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Layered double hydroxides (LDHs), are one of anionic clay materials. LDHs are
readily synthesized in laboratories and at low cost. They also contain a good
biocompatibility, non-toxicity, large surface area, high catalytic activity, chemical
stability, good adsorption ability and anion exchange. This work is focused on the
application of LDHSs as peroxidase enzyme mimic and dye adsorbent.

For the application of LDHs as peroxidase enzyme mimics, the approach for
colorimetric detection of H20, using Fe''Fe'" layered double hydroxide nanosheets
(Fe''Fe!"" LDHNS) was reported. The Fe''Fe"" LDHNS were constructed from a mixture
of divalent and trivalent Fe ions by co-precipitation method. Fe''Fe!"" LDHNS were
found to possess the superior intrinsic peroxidase-like activity. They were used for
catalyzing the oxidation of a peroxidase substrate 3,3',5,5'-tetramethylbenzidine (TMB)
and 2,2"-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid)-diammonium salt (ABTS)
in the presence of H>O> to produce a blue and green solution product, respectively,
which provided a colorimetric detection of H2O2. The colorimetric assays displayed
linearity for H,O> determination by using TMB and ABTS systems in the range of
0.1-50 puM and 0.5-20 uM, and the corresponding limits of detection were found to be
0.05 uM and 0.2 pM, respectively. This selective approach could be applied for H.O>
detection in real milk and disinfectant samples. The proposed method is expected to
have more potential for a precise detection of H20: in biotechnology, food industry,

clinical diagnosis life process and other industries.
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In addition, LDHs was also used as a dye adsorbent. Composite materials
consisting of magnetite nanoparticles (FesO4 NPs), reduced graphene oxide (rGO), and
ZnAl layered double hydroxides (ZnAl-LDHs) denoted as Fe304/rGO/ZnAl-LDHs have
been successfully prepared. GO was used as an oxidizing agent to oxidize Fe?* into
Fe30a, then Fe304/rGO was formed via the spontaneous in-situ deposition of FezOa
nanoparticles onto the self-reduced GO surface. ZnAl-LDHs were formed by
co-precipitation method with molar ratio of Zn?":APP* = 3:1 and attached with
Fe304/rGO sheets via electrostatic attraction and hydrogen bonding, resulting in
Fe304/rGO/ZnAl-LDHs as magnetic adsorbent. This magnetic adsorbent can easily be
separated from aqueous solutions by using external magnet. Fe3O4/rGO/ZnAl-LDHs
were applied as an adsorbent to remove anionic methyl orange (MO) and cationic
brilliant green (BG) from the aqueous solution. The results showed that MO and BG
removal reached equilibrium at 60 and 360 minutes, respectively.The adsorption
kinetics and isotherm of both organic dyes followed the pseudo-second-order and
Langmuir model, respectively. The maximum adsorption capacities were 1111 and
2000 mg g (Co = 500 mg L) for MO and BG, respectively. This thesis suggests a
simple synthesis strategy which can be applied for other types of LDHs. Consequently,

a variety of applications can be targeted.
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CHAPTER 1
INTRODUCTION

1.1 The important and the source of the research

Layered double hydroxides (LDHSs), also known as hydrotalcite-like compounds
(HTlIcs) or a class of anionic clays possessing sandwich like structure in which negative
anions are sandwiched into positively charged metal layers in a repeating manner, have
been studied extensively. The general formula of LDHs is [M'1xM"'(OH)]*" [A™
«n]*mH20, where M" and M"! are metals in the oxidation states +2 and +3, respectively.
A fraction of divalent metal ions (such as Mg?", Fe?", Co?*, Cu?*, Ni?", or Zn?")
coordinated octahedrally by hydroxyl groups in the brucite like layers are uniformly
replaced by trivalent metals (such as AI**, Cr¥*, Ga®*, Mn*" or Fe*") with the molar ratio
of M""/(M" + M'") (the value of x) normally between 0.2 and 0.33. A™ is the interlayer
anion of charge n that leads to the electro-neutrality of the LDHSs; for example CO3*",
which is known to have a very high affinity to the LDH layers but can nevertheless be
decarbonated and exchanged with other inorganic (such as CI-, SO4*>",NOs, etc.) or
organic anions (such as acetate, lactate, dodecyl sulfate, etc.) [1-6]. Interestingly, a
partial and isostructural M"" to M"" substitution would induce a positive charge for these
layers, balanced with the negatively charged interlayer region containing anions and
water molecules. The wonderful feature of layered double hydroxides is the pliancy of
interlayer space enabling them to accommodate various anionic species, and high
surface area making them efficient in numerous applications such as adsorbents, anion
exchange, catalysts, and biological compatible [3-7]. In this study, application of LDHs
as catalyst and adsorbent will be focused on.

Hydrogen peroxide (H20) is a well-documented powerful oxidizing agent and
regarded as major reactive oxygen species component of living cells. It is an essential
intermediate in pharmaceutical, clinical, industrial and environmental fields. Moreover,
it is widely used as equipment and packaging sanitizer in industrial processes such as
water treatment, milk production and electrical circuit cleaning to prolong the shelf life



of products, and for medical purposes like wound cleaning [7-11]. However, high level
of H20,, usually > 50 uM, is regarded as a cytotoxic agent. High concentrations of H.O>
in living organisms could induce some serious diseases such as cardiovascular [12, 13],
cancer [14], etc. In addition, H20> is one of the products from the reaction of glucose
and glucose oxidase enzyme, detection of H.O: leads to the determination of glucose in
glucose bioassay. Therefore, due to the significance of H.O; in various fields, the
development of efficient and accurate methods for H2O2 determination is of interest.
There are several analytical techniques which have been developed for monitoring
H20,; for instance, fluorescence [15, 16], chromatography [17], chemiluminescence
[18, 19], and electrochemical technique [20, 21]. However, each technique has its
limitations such as high cost, high complexity, or strict requirement on equipment.
Another technique for the detection of H2O: is colorimetric method [22, 23]. Among
these techniques, colorimetric method has attracted more attention since it provides a
simple and convenient platform for analyte determination. Besides, it is less dependent
on equipment, timesaver, inexpensive and easy to operate as well as convenience for
practical applications. In addition, the color change of specific substance can also be
rapidly observed by the naked eye for qualitative analysis and easily monitored by UV-
Vis spectrophotometer for an accurate quantification. Typically, H2O2 can be utilized
for catalytic oxidation and coloration of chromogenic agent with the aid of horseradish
peroxidase (HRP) as a catalyst. Chromogenic agents including 3,3',5,5'-
tetramethylbenzidine (TMB), and 2,2'-azino-bis-(3-ethylbenzothiazoline)-6-sulfonic
acid (ABTS) react with H20, immediately in the presence of HRP to produce a blue and
green color product, respectively; which serve as a colorimetric output signal [24-26].
HRP is a natural enzyme with a great practical application based on its good
selectivity and high sensitivity under mild condition. However, natural enzymes
suffered from some serious disadvantages including high cost, inherent instability and
easy denaturation under extreme conditions (e.g. in strong acidic and basic condition,
high temperature) or digestion by proteases [27], these have often limited their practical
applications [28]. Moreover; the preparation, purification and storage of natural
enzymes are usually expensive, difficult and time-consuming, which have inevitably

restricted their widespread applications [27-29].



Therefore, it is interesting and challenging to develop novel and efficient artificial
peroxidase enzyme mimetics that can overcome certain drawbacks of natural enzymes.

Since Gao et al. [24] found that FesO4 nanoparticles (NPs) possessed an intrinsic
enzyme mimetic activity similar to that found in HRP natural enzyme in 2007, Fe3O4
nanoparticles were subsequently used as natural enzymes replacement. HRP natural
enzyme contains Fe?* or Fe** in their reaction centers [28], and these metal centers also
found in FesOs NPs. Thus, the design of nanomaterials with enzyme-like catalytic
activity has attracted extensive attention. Nowadays, variety of inorganic nanomaterials
including metal particles, metal sulfides, metal oxides, layered structure and carbon-
based nanostructures have been explored as efficient enzyme mimics [7, 8]. Amongst
these inorganic nanomaterials, layered materials are one of the promising candidates for
being used as catalysts for colorimetric assays due to their low cost, environmental
friendliness, high conductivity and high redox activity [30].

Several LDHs materials were found to exhibit intrinsic enzyme mimetic activity.
In 2012, Zhang et al. [31] reported the CoFe-LDHs as an effective peroxidase mimetic
to catalyze the oxidation of TMB in the presence of H.O> to produce a blue solution.
Later in the year 2017, NiCo-LDHs microspheres were used to catalyze the oxidation
of ABTS in the presence of H2O> to generate green color solution of ABTS*" [32].

Fe''Fe'"' layered double hydroxides (Fe''Fe'!' LDHs), as shown in Scheme 1, contain
a mixture of cation between Fe?* and Fe®" ions (with the ratio of Fe**: Fe?* of 0.25—
0.33) have been reported [33] but they have never been used in this application. To the
best of our knowledge, the present work is the first report of the Fe?* and Fe3* ions in
the LDHs that have the same activity as active reaction centers in HRP natural enzyme.

Therefore, this research focused on the developed a new colorimetric method for
detection of H.02 by using Fe''Fe'"" layered double hydroxide nanosheets (Fe''Fe'
LDHNS) which act as peroxidase mimetic. The Fe''Fe''" LDHNS were constructed from
a mixture of divalent and trivalent Fe ions with simple procedures and green solvent
(aqueous medium). Fe''Fe!"" LDHNS were prepared by co-precipitation method and
were used as peroxidase mimetic to catalyze the oxidation of TMB and ABTS
chromogenic substrates in the presence H20- to produce a blue and green color product
of oxidized TMB and ABTS*", respectively. Furthermore, the developed colorimetric

assays could be applied for H2O- detection in real milk and disinfectant samples.



LDHs also used as adsorbent, anionic and cationic dyes are widely used in
industries such as paper, printing, plastic, paint, cosmetics, textile and some other
industries. They are well known toxic and hazardous pollutants in wastewater. The dye
molecules are ordinarily based on the complex aromatic structure, most of these
compounds are highly stable, non-biodegradable and resistant to breakdown by
chemical, physical, and biological treatments [34, 35]. Moreover, these organic dyes
may be degraded to the carcinogen and toxic products under sunlight irradiation;
affecting aquatic life, ecosystem and harmful to human health [34-36]. Therefore,
effective treatment of wastewater effluents from these industries to remove the organic
dyes from wastewater before discharging into the natural water body is extremely
important to environmental safety. Over the past years, several techniques for dyes
treatment, including biological degradation [37], chemical degradation [38], adsorption,
membrane filtration [39], coagulation [40], photo degradation [41, 42], reverse 0Smosis
[43], or the synergic treatment of different methods have been carried out. Among these
attempts, adsorption is considered to be one of the most promising alternatives for
removing emerging pollutants because of its high efficiency, simplicity, low cost, easy
operation and excellent regeneration ability, which makes it an efficient technique for
the removal of organic dyes [35-36]. As present, many adsorbent materials such as
activated carbon, fly ash, bentonite, zeolites, metal oxides, biopolymer, oxyhalides and
clay materials, have been used to remove organic dyes from wastewater [34, 36, 44].
Among them, a class of anionic clays known as layered double hydroxides (LDHSs) or
hydrotalcite-like compounds with anions sandwiched in between the brucite-like layers
has been proved to be effective adsorbents for removal of dye pollutions [45].

This prominent structure feature allows LDHs to have a powerful ability to trap
organic dyes in aqueous solutions [46]. Up until now, many pure LDHs materials or
LDHs-based composites have been reported due to their high anion exchange and
adsorption ability which allows them to be an alternative adsorbent or ion exchanger
[44, 45]. ZnAl LDHs have been widely reported to be able to adsorb a wide range of
anionic and cationic dyes from aqueous solution such as methyl orange (MO), congo
red (CR) and methylene blue (MB) [1, 45, 47]. Despite the high adsorption capacity of
organic dyes by ZnAl LDHs, their low separation efficiency and reclaiming adsorbents

at the end of the reaction in liquid system still influenced their industrial application



scope [47, 48]. Recently, magnetic separation nanotechnology has attracted much
attention to solve the challenge for easy separation and recovery of adsorbent materials,
which can be applied by external magnetic field [48-50].

Magnetite nanoparticles (FesOs NPs), which is a common magnetic iron oxide,
have attracted considerable interest due to their superparamagnetic properties. The
superparamagnetic properties coupled to an adsorption process has attracted special
attention because it is an easy-to-implement, low-cost and environmentally friendly
method. Recent studies have presented an improvement in the adsorption process when
a magnetic field is applied, which is attributed to different factors and possible
modifications that can change properties of the solution and material under magnetic
field effect [51]. However, Fe3O4 NPs in aqueous suspensions readily aggregates due
to a combination of Lifschitz—van der Waals and magnetic forces, resulting in the
limitation of their magnetic properties, structural stability and may also affect reactivity
due to the loss of the specific activity of an individual nanoparticle [52]. In order to
solve the above-mentioned problems, modification of FesO4 NPs by deposition on solid
supports is achieved.

Graphene is an excellent two-dimensional carbon nanomaterial with atomic
thickness. It consists of sp?-hybridized carbon; it has excellent physic physicochemical
and mechanical properties, for instance high flexibility, extremely large theoretical
specific surface area and mechanical strength [53, 54]. Graphene oxide (GO) and
reduced graphene oxide (rGO) are two of the most important derivatives of graphene,
containing oxygen functional groups on its basal planes and edges, such as hydroxyl
(—OH), carboxyl (—COOH), carbonyl (—C=0) and epoxy (C—O—C) groups [53, 55, 56].
These features impart of GO and rGO with excellent sorption capacity for organic dye
pollutants [53, 57].

Yuhua Xue et al. (2011) reported that GO could act as strong oxidizing reagents to
effectively oxidize Fe?* into FesO4 NPs, the resultant FesOs NPs-decorated reduced
graphene oxides (Fes04/rGO) was formed via the spontaneous in-situ deposition of
Fe304 NPs onto the self-reduced GO surface in one step approach [58]. The Fez04/rGO
shows interesting magnetic and electrochemical behaviors which useful for potential
energy storage, biomedical, catalytic and adsorbent applications [51, 58].



Herein, we demonstrate a simple way to synthesize magnetic adsorbent materials
consisting of magnetite nanoparticles (FesO4 NPs), reduced graphene oxide (rGO), and
ZnAl layered double hydroxides (ZnAl-LDHs), denoted as Fe304/rGO/ZnAl-LDHs.
Firstly, the simple synthesis of Fe3O4/rGO was carried out by using GO which act as
oxidizing agent to oxidize Fe?* from FeCla*4H,0 into FesOa, resulting in Fes04/rGO.
The Fe304/rGO was formed through the spontaneous in-situ deposition of Fes0s NPs
onto the self-reduced GO surface in one step with green synthesis method [51, 58]. This
method can also prevent the aggregation of Fe3O4 NPs and rGO. This synthesis method
requires no toxic solvents and simply carried out at room temperature, therefore, it is
green and can be easily controlled the process parameters. Next, ZnAl-LDHs were
formed by co-precipitation method with molar ratio of Zn?*:AI** = 3:1 and attached with
Fe304/rGO sheets via electrostatic attraction and hydrogen bonding, resulting in
Fe304/rGO/ZnAl-LDHs. This magnetic adsorbent can easily be separated from aqueous
solutions by using external magnet. Fes04/rGO/ZnAl-LDHs were applied as adsorbent
to remove methyl orange (MO); anionic dye and brilliant green (BG); cationic dye from
aqueous solution. To our best knowledge, the adsorption properties of MO and BG on
Fe304/rGO/ZnAIl-LDHs magnetic adsorbent have not been reported in the published

literature.

1.2 Objectives

1.2.1 To prepare the Fe''Fe!'' layered double hydroxides nanosheets (Fe''Fe'
LLDHNS) or green rust hydroxysulphate (GR(SO4%)) by co-precipitation method as an
peroxidase mimic enzyme for colorimetric detection of hydrogen peroxide (H20>).

1.2.2 To investigate the catalytic activity of the synthesized Fe''Fe!' LDHNs for
colorimetric detection of H2O, by using peroxidase substrate; 2,2'-azino-bis(3-
ethylbenzo-thiazoline-6-sulfonic acid)-diammonium salt (ABTS) and 3,3',5,5'-
tetramethylbenzidine (TMB)

1.2.3 To study parameters affecting the sensitivity and selectivity of colorimetric
H,0- detection by the synthesized Fe''Fe'!"' LDHNs materials.

1.2.4 To applied the developed method for H2O. detection in real milk and
disinfectant samples.



1.2.5 To synthesize the magnetite nanoparticles (FesOs NPs)-decorated self-
reduced graphene sheets (rGO)/ZnAl layered double hydroxides (ZnAl-LDHSs), denoted
as Fe304/rGO/ZnAl-LDHs.

1.2.6 To study parameters affecting the adsorption efficiency for MO and BG
removal.

1.2.7 To apply FesO4/rGO/ZnAl-LDHs as adsorbent for methyl orange (MO)

removal from aqueous solution.

1.3 Expected outcomes

1.3.1 Preparation of Fe'!'Fe''" LDHNs was successfully by co-precipitation method.

1.3.2 Magnetic adsorbent or FezO4/rGO/ZnAl-LDHs have been successfully
prepared.

1.3.3 Understanding of the properties and morphology of the synthesis Fe''Fe'"
LDHNs and FesO4/rGO/ZnAl-LDHs by using XRD, SEM-EDS, XRD, FTIR, UV-
visible and BET.

1.3.4 A sensitive and selective for H20 colorimetric assay was developed by using
Fe''Fe''' LDHNS. The as prepared Fe''Fe!"' LDHNs to enhanced peroxidase-like activity
for use in H20> detection by colorimetric assay.

1.3.5 The developed H,O2 colorimetric assay based on Fe''Fe!' LDHNs as
peroxidase mimic enzyme with ABTS and TMB as peroxidase substrate will provide
high potential to H20. quantitation in real milk and disinfectant sample applications.

1.3.6 The modification of ZnAl-LDHs was modified by using FesOs-decorated
rGO has been proposed for the improvement the magnetic properties and adsorption
capacity of magnetic adsorbent. The magnetic adsorbent can easily be separated and
regenerated from aqueous solutions by using external magnet.

1.3.7 Fe304/rGO/ZnAl-LDHs were applied as a high efficiency adsorbent to
remove anionic methyl orange (MO) and cationic brilliant green (BG) from aqueous

solution.



1.4 Scope of Research

In this work, Fe''Fe!' LDHNs and FesO4/rGO/ZnAl were synthesized. Their
applications can be divided into two parts:

Part I: Development of H20:2 colorimetric assay based on Fe''Fe''' LDHNs

Development of a new colorimetric method for detection of H20, will be carried
out by using Fe''Fe'"" layered double hydroxide nanosheets (Fe''Fe'!"' LDHNS) which act
as peroxidase mimetic. The Fe''Fe!' LDHNS were constructed from a mixture of
divalent and trivalent Fe ions with simple procedures and green solvent (aqueous
medium). Preparation of Fe'!'Fe''' LDHNs was successfully by co-precipitation method.
The synthesis of Fe''Fe''' LDHNs can be proved by various analytical tools including
XRD, SEM-EDS, FTIR and XPS. The as-prepared Fe''Fe!'' LDHNs was used as
peroxidase mimetics to catalyze the oxidation of TMB and ABTS chromogenic
substrates in the presence H>O> to produce a blue and green color product of oxidized
TMB and ABTS*" with a maximum absorption at 652 nm and 418 nm, respectively.

For TMB substrate, H,O> detection was carried out in air-saturated solution
referencing literature [7, 8]. In a typical experiment, 50 uL of 0.3 mg mL* Fe''Fe!"!
LDHNS, 100 pL of different concentrations of H202, 200 pL of 1 mM TMB (in ethanol)
and 400 pL of 0.1 M pH 4.0 acetate buffer solution, were mixed. The mixture was then
allowed to react for 30 min at ambient temperature (25 1 °C), then the absorbance was
measured by UV-Vis absorption spectrophotometer at 652 nm.

For ABTS substrate, according to a previous report [26], H20. detection was
performed by a facile step in deionized water. The mixed solution, which include 50 pL
of 0.3 mg mL* Fe''Fe'"" LDHNS, 100 pL of different concentrations of H2O2, 100 pL of
20 mM ABTS and 500 pL of deionized water; were mixed together. The solution
mixture was kept to react at ambient temperature (25 + 1 °C) for 30 min prior to
monitoring by UV-Vis absorption spectrophotometer at 418 nm.

After that, the proposed method is expected to be more potential for exact detection

of H202 in real milk and disinfectant samples.



Part I11: Synthesis of FesO4/rGO/ZnAl for the removal of methyl orange and
brilliant green from aqueous solution
We demonstrate a simple way to synthesize magnetic adsorbent materials
consisting of magnetite nanoparticles (FesO4 NPs), reduced graphene oxide (rGO), and
ZnAl layered double hydroxides (ZnAl-LDHs), denoted as Fe304/rGO/ZnAl-LDHs.
Firstly, the simple synthesis of FesO4/rGO was prepared by using GO which act as
oxidizing agent to oxidize Fe** from FeCl.*4H,0 into Fe3O4, resulting to Fez04/rGO.
The Fe304/rGO was formed through the spontaneous in-situ deposition of Fes0s NPs
onto the self-reduced GO surface in one step with green synthesis method. This method
can also prevent aggregation of FesO4 NPs and rGO. Moreover, the synthesis method
requires no toxic solvents and simply carried out at room temperature. It is green
synthesis method and can easily control the process parameters. Next, ZnAl-LDHs were
formed by co-precipitation method and attached with FesO4/rGO sheets via electrostatic
attraction and hydrogen bonding, resulting in Fes04/rGO/ZnAl-LDHs. This magnetic
adsorbent can easily be separated from aqueous solutions by using external magnet. The
properties and morphology of magnetic adsorbent were characterized by XRD, SEM-
EDS, FTIR, and BET analysis. Fes04/rGO/ZnAl-LDHs were applied as adsorbent to
remove methyl orange (MO, anionic dye) and brilliant green (BG, cationic dye) from
aqueous solution.
1.4.1 Synthesis of materials
1.4.1.1 Preparation of Fe''Fe!' LDHNs
1.4.1.2 Preparation of graphene oxide
1.4.1.3 Preparation of FezO4/rGO
1.4.1.4 Preparation of Fe3O4/rGO/ZnAl LDHs
1.4.2 Characterization of the Fe''Fe''' LDHNSs and FesO4/rGO/ZnAl LDHs
1.4.2.1 X-ray photoelectron spectroscopy (XPS)
1.4.2.2 Scanning Electron Microscopy (SEM)
1.4.2.3 Energy Dispersive X-Ray Spectroscopy (EDS)
1.4.2.4 X-ray Diffraction (XRD) analysis
1.4.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
1.4.2.6 UV-visible spectroscopy (UV-visible)

1.4.2.7 Brunauer-Emmett-Teller (BET) surface area analysis



1.4.2.8 Zeta potential analysis
1.4.2.9 Vibrating Sample Magnetometry (VSM)
1.4.3 Colorimetric method for H202 detection by using Fe!'Fe!"' LDHNs
1.4.3.1 UV-Visible Absorption spectra of ABTS and TMB reaction
1.4.3.2 Parameters that effect the sensitivity of the H,O; detection
1) Effect of buffer pH (0.2 M acetate buffer)
2) Effect of the reaction time
3) Effect of Fe''Fe"" LDHNSs concentration
4) Effect of ABTS and TMB substrate concentration
1.4.3.3 The apparent Michaelis-Menten constant (Km)
1.4.3.4 Linear concentration range of H2O2 for ABTS and TMB substrate
1.4.3.5 Application of H202 determination to milk samples
1.4.4 Adsorption of MO and BG by using FesO4/rGO/ZnAl LDHs
1.4.4.1 Adsorption behavior of MO and BG from aqueous solution
1) Effect of contact time and initial dyes concentration
2) Effect of pH, adjusted by adding 0.1 M HCI or NaOH solution
3) Effect of adsorbent dosage

1.4.4.2 Adsorption kinetics

1.4.4.3 Adsorption isotherms

1.4.4.4 Adsorption mechanisms

1.4.4.5 Desorption and Regeneration of FesO4/rGO/ZnAl-LDH

10



CHAPTER 2
LITERATURE REVIEWS

2.1 Layered double hydroxides (LDHS)

Layered double hydroxides (LDHSs) are a group of inorganic lamellar compounds
of basic nature. The LDHs are known as hydrotalcite-like compounds (HTIc). The
mineral hydrotalcite, which was discovered in Sweden around 1842, is a
hydroxycarbonate of magnesium and aluminum and can be considered a prototype of
this class of materials [59]. The hydrotalcite MgeAi2(OH)16CO3-4H,0 structure results
from stacking brucite-like layers Mg(OH). containing a positive charge due to a partial
substitution of Mg?* by AI**. The positive charge is compensated by anions located in
the interlamellar spaces (Figure 2.1) [59-61]. Although LDHs exist as naturally
occurring minerals, they are also relatively simple and economical to synthesize. LDHs
have relatively weak interlayer bonding and, as a consequence, exhibit excellent ability
to capture organic and inorganic anions. The most interesting properties of LDHs
include large surface area, high anion exchange capacity (100-300 m? g*) [62] that is
comparable to those of anion exchange resins, and good thermal stability [59-62]. In
recent years these materials have received considerable attention due to their specific
structure with different potential applications such as catalysts, precursors to mixed

metal oxide catalysts, adsorbents, anion exchangers, flame retardants, etc. [63].
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Figure 2.1 Schematic representation of LDHSs structure.

2.2 Composition and structure of LDHs

Chemical composition of layered double hydroxides is the exciting feature which
defines their use in various applications and imparts phenomenal properties in these
compounds. The general formula of LDHSs to describe the chemical composition is given
as follow[ [M"1x My (OH)2]** [A™ xn]* mH20, where M" and M"' can be any divalent
and trivalent metal ion whose ionic radius is similar to that of Mg?* such as Mg?*, Ca®*,
Fe2*, Co?*, Zn?*, Cu?* and Fe**, AI**, Bi**, In®*, La*, Ga*', respectively. A™ can be any
compensating anion may be CI-, OH", COs*, SOs*, NOs", organic, inorganic,
carboxylate, coordination compound, oxoanion and polyoxometalates [61]. The value
of m is the amount of water present in the interlamellar region and x is the ratio
M/ (Mm"+ M [59-63]. Additionally, true LDHs phases are often only observed when
0.2 < x < 0.33 resulting in M"/M"" ratios of 2:1- 4:1 being reasonably stable, however,
exceptions have been reported in the literature [64, 65]. In the LDHs, the M" and M
cations are linked by OH units coordinated at the octahedral positions forming sheets,
which are then stacked on top of each other to give a layered structure similar to that of
the mineral brucite (Mg(OH)2), giving positively charged sheet [ 64 ]. The net positive
charge is compensated by anions in the interlayer region between the brucite-like sheets.
Some hydrogen bonded water molecules may occupy the free space in this interlayer
region [66-68]. The structure of LDHs and a typical octahedral unit are shown in
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Figure 2.1. The basal spacing is the total thickness of the brucite-like sheet and the
interlayer region. The octahedral units of M'" and M"" metal cations (sixfold coordinated
to OH") share edges to form infinite sheets. These sheets are stacked on top of each
other and are held together by hydrogen bonding. The anion and the water molecules
are randomly located in the interlayer region and are labile, being free to move by
breaking bonds to the layers and forming new ones [59-63]. This prominent structure
feature allows LDHs to have a powerful ability to trap organic dyes in aqueous solutions
[46]. Up until now, many researches have been reported to synthesize pure LDHs
materials or LDHs-based on composites due to their have high anion exchange and
adsorption ability which allows them to be an alternative adsorbent or ion exchanger
[60].

2.3 Properties of LDHs
Anion exchange capacity, colloidal properties, morphological properties, thermal
stability, particle size, surface area, crystallinity, porosity and tensile strength are
important physical characteristics that influence the applications of LDHs. These
properties are dependent on methods of preparation used to synthesize these layered
compounds [59].
2.3.1 Anion Exchange Capacity
The Anion Exchange Capacity (AEC) of LDHs depends on the metallic
cation ratio (M" / M), the ability of the involved anion in stabilizing lamellar structure
and molecular mass of the cations and anions involved. AEC values might change
between 200 and 450 mol kg*. Values bellow 200 mol kg™ are not possible, once the
M" and M" ratio is very low to support LDH structure reported by Leroux and Besse
(2004) [69].
2.3.2 Colloidal properties
Particle size is influenced by synthesis condition variables, for example time,
temperature, pH and reaction stoichiometry. Small particle size and rough surface is
obtained with variable pH, while larger particles are obtained in constant pH method
showing sharp peak. SEM and TEM techniques can be used to determine the particle
size [70]. The small particle size and low charge density of some LDH are important for
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systems with colloidal characteristics and/or delamination (stacking structure loss). The
large size of the host anion often causes interlayer diffusion problems [69].
2.3.3 Morphological properties

Physical properties such as morphology, surface area, porosity and particle
size are extremely important to describe LDH and, of course, can define its applications.
Scanning Electron Microscopy (SEM) can be applied to assess the morphology of these
materials.

Crystallinity and pore size are important to describe catalytic and adsorptive
properties of LDHs. Mass transfer process and regioselectivity are promoted by the
uniformity of porous structure. LDHs have high specific surface area of (100 + 300) m?
gL. High surface area facilitates guest host interactions. Larger crystallites synthesized
by constant pH method exhibit lower surface area. Surface area of particle can be
enhanced after calcination by transforming them into corresponding oxides or oxy
hydroxides. Nitrogen adsorption process can be used to analyze porosity of a compound
[69, 71].

2.3.4 Thermal stability

Thermal decomposition temperatures are dependent on several factors such
as, LDHs crystallinity, nature, cations molar ratio (M" / M), and the interlayer anion
type (organic or inorganic). Thermal characterization of these materials is performed by
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
techniques [69].

2.3.5 Tensile strength

Tensile strength of these compounds decreases by increasing the
concentration of LDHs. However, a sharp decrease in elongation at break and steady
increase in modulus was observed with increase in concentration of LDHSs. It is
concluded that change tensile properties with concentration of LDHSs is due to the

combined effect of compatibilizer and dispersed LDHSs particles [72].



2.4 Preparation/Synthesis of LDHs
2.4.1 Co-precipitation method
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Figure 2.2 Schematic illustrating the preparation process of ZnAl LDHs by
co-precipitation method [73].

Co-precipitation method is commonly used procedure for preparing LDHs
because it produces large amount of material and is easy to handle at laboratory level.
It has been used extensively for the one-pot direct synthesis of LDHs containing a
variety of layer cations and interlayer anions [59]. In this procedure aqueous solutions
of divalent (M?*) and trivalent metals (M3*) are used as precursors which contain
intercalating anions; the M?* and M3* hydroxide layers are nucleated and grown from
an aqueous solution containing the anion that is to be incorporated into the LDH. An
interesting feature of this method is that there exists diversity in anionic species to
intercalate in OH™ sheets. The anion that is to be introduced must have a high affinity
for the hydroxide layers, otherwise the counter anions of the metal salts may be
incorporated, thus contaminating the LDH. For this reason, metal nitrate or chloride
salts are commonly utilized because of the low selectivity of LDHs towards these anions
[74]. Another interesting feature of this preparative method is that a wide variety of
anionic species can be directly intercalated between the hydroxylated sheets. Layered

double hydroxides are prepared at low and high supersaturation conditions.
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2.4.1.1 Precipitation at low supersaturation

Precipitation at low supersaturation requires slow addition of
divalent and trivalent metals salt in the chosen ratio into aqueous solution containing
desired anion, and pH is maintained at selected value. A second solution of an alkali is
added into the mixture salts solution simultaneously at such a rate as to maintain the pH
at a selected value leading to facilitate homogeneous precipitation of the two metallic
salts [59, 60, 63, 69]. The anion that is to be introduced should have a high affinity for
the LDH layers and be present in excess, otherwise the counter-anions of the metal salts
may be incorporated by competing reactions. Consequently, metal nitrate and chloride
salts are commonly used because of the low selectivity of LDHs toward these anions.
Furthermore, LDHSs have a high affinity for carbonate anions and hence, unless this is
the target anion, reactions are generally carried out under nitrogen in order to avoid
absorption of atmospheric carbon dioxide which would generate carbonate ions in situ
[59, 63].

One advantage of this method is that in many cases it allows careful
control of the charge density (M?*/ M3" ratio) of the hydroxide layers of the resulting
LDH by means of precise control of the solution pH. The second advantage is that low
supersaturation conditions usually give rise to precipitates with higher crystallinity than
those obtained under high supersaturation conditions, because in the former situation
the rate of crystal growth is higher than the rate of nucleation [59, 60, 63, 69].

2.4.1.2 Precipitation at high supersaturation

High supersaturation of LDHSs precipitation was performed by the
instantaneous addition of mixed M?* / M3* salt solution into an alkali solution containing
desired interlayer anion. Preparations under conditions of high supersaturation generally
give rise to less crystalline materials, because of the high number of crystallization
nuclei. Because this method leads to a continuous change in the pH of solution, the
formation of impurity M(OH). and/or M(OH)s phases, and consequently an LDH
product with an undesired M?* / M3* ratio, often results [59, 60, 63]. Thermal treatment
performed following coprecipitation may help increase the crystallinity of amorphous
or badly crystallized materials. Hence the synthesis of LDHs at high supersaturation
method is less common than low supersaturation for the preparation of LDHs materials
[59, 63].



17

2.4.2 Hydrothermal method

ANNOI: NNOsk

\V/

Autoclave

< .
L irasonicated i 1) Heated a1 150, 3h
—— —
Ih 2) Centrifugation
and washed with Df water
ON OH OR -;'ui. OH OH OH Ol
g X
| L) \ |
! 4
L . _ "
| | | porey ‘
0 o 0 Ol OH Ol
NVAI-LDH

Figure 2.3 Schematic illustrating the preparation process of NiAl LDHs by
hydrothermal method [75].

The hydrothermal method is usually used when organic guest species with
low affinity for LDHSs are required to be intercalated into the interlayers, and when the
ion exchange and coprecipitation techniques are ineffective in this case. Hence
hydrothermal synthesis has proven efficient because this method ensures no competing
anion in the interlayer other than the intended by making insoluble hydroxides as
inorganic source. The key features of this method is utilized to control particle size and
its distribution [59, 60, 69]. Hydrothermal approach is usually carried out to improve
crystallinity and is studied for Mg-Al LDHes. It is found that increase in LDH crystal
size results in improved crystallinity of hydrothermally treated samples. One advantage
of hydrothermal method, when compared with other co-precipitation ones, is to avoid
undesirable waste discard which may be harmful to the environment for instance NO3",
OH~, CI, etc. [60, 69].

2.4.3 Urea hydrolysis method

The urea hydrolysis method is frequently used for synthesis of highly

crystalline LDHSs to use a urea solution, which gradually hydrolyses to release hydroxide

ions and allows an extremely fine control over precipitation. Urea was used as an agent

for precipitation from “homogeneous” solution very attractive, and it has long been used
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in gravimetric analysis to precipitate several metal ions as hydroxides or as insoluble
salts when in the presence of a suitable anion [59]. Urea hydrolysis rate can be controlled

by the reaction temperature. Hydrolysis of urea proceeds in two steps, the formation of
ammonium cyanate (NH4CNO) as the rate determining step, and the fast hydrolysis of

the cyanate to ammonium carbonate [59, 60, 63].

CO(NH2)2 — NH4CNO 1)
NH.CNO +2H,0 —  2NHs"+ COz* (2)

Hydrolysis rate of urea can be adjusted by controlling the applied temperature during
reaction. The hydrolysis of ammonium carbonate gives pH of about 9 which is suitable
for precipitating a wide variety of metal hydroxides. Since the working pH for the co
precipitation of LDHs is in the range of 9-11, urea is a good candidate for the synthesis
of LDHs. On the other hand, the urea method is an ideal way for the preparation of
LDHs since during hydrolysis ammonia liberates the hydroxide and carbonate anions
which are the main components of LDHSs [59, 60, 63]. The compounds prepared using
this method display homogeneous sizes and platelet-like primary particles with well-
defined hexagonal shapes, crystallinity and specific surface area are observed to
increase by using urea, which may be very interesting from the viewpoint of
nanotechnology since LDHSs offer nano-size two-dimensional spaces for the creation of
functional materials [59, 60].
2.4.4 Sol-gel method

In this method, is initially the formation of a sol by hydrolysis and partial
condensation of a metallic precursor is then followed by the gel formation. Metallic
alkoxides, acetates, or acetylacetonates, as well as many inorganic salts can be used as
metallic precursors. The properties of the obtained solid LDHs depend on the hydrolysis
and condensation rates of the metallic precursors and can be tuned by controlling
different reaction parameters such as pH, nature and concentration of the metallic

precursors, solvent and the temperature of synthesis [63, 69].



19

The sol-gel method has several advantages over traditional methods:

(1) low temperature processing and consolidation is possible

(2) smaller particle size and morphological control in powder synthesis

(3) the homogeneity and structural properties of the resulting solids are
controllable at the synthesis level by simply varying the composition of the precursors,
temperature, aging time, and removal/addition of reactant species.

The material prepared by sol—-gel method has well controlled pore sizes, high
specific surface area and high purity [63, 69]. However, currently, it is the less exploited
method.

2.4.5 Anion exchange method
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Figure 2.4 Schematic representation of ion-exchange method [59].

Anion exchange method is also a commonly used method for the synthesis
of LDHs composites and has been effectively useful for the intercalation of a number of
different types of anions. The anion exchange method is useful when the coprecipitation
method is inapplicable, in particular when the chosen divalent or trivalent metal cations
or the anions involved are unstable in the alkaline solution, or when there is a strong
possibility of interaction between the guest species and the metal ion [59, 60]. It is also
known as the first LDHSs are prepared by co-precipitation method with host anions, most
commonly NO3~, COs?", and CI™ as the exchange is easier than multi charged anions. In
the later stages, anions present in the interlayer region are exchanged with the preferred
anions by stirring the LDH precursor in a solution containing an excess of the anion to
be intercalated. To avoid carbonate intercalation the whole process of anion-exchange
should be carried out under inert atmosphere [59, 63, 69]. Owing to the fact that the
process is reversible, LDHs can be incorporated into polymers after intercalation to
improve the chemical and physical properties of the materials, that is, the thermal
stability and optical and magnetic properties, and also to change the surface properties
of the host from hydrophobic to hydrophilic [63].
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The host- guest exchange generally depends on the electrostatic forces
between positively charged LDH layers and the exchanging anions. Target anions can

be intercalated in two possible ways, as described in the equations [59]:

LDH-A™ + X™ — LDH:«(X")mn + A™ (3)
or
LDH-A™ + X™ + mH* — LDH:(X")mwn + HmA 4

There exists weak electrostatic interaction with layers, and hence these
anions can be easily replaced by anions with higher electrostatic interaction with layers
[59, 63, 69]. Figure 2.4 shows the schematic representation of ion-exchange method.

There are several factors which determine the extent of ion-exchange in any
given case:

(1) Affinity for incoming anion

The exchange efficiency varies depending on the ability of the
exchanged anions to stabilize the lamellae and/or to their proportion with respect to the
LDHs precursor anion. Generally, the exchange ability of incoming anions increases
with increasing charge and decreasing ionic radius. The order of intercalation is as
follows: COs%™ > HPO4> > S04 for divalent anions and OH~ >F > CI-> Br > NOs~
> |~ for monovalent anions. The co-intercalation of a second anion was found to have
no effect on the order of ion exchange preference. Because nitrate is exchanged most
easily, nitrate pillared LDHs are usually used as the precursors for ion exchange [59, 63,
69].

(2) Exchange medium

The appropriate solvent will favor the anion-exchange process. The
interlayer space of LDHs can be expanded to some extent in a suitable solvent medium,
which favors the ion exchange process. For example, in agueous medium favors the
exchange by inorganic anions, whilst an organic solvent favors exchange by organic

anions [59].
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(3) pH value
The working pH should be 4.0 or above 4.0. A low pH value therefore
favors liberation of the original anion as the conjugate acid and incorporation of a less
basic anion from solution and the hydroxyl layers will break [59].
(4) Chemical composition of the layers
The chemical composition of the LDH sheets influences the charge
density of the sheets and the hydration state, thereby affecting the ion exchange process.
Some other factors such as temperature also have an impact on the ion exchange process.
Anion-exchange process will be more favorable at high temperatures. However, that too
high a temperature might have an adverse effect on the structural integrity of the LDHs.
Moreover, this method depends on the chemical composition of the brucite type layers
[59, 63].

2.4.6 Regeneration/ Rehydration/ Reconstruction method
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Figure 2.5 Schematic representation of reconstruction method [59].

Regeneration/ Rehydration/ Reconstruction method is based on “memory
effect” of some LDH. This method involves calcination of LDHSs. Calcination is a
process of heating to high temperatures (about 400-500 °C) in inert atmosphere to
remove the interlayer water, interlayer anions, and breakdown partially the hydroxyls
from lamellae and convert interlamellar anion into volatile, forming a double
oxyhydroxide (or mixed metal oxides). After calcined, a solution containing the anion
of interest is added, regenerating the LDHSs by hydrolysis and the new intercalated anion.
In general, during regeneration process, pH is raised, so it must be corrected to avoid
hydroxyl from occupying the interlayer space [59, 60, 69]. This is the method of choice
when large anions should be intercalated into LDH or when the chosen anions are not
favored for intercalation by ion exchange method. It is also the preferred method for
active principle intercalation, because the presence of anions, such as ClI- or NOs™, with
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possible negative effects into living bodies, is avoided. The incorporation of competing
anions is also limited, even if particular care should be paid to the pH value that when

raises too much can favor the OH- insertion [59, 69].

2.5 Application of LDHs

The flexibility in composition of LDHSs has led to an important class of materials
suitable for several existing and future applications in biological, chemical, and
environmental processes. LDHs possess high anion exchange capacity, large surface
areas, a homogeneous and thermally stable dispersion of the metal ion components. In
this work, we have been focused in the research and development of LDHs which enable
their use as catalyst precursors or actual catalysts, anion exchangers and adsorbents for
diagnosis and environmental applications [60].

2.5.1 Applications in catalysis for colorimetric detection of H20O2 and glucose

Flexible composition, synthesis ease (inexpensive or simple), eco-

friendliness and high versatility makes LDHs viable candidate in comparison to
catalysts used conventionally. LDHs have been largely employed as efficient
biosensors, owing to their excellent biocatalytic properties and to the possibility of
producing hybrid materials with enzymes. Typically, LDHs employed enzymes were,
horseradish peroxidase, and glucose oxidase [76]. Colorimetric method has attracted
more attention since it provides a simple and convenient platform for analyte
determination. Besides, it is less dependent on equipment, timesaver, inexpensive and
easy to operate as well as convenience for practical applications. In addition, the color
change of specific substance can also be rapidly observed by the naked eye for
qualitative analysis and easily monitored by UV-Vis spectrophotometer for an accurate
quantification [31, 77-83]. Initially, glucose oxidase (GOXx) catalyzes the oxidation of
glucose to generate H>O». Next, horseradish peroxidase (HRP) catalyzes the oxidation
of the peroxidase substrate in the presence of newly formed H20: to produce a colored
product, and colorimetric measurement is based on the quantity of this product that is
formed. Chromogenic substrates include 3,3',5,5'-tetramethylbenzidine (TMB), and 2,
2'- azino- bis- ( 3- ethylbenzothiazoline) - 6- sulfonic acid ( ABTS), which all react
immediately and rapidly with H.O; [77-83].
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As a natural enzyme, HRP displays a great practical application based on its
good selectivity and high sensitivity under mild condition. However, natural enzymes
suffered from some serious disadvantages including high cost, inherent instability and
easy denaturation under extreme conditions (e.g. in strong acidic and basic condition,
high temperature) or digestion by proteases, these have often limited their practical
applications. Moreover; the preparation, purification and storage of natural enzymes are
usually expensive, difficult and time-consuming, which have inevitably restricted their
widespread applications [77-83]. Therefore, it is interesting and challenging to develop
novel and efficient artificial peroxidase enzyme mimetics that can overcome certain
drawbacks of natural enzymes.

LDHs have been reported as suitable catalysts for many colorimetric
reactions, in which they are applied as indicators for many analytical applications [25,
31, 32]. Beginning from the first example of H20 and glucose colorimetric assay based
on the CoFe-LDHs nanoplates. In 2012, Zhang et al. reported the CoFe-LDHSs as an
effective peroxidase mimetic to catalyze the oxidation of TMB peroxidase substrate in
the presence of H>O> to produce a blue solution [31]. Various LDHs materials including
CoAl EDLH [77], DNA/CuAI-LDHs [78], C-dot/NiAl-LDHs [79], NiFe-LDHNS [80],
Ni-V LDHs/MMO [81] and MXene@NiFe-LDHs [82] have been reported to possess
peroxidase-like activity and used for the colorimetric detection of H>O, and glucose by
using TMB as peroxidase substrate. In the year 2017, Ni/Co-LDHs microspheres were
used to catalyze the oxidation of ABTS in the presence of H.O> to generate green color
solution of ABTS*" [32]. LDHs are one of the promising candidates for being used as
catalysts for colorimetric assays due to their low cost, environmental friendliness, high
conductivity and high redox activity [77-83].

2.5.2 Applications in Adsorbent and Anion-exchange

Fast growing industrial sector has loaded environment with pollutants and
toxicants which can cause adverse effects to human health and the surroundings.
Recently, environmental pollution is one of the most serious problems in the world due
to its deep effect on the future of human beings. Then the investigation for resolving the
problem of the environmental pollution in the world began to draw major public
attention. Heavy metal ions and organic dye molecules have high toxicity and poor

biodegradability for plants and animals at higher concentrations [62]. In recent years,
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LDHs have been aroused increasing interest as adsorbents by virtue of their properties,
which make them attractive materials for adsorