equilibrium dye concentration, Ce was obtained
when the dye solution concentration had no further changes dur-
ing the batch adsorption process after a certain contact time. After
that, the equilibrium amount of dye molecules adsorbed on the
absorbent, qe was calculated using the equation:.

qe ¼
VðC0 � CeÞ

m
ð4Þ

where, C0 and Ce represents the initial and equilibrium concentra-
tion of the adsorbable molecules in the liquid phase, respectively,
V is the volume of the solution, and m is the mass of the adsorbent.

3.1. Langmuir isotherm

Some assumptions were made while performing the Langmuir
isotherm. The adsorbates were adsorbed on the solid surface in
monomolecular layer form only, which means that each of the sites
on the surface holds only one adsorbate molecule. All the sites are
equivalent, and the adsorbate molecules have no interactions with
the adjacent sites. For liquid–solid equilibrium, Langmuir isotherm
is expressed by the equation [34]:.

qe ¼
qmKLCe

1þ KLCe
ð5Þ

where, qe represents the amount of dye molecules adsorbed at equi-
librium per gram of adsorbent (mg/g), qm is the maximum quantity
of dye molecules adsorbed per gram of adsorbent (mg/g), KL is the
Langmuir-isotherm constant and Ce is the dye molecules concentra-
tion in the mixture solution at equilibrium (L/mg).

In linear form [35]:.

Ce

qe
¼ 1

qmKL
þ Ce

qm
ð6Þ

The graph of Ce
qe
against Ce was plotted with the slope = 1

qm
and y-

intercept = 1
qmKL

. When the graph shows a best-fit straight line with

the correlation coefficient, R2 � 1, the Langmuir isotherm can be
said as valid with all the assumptions. Also, the dimensionless con-
stant separation factor, RL that implies the isotherm’s nature of
shape can be calculated by [36]:.

RL ¼ 1
1þ KLC0

ð7Þ

where, C0 represents the initial dye concentration (mg/L).RL = 1
indicates linear adsorption, RL= 0 indicates irreversible adsorption,
0 < less than 1RL means favourable adsorption andRL greater than 1
means unfavourable adsorption.

3.2. Freundlich isotherm

Freundlich isotherm is referred to as an empirical expression of
the relationship between qe andCe. Freundlich isotherm considers
the adsorbent surface roughness and inhomogeneity and the
5

adsorbate–adsorbate interactions. Freundlich is the most signifi-
cant multisite adsorption isotherm applied to the adsorption pro-
cess with heterogeneous adsorbent surfaces. For liquid–solid
equilibrium, the empirical equation used for the Freundlich iso-
therm expression was [34]:.

qe ¼ KFCe
1=n ð8Þ

In logarithmic form (linear form),.

logqe ¼ logKF þ 1
n
logCe ð9Þ

or.

lnqe ¼ lnKF þ 1
n
lnCe ð10Þ

where, KF and n are the Freundlich-isotherm constant for given
adsorbent, gas and temperature. The higher the values of1n, the more
favourable the adsorption is, generally n > 1 (<11

n). A graph of lnqe

against lnCe was plotted to perform the Freundlich isotherm which
the slope = 1

n and y-intercept =lnKF . When the graph shows a best-fit
straight line with a correlation coefficient, R2 � 1, the Freundlich
isotherm is said as valid.

3.3. Adsorption kinetics study

The adsorption kinetics studies models provide a better inter-
pretation of the adsorption mechanisms, and the kinetics models
were performed to determine the theoretical and experimental
dye adsorption capacity. Two kinetics studies were conducted
and discussed: Pseudo-First order (PFO) and Pseudo-Second order
(PSO). The suitability of the models applied to the adsorption pro-
cess depends on the correlation coefficient, R2, or the Sum of
Squared Errors (SSE).

3.3.1. Pseudo-first order model
The Pseudo-First-order (PFO) model equation is described as

[34]:.

dqt

dt
¼ k1ðqe � qtÞ ð11Þ

where, qt (mg/g) represents the dye, particles adsorbed at the time,
t (min). qe represents the dye adsorption capacity at equilibrium
(mg/g) and k1 is the Pseudo-First-order constant. By performing
the integration of the equation with the initial condition qt ¼ 0 at
t = 0, the equation is transformed into logarithmic form (linear
form):.

lnðqe � qtÞ ¼ lnqe � k1t ð12Þ
A graph of lnðqe � qtÞ against t was plotted and the values of k1

constant for the dye adsorption was calculated from the slope. The
theoretical qe value was obtained from the y-intercept and then
compared with the experimental value,qe;exp. The correlation coef-
ficient R2 value was obtained and compared to the PSO model to
investigate their suitability for the adsorption process. The model
with an R2 value nearer to 1 (better fit) is the more suitable model
and has a better correlation for the dye adsorption process.

3.3.2. Pseudo-second order (PSO) model
The equation for Pseudo-Second-order (PSO) model is given as

[34]:.

dqt

dt
¼ k2ðqe � qtÞ2 ð13Þ

where, k2 is the Pseudo-Second-order constant. By integrating the
equation with the initial condition qt ¼ 0 at t = 0, the equation
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above is transformed into logarithmic form (linear form) and rear-
ranged into the equation:.

t
qt

¼ 1
k2qe

2 þ
1
qe

t ð14Þ

Similar to the PFO model, the k2 and the theoretical value of qe

were obtained by plotting a linear line graph of t
qt
against t where

the slope = 1
qe

and y-intercept = 1
k2qe2

. The theoretical qe value was

then being compared to the experimental qe;exp value [34]. The R2

value obtained using the PSO model was also compared to that
using the PFO model, and the one with its value nearer to 1 is a bet-
ter model for the dye adsorption process. The initial rate of the
adsorption process, h (mg/g.min) with t = 0, can be defined as [34]:.

h ¼ k2qe
2 ð15Þ
3.3.3. Characterization studies
Fourier-Transform Infrared Spectroscopy (FTIR) measurements

were performed based on three types of samples: Graphene Oxide,
immobilized Lipase on Graphene Oxide before the dye adsorption,
and immobilized Lipase on Graphene Oxide after the dye adsorp-
tion to determine their functional groups. 0.1 g of each sample
was prepared and sent to Sunway University, Malaysia, for per-
forming the analysis. The FTIR spectra were collected in the trans-
mission mode in the range of 400 cm�1 to 4000 cm�1 at a
resolution of 4 cm�1.
4. Results and discussion

4.1. Effect of Lipase concentration on the immobilization efficiency and
amount of lipase immobilized on graphene oxide

The effect of Lipase concentration on the immobilization effi-
ciency and the amount of Lipase immobilized onto GO were stud-
ied and investigated. The immobilization experiments were carried
out at different Lipase concentrations of 2, 4, 6, 8 and 10 mg/mL.
The amount of GO dosed for each Lipase concentration as the sup-
port was kept constant at 0.05 g. For each Lipase concentration, the
amount of Lipase bounded to the GO was determined by measur-
ing the weight of GO before and after the immobilization process,
and the immobilization efficiency was calculated using Equation
(1). All the results were plotted for immobilization efficiency (%)
and amount of Lipase immobilized on GO (mg) versus Lipase con-
centration (mg/mL), as shown in Fig. 1. This graph illustrates that
as Lipase concentration rises, so does immobilization efficiency
and the quantity of Lipase immobilized on the GO until a point is
reached, at 6 mg/mL. After the Lipase concentration of 6 mg/mL,
the trend decreased. The reduction is due to the blocking of the
active sites on the immobilized Lipase enzyme. This is because
the surface of GO support saturates with the excessive Lipase
enzymes, causing a steric hindrance among the enzyme molecules,
and hence restrains the binding of Lipase onto the GO support [37].
Therefore, 6 mg/mL is the obtained optimum Lipase enzyme con-
centration as it is the highest point in terms of the immobilization
efficiency and the amount of Lipase immobilized on GO. The high-
est amount of Lipase immobilized on GO and the highest immobi-
lization efficiency obtained is 17.6 mg and 97.78%, respectively. On
the other hand, the lowest amount of Lipase immobilized on the
GO is 5.8 mg, obtained using 2 mg/mL of the Lipase concentration.
The lowest immobilization efficiency is 52.67% obtained when
using 10 mg/mL of the Lipase concentration for the immobilization
process.
6

4.2. Effect of Lipase concentration on the enzyme activity

The hydrolytic activity of the immobilized Lipase with different
Lipase concentrations of 2, 4, 6, 8 and 10 mg/mL was tested based
on the amount of fatty acids liberated using the olive oil emulsion.
The experiment was performed under a constant incubation tem-
perature of 35 �C and pH 7.0. The effect of different Lipase concen-
trations on the enzyme activity was investigated, and the results of
using the immobilized Lipase were compared with the free Lipase
by plotting the data of specific hydrolytic activity (lmol/min∙g)
against Lipase concentration (mg/mL) as shown in Fig. 2. The
Lipase hydrolytic activity was calculated using Equation (2). For
the immobilized Lipase results, the specific hydrolytic activity
increases until the highest point of 0.25 lmol/min∙g, at the opti-
mum Lipase concentration of 6 mg/mL. Then it decreases at
8 mg/mL and 10 mg/mL. The reduction is also caused by inter-
molecular space blocking due to excessive Lipase enzymes. The
amount of the support dosed was insufficient for the immobiliza-
tion process, and some of the Lipase enzymes might not be
bounded to the GO support. Besides, the Lipase enzyme molecules
might have interacted by themselves, and their active sites might
be restricted by random binding of the support [38]. Thus, the
enzyme activity lowers when the enzyme concentration exceeds
the optimum point. The immobilized Lipase has the lowest specific
activity of 0.19 lmol/min∙g, which is at 2 mg/mL of the Lipase con-
centration. As shown in Fig. 2, the specific hydrolytic activity kept
increasing even until 10 mg/mL of the Lipase concentration for the
free Lipase results. The higher concentration of the enzyme has
higher hydrolytic activity based on the results since the free Lipase
did not undergo the immobilization process. The activity of the free
Lipase was not limited as their active sites were not restricted by
the support bonding. The highest specific activity of the free Lipase
is 0.29 lmol/min∙g, which is at 10 mg/mL of the Lipase
concentration.

On the other hand, the lowest specific activity of the free Lipase
is 0.22 lmol/min∙g, which is at 2 mg/mL of the Lipase concentra-
tion. By comparing the immobilized Lipase and free Lipase results,
the free Lipase has higher hydrolytic activity than the immobilized
Lipase. The immobilized Lipase is slightly less efficient than the
free Lipase because of the relative difficulty accessing the substrate
after the enzyme was immobilized on the support [9]. However,
the free Lipase cannot be recovered from the reaction. While after
immobilizing the enzyme onto the support, it can be reused several
times [39].
4.3. Effect of pH on the enzyme activity

The protein of the enzyme and the amount of fatty acids liber-
ated can be affected under different pH conditions. The effect of pH
on the Lipase hydrolytic activity was studied by varying the pH
from pH 3.0 to pH 9.0. The experiments were conducted under a
constant incubation temperature of 35 �C and Lipase concentration
of 6 mg/mL but with different buffer solutions. The results
obtained from the experiment were plotted for specific hydrolytic
activity (lmol/min∙g) against pH, as shown in Fig. 3. This figure
shows that the specific hydrolytic activity for both immobilized
and free Lipase increase with the pH until the optimum pH is
obtained. Beyond the optimum pH, the loss of enzyme activity
has occurred. The reduction in enzyme activity indicates that the
surface of the support may encounter structural deformation at
high pH conditions and lead to the release of the Lipase enzyme
[40]. Besides, under the too acidic or alkaline pH for the Lipase
enzyme, such as below pH 6.0 and above pH 9.0, the enzyme pro-
tein is disrupted and eventually results in a low amount of fatty
acid liberated; hence, low enzyme activity is obtained.



Fig. 1. Immobilization efficiency (%) and amount of Lipase Immobilized on GO (mg) versus Lipase concentration (mg/mL).

Fig. 2. Specific hydrolytic activity (lmol/min∙g) against Lipase concentration (mg/mL).
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The optimum pH for the free Lipase is 7.0, while the immobi-
lized Lipase is 8.0. The shift in the optimum pH between the free
and immobilized Lipase was because of the electrostatic interac-
tions between the enzymes and the support. The microenviron-
ment of the immobilized enzyme and bulk solution usually has
7

an unequal partition of the H+ and OH� concentrations [41]. Since
the polyanion support attracts cations, including H+ from the solu-
tion, the diffusion layer of the immobilized Lipase has a higher H+

concentration than that of the external surrounding solution. Thus,
the pH in the external surrounding solution must be shifted toward



Fig. 3. Specific hydrolytic activity (lmol/min∙g) against pH.
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the more alkaline region to counteract the microenvironment
effect and enable the maximum activity of the enzyme [42]. It
can also be analyzed that the immobilized Lipase has higher sensi-
tivity towards the alkaline region compared to the free Lipase
enzyme. In addition, the strong intermolecular forces cause the
immobilized enzymes to be highly resistant to the environmental
pH changes.

Furthermore, the immobilized Lipase enzyme has higher speci-
fic activity than the free Lipase enzyme, implying that the immobi-
lized Lipase enzyme has better adaptability of pH and higher pH
stability than the free Lipase enzyme. The enhanced pH stability
of the immobilized Lipase is due to the strong interactions amongst
the Lipase enzyme and GO support, including the electrostatic
interactions and hydrogen bonding [43]. The immobilized Lipase
has the highest specific activity of 0.28 lmol/min∙g at pH 8.0 while
the free Lipase has highest specific activity of 0.27 lmol/min∙g at
pH 7.0. Both immobilized and free Lipase has the lowest specific
activity at pH 3.0, which are 0.15 lmol/min∙g and 0.10 lmol/
min∙g, respectively.

4.4. Effect of temperature on the enzyme activity

The effect of temperature on the enzyme activity was investi-
gated by varying the temperature as 40, 50, 60, 70 and 80 �C. The
experiments were conducted using a constant Lipase concentra-
tion of 6 mg/mL and under pH 7.0. All the results obtained from
the experiments were plotted for specific hydrolytic activity
(lmol/min∙g) against temperature (�C), as shown in Fig. 4. Like
the effect of using different pH, the specific activity for both immo-
bilized and free Lipase is enhanced with increasing temperature
until the optimum temperature is reached. The denaturation of
the enzyme started to occur when the temperature was higher
than the optimum temperature, causing the enzyme activity to
decrease. The optimum temperature for both immobilized Lipase
and free Lipase is 40 �C. Above the optimum temperature, specific
activity significantly lowers. The reduced enzyme activity is prob-
8

ably because of a change in the physical and chemical properties of
the enzyme at high temperatures, which eventually leads to high
temperatures was caused by structural denaturation of the
enzyme.

The immobilized Lipase and free Lipase have the highest speci-
fic activity of 0.27 lmol/min∙g and 0.26 lmol/min∙g, respectively,
at 40 �C. It can be investigated that the immobilized Lipase activity
is slightly higher than the free Lipase activity. After the immobi-
lization process, the physical interactions between the Lipase
enzymes and support can inhibit the conformational transitions
of the enzymes at higher temperatures [43]. The immobilized
Lipase also has a larger temperature profile, implying that it has
better thermal stability than the free Lipase due to the enzyme-
support interactions such as the electrostatic interactions and
hydrogen bonding. As shown in Fig. 4, the lowest specific activities
for both immobilized and free Lipase are obtained at 70 �C, which
are 0.12 lmol/min∙g and 0.06 lmol/min∙g, respectively.

4.5. Effect of initial dye concentration on the dye removal efficiency

The batch adsorption of methyl orange dye using immobilized
Lipase-GO was conducted, and the effect of different initial dye
concentrations on the dye removal efficiency was studied. The
experiments were carried out with different initial dye concentra-
tions of 5, 10, 15, 20 and 25 mg/L while the dosage of the immobi-
lized Lipase-GO was kept constant at 0.05 g. The final
concentration of the dye solutions was determined after 240 min
of the adsorption process by measuring their absorbance using
the UV–Vis spectrophotometer and then referring to the calibra-
tion curve. The dye removal efficiency was then calculated using
the final and initial dye concentrations with Equation (3). The
results obtained from the experiment are plotted for dye removal
efficiency (%) versus initial dye concentration (mg/L), as shown in
Fig. 5. This figure shows that the dye removal efficiency decreases
when the initial dye concentration increases. This is because the
active sites available are insufficient to absorb all the dye mole-



Fig. 4. Specific hydrolytic activity (lmol/min∙g) against temperature (�C).

Fig. 5. Dye removal efficiency (%) versus initial dye concentration (mg/L).
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cules under high concentration conditions of the dye, where the
adsorption capacity increases with the dye concentration. Hence,
resulting in a reduction in the dye removal efficiency [44]. The ini-
9

tial dye concentration provides a significant driving force to over-
come all the mass transfer resistances between the MO dye
aqueous solution and the absorbent solid phase [45]. The increased
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initial dye concentration results in a higher mass transfer driving
force; therefore, the adsorption of dye becomes higher [45]. As
shown in Fig. 5, the highest dye removal efficiency obtained is
89.47% at the initial dye concentration of 5 mg/L.

In comparison, the lowest dye removal efficiency is 28.87%,
which is at the initial dye concentration of 25 mg/L. The dye was
mainly removed by adsorption onto the GO since the GO has a
large surface area. Some vacant sites are available on its surface
for adsorbing the dye molecules even though the Lipase enzymes
have been immobilized on it. The removal efficiency becomes bet-
ter when the dye solution has oil content, such as some dyed oils,
which can be removed effectively with the use of the immobilized
Lipase since the Lipase has the function of breaking down oils and
lipids.

4.6. Effect of contact time on the dye removal efficiency

The effect of contact time between the dye solution and immo-
bilized Lipase-GO on the dye removal efficiency was also studied.
The batch adsorption process was carried out for 240 min, and
the azo dye concentration was tested every 30 min after interact-
ing with the immobilized Lipase-GO. The amount of immobilized
Lipase-GO dosed was kept constant at 0.5 g. The dye concentration
after the adsorption was obtained by measuring its absorbance
using the UV–Vis spectrophotometer and then referring to the cal-
ibration curve. The dye removal efficiency was then calculated
using the final and initial dye concentration with Equation (3).
The results obtained from the experiments are plotted for dye
removal efficiency (%) versus contact time (min), as shown in
Fig. 6. The graph shows different initial dye concentrations of 5,
10, 15, 20 and 25mg/L. Fig. 6 shows that the dye removal efficiency
Fig. 6. Dye removal efficiency (%
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increases with the contact time. Taking the initial dye concentra-
tion of 5 mg/L as an example, the dye removal efficiency after
30 min is only 31.80%, and it achieved 89.47% after 240 min of con-
tact time. After a certain period, the dye molecules occupy the
vacant sites, which results in a repulsive force between the adsor-
bate in the bulk phase and absorbate on the absorbent surfaces
[46]. As shown in Fig. 6, the dye removal rate is rapid at the initial
stages, and it decelerates gradually when approaching its equilib-
rium state.
4.7. Reusability of the immobilized lipase

The high cost of the enzymes for industrial applications and the
long time required for the immobilization process have led to reus-
ing the immobilized enzyme. The reusability of an enzyme is one of
the most significant aspects of sustainable industrial application.
After testing the reusability of the immobilized Lipase, the results
are plotted to show the dye removal efficiency (%) against the
number of cycles, as shown in Fig. 7. Regarding the plotted graph,
the dye removal efficiency decreased from 86.53% to 0.95% after
the four cycles. The reduction in the removal efficiency is because
of the enzyme activity loss after the immobilized Lipase was
reused. The possible causes of the enzyme activity loss can be
enzyme denaturation or product inhibition. Some of the support
pores may be blocked by substrate or product after several usages,
reducing the immobilized Lipase activity [47]. However, the immo-
bilization process of the enzyme has led to better retaining of the
enzyme activity and the ability to improve the enzyme reusability
and catalytic efficiency compared to the free enzyme [48]. Table 1
shows the summary of dye removal using an immobilized enzyme.
) versus contact time (min).



Fig. 7. Dye removal efficiency (%) against the number of cycles.

Table 1
Summary of Dye Removal using Immobilized Enzymes.

Enzymes Support Materials Techniques Dyes Optimum conditions (pH,
Temperature, Time)

Removal
(%)

References

Porcine Pancreas Lipase GO Adsorption Azo dyes pH 8,
40�C,
240 min,
Initial concentration 5 mg/l

89.47 This Study

Laccase from Trametes
versicolor

Controlled Porosity Carrier
(CPC)-silica beads

Adsorption 1. Acid blue 74
2. Reactive

blue 19
3. Dispersed

blue 3
4. Reactive

Black 5
5. Acid red 27

pH 5,
23±1�C

[49]

1. 8 h
2. 8h
3. 17.5 h
4. 22 h
5. 22 h

1. 85.2
2. 76
3. 82
4. 10.3
5. 27.8

Laccase from Trametes
versicolor

Poly(methyl methacrylate)
(PMMA)

1. Adsorption
2. Covalent bonding

Remazol Brilliant
Blue R dye

pH 5,
25�C,
24 h

1. 87
2. 58

[50]

Laccase from Weissella
viridescens LB37

Magnetic chitosan
nanoparticles

Covalent bonding Reactive Black 5 pH 6,
30�C
120 min

65 [51]

Laccase from Trametes
versicolor

Carbon nanotubes Cross-linking 1. Methylene
blue

2. Orange II dye

pH 5
25�C,
24 h

1. 96
2. 74

[52]

Horseradish
peroxidase

1. Alginate beads
2. Acrylamide beads

Entrapment Acid Black 10 BX pH 2,
24�C,
45 min

1. 54
2. 79

[53]

Horseradish peroxidase Fumed silica Adsorption AV 109 dye pH 4,
40 min

61.1 [54]

Laccase from genetically
modified Aspergillus

Graphene Oxide
nanosheets

Covalent bonding with the
use of Glutaraldehyde

1. Direct Red 23
2. Acid Blue 92

pH 5,
45 �C,
60 min

75 [55]

Laccase from P. aeruginosa
SR3

Chitosan Covalent bonding with the
use of Glutaraldehyde

Black textile
dyes

pH 5-6,
40 �C

97.3 [56]
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Fig. 8. a) Langmuir isotherm plot b) Freundlich isotherm plot.
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5. Dye adsorption isotherms

5.1. Langmuir isotherm

By plotting the graph of Ce
qe
against Ce as shown in Fig. 8 (a), it can

be observed that a linear best fit line was obtained with the
equation:.

y ¼ 0:0021xþ 0:0002 ð16Þ
Regarding Equation (16), the slope of the line, 1

qm
is determined

as 0.0021, and thus, the maximum adsorption capacity of the dye
molecules, qm (mg/g) can be calculated as 476.19 mg/g. Further-
more, the Langmuir isotherm constant, KL can also be calculated
using the intercept value, 1

qmKL
of 0.0002, where KL = 10.5. The cor-

relation coefficient, R2 obtained from the Langmuir isotherm plot
should be near 1 as a prerequisite for the isotherm to be valid.
The adsorption performance is said to be favourable when R2 �
1. In this study, the correlation coefficient, R2, has a value of
0.9954, which is very close to 1; hence, the Langmuir isotherm is
valid. Besides, a dimensionless constant separation factor, RL was
also calculated by referring to Equation (8). For the minimum ini-
tial dye concentration of 5 mg/L and maximum initial dye concen-
tration of 25 mg/L in the adsorption process, the RL calculated is in
the range of 0.0038 to 0.0187. Since it is greater than 0 and smaller
than 1, it can be investigated that the adsorption process is favour-
able. As the Langmuir isotherm fits the adsorption very well, this
also indicates that adsorption followed the monolayer sorption.

5.2. Freundlich isotherm

By plotting the graph of lnqe against lnCe as shown in Fig. 8 (b),
the graph has an increasing linear best fit line with the equation:.

y ¼ 0:2149xþ 5:7564 ð17Þ
According to Equation (17), the slope of the line, 1n is obtained as

0.2149, where the adsorption intensity, n can be calculated as
4.653. When the n value is greater than 1, the adsorption process
can be considered favourable. This is because the 1

n value ranging
from 0 to 1 is a function of adsorption intensity or surface hetero-
geneity. When the 1

n value is near to 0, the surface becomes more
heterogeneity, and the 1

n value less than 1 indicates the chemisorp-
tion process [57]. Moreover, the Freundlich isotherm constant, KF

can be obtained using the intercept value, where lnKF = 5.7564.
Therefore, the KF value is 316.21. The correlation coefficient, R2,

obtained by using Freundlich isotherm is 0.5354, which showed
that the Freundlich isotherm is not valid as the R2 value is not close
12
to 1. As a result, the Langmuir isotherm is the better isotherm for
this adsorption process than the Freundlich isotherm, and it has
a better fit linear line. This also implies that the methyl orange
dye adsorption on the adsorbent happened faster and with higher
adsorption capacity [36].
6. Dye adsorption kinetics studies

6.1. Pseudo-first order (PFO) model

By plotting lnðqe � qtÞ versus t as shown in Fig. 9(a), a decreas-
ing linear best fit line was obtained with the equation of the line
given as:.

y ¼ �0:0082xþ 5:2101 ð18Þ
Regarding Equation (18), the slope,k1 is determined as 0.0082,

and the intercept, lnqe is 5.2101. Therefore, it can be identified that
the experimental adsorption capacity of dye molecules at equilib-
rium, qe;exp is 183.112 mg/g. On the other hand, the calculated
adsorption capacity of dye molecules at equilibrium, qe;cal using
Equation (4) is 207.742 mg/g. By comparing both, the experimental
adsorption capacity has a lower value than the theoretical adsorp-
tion capacity. Furthermore, the correlation coefficient, R2 obtained
from the plotted graph in Fig. 9 (a), is 0.9315, near 1. Hence, the
Pseudo-first order (PFO) model for this adsorption process is valid.
6.2. Pseudo-second order (PSO) model

By plotting t
qt
versus t as shown in Fig. 9 (b), an increasing linear

best fit line was obtained with the equation of the line given as:.

y ¼ 0:0044xþ 0:3118 ð19Þ
According to Equation (19), the slope, 1

qe
is determined as

0.0044, and the intercept, 1
k2qe2

is 0.3118. Thus, it can be identified

that the experimental adsorption capacity of dye molecules at
equilibrium, qe;exp is 227.273 mg/g while the theoretical adsorption
capacity of dye molecules at equilibrium, qe;cal calculated using
Equation (4) is 211.230 mg/g. By comparing both, the experimental
adsorption capacity has a higher value than the theoretical adsorp-
tion capacity. Moreover, the Pseudo-second order (PSO) constant,
k2 can be calculated as 6.209� 10-5 mg�1 min�1 based on the inter-
cept value. Nevertheless, the correlation coefficient, R2 obtained
from the plotted in Fig. 9(b), is 0.9766, closer to 1 than the PFO
model. Therefore, the PSO model is valid and better for this dye
adsorption process. The model performance may be influenced



Fig. 9. a) Pseudo-first order (PFO) kinetic model plot b) Pseudo-second order (PSO) model plot.
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by several factors such as pH, temperature, particle sizes, and dos-
ing quantity. Besides, the initial rate of the adsorption process, h;
can be determined as 4.7735 mg/g∙min. by using Equation (15).

6.3. Fourier-Transform Infrared Spectroscopy (FTIR) characterization

6.3.1. Graphene oxide
The graph of transmittance (%) against wavenumber (cm�1) of

FTIR analysis on GO is plotted as shown in Fig. 10 (a). The FTIR
spectrum of GO consists of four regions. The first region is in the
range of 4000 cm�1 to 2500 cm�1, which indicates hydrogen bond-
ing [58]. As shown in the figure, there is a broad peak in the first
region at 3343 cm�1 attributed to the normal ‘‘polymeric” stretch-
ing vibration band of the OAH single bond, which reveals the pres-
ence of hydroxyl groups (AOH) in the GO. Besides, the second
region is in the range of 2500 cm�1 to 2000 cm�1 indicating the
Fig. 10. FTIR spectrum of (a) Graphene oxide (b) Immobilized Lipase on graphene oxide (
references to colour in this figure legend, the reader is referred to the web version of th
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adsorption caused by triple bonds [58]. In Fig. 10 (a), there is no
peak in the second region. Moreover, the third region is in the
range of 2000 cm�1 to 1500 cm�1, representing the double bonds
region. There are two peaks in the third region at 1721 cm�1 and
1623 cm�1 corresponding to the carboxyl group (C@O) and amino
groups, confirming carboxylic acid, ketone, and amine in the GO
[58]. A sharp peak appeared at 1623 cm�1, which is assigned to
the OH-deformation vibration band in the GO. Furthermore, the
fourth region is also known as the fingerprint region, which ranges
from 1500 cm�1 to 400 cm�1. This region contains many adsorp-
tion peaks that account for a large variety of single bonds. The peak
that appeared at 1398 cm�1 arises from the phenol or tertiary alco-
hol, OH bending group in the GO [58]. Then, the peak at 1223 cm�1

denotes the ether and oxy groups, revealing the aromatic ethers
(aryl-O) stretching bond in the GO [58]. Lastly, the peak at
c) Immobilized Lipase after methyl orange dye adsorption. (For interpretation of the
is article.)
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1048 cm�1 corresponds to the CAO stretching vibration bond in
the GO [58].

6.3.2. Immobilized Lipase on graphene oxide
The sample obtained has undergone 3 h of the immobilization

process via adsorption. Fig. 10 (b) shows the FTIR Spectrum of
immobilized Lipase on graphene oxide. Two peaks appeared in
the first region at 3255 cm�1 and 2652 cm�1 that correspond to
the hydroxyl groups and secondary amino groups in the sample,
showing that the sample contains normal ‘‘polymeric” OAH
stretching bond, amino compounds (@NAH), an aliphatic amine
(>NAH) stretching bond in vibration mode [58]. The presence of
the OAH and NAH bond indicates the presence of the Lipase
enzyme in the sample, and also the amidination confirms the
immobilization of Lipase via the adsorption process [59]. More-
over, a peak in the second region at 2285 cm�1 shows that the
adsorption was caused by aliphatic cyanide/nitrile triple bonds
(C„N) [58]. Furthermore, there a peak appeared in the third region
at 1613 cm�1

, which corresponds to amine bending bonds and open-
chain imino (AC@NA) bonds in the sample [58]. Nevertheless, in the
fourth region, the peaks at 1062 cm�1 and 781 cm�1 indicate the
presence of a CAO stretching vibration bond, aliphatic chloro com-
pounds (CACl), and phosphate ions in the sample [58]. The forma-
tion of chloro compounds and phosphate ions is because of using
phosphate-buffered saline (PBS) solution during the immobilization
process.

6.3.3. Immobilized Lipase on graphene oxide after dye adsorption
The sample was obtained after performing batch adsorption of

methyl orange dye using the immobilized Lipase. Fig. 10 (c) shows
the FTIR Spectrum of immobilized Lipase after MO dye adsorption
in the first region. The peak appeared at 3263 cm�1

, corresponding
to the stretching vibration O-H groups involving the intermolecular
hydrogen bonding after the adsorption process [58]. The two peaks
at 1725 cm�1 and 1625 cm�1 in the third regions shows the presence
of alkyl groups (C@C) in an aromatic ring configuration, bending
amino groups (N-H) and open-chain imino groups (AC@NA), which
reveals that the MO dye has successfully adsorbed on the immobi-
lized Lipase absorbent [58]. Furthermore, in the fourth region, the
peak at 1370 cm�1 indicates the aliphatic nitro compounds, and
the peak at 1066 cm�1 denotes the stretching amine bonds (CAN),
which also shows the presence of MO on the immobilized Lipase
absorbent [58].
7. Conclusions

The enzyme immobilization technique has gained attention as
it can enhance the enzyme stabilities and performances and
improve the enzyme reusability and recovery. This study selected
Graphene oxide as the immobilization support due to its large sur-
face area and high adsorption capacity. Improved Hummer’s
method synthesized the GO because of its environmental friendli-
ness, safe and effective characteristics. The optimal parametric
evaluation indicates that Lipase enzyme with a concentration of
6 mg/mL has the greatest immobilization efficiency of 97.78%
and the highest amount of enzyme immobilized, which is
17.6 mg. The Lipase concentration, pH, and temperature on the
enzyme activity were also studied. With increasing Lipase concen-
tration, temperature, and pH, the enzyme activity increases until
an optimum point is achieved, then reduces activity after the opti-
mum point. The saturation of support surface pores caused the loss
of enzyme activity due to the excessive Lipase enzyme, structural
deformation of the support surface, and enzyme denaturation
due to extreme pH and temperature. The optimum Lipase concen-
tration is 6 mg/mL, having the highest immobilized Lipase activity
14
of 0.25lmol/min∙g. Besides, the optimum pH is 8.0, and the opti-
mum temperature is 40 �C, having the highest immobilized Lipase
activity of 0.28 lmol/min∙g and 0.27 lmol/min∙g, respectively. The
immobilized Lipase has lower enzyme activity than the free Lipase,
but it has greater pH and temperature stability than the free Lipase.
The highest dye removal efficiency obtained is 89.47% for 240 min
of the contact time using 5 mg/L of the initial dye concentration.
The best isotherm and kinetic models for the dye adsorption pro-
cess are the Langmuir isotherm and Pseudo-Second order model,
respectively. The immobilized Lipase can be reused for up to four
cycles. The FTIR analysis has confirmed that the immobilization
of the Lipase enzyme has occurred.
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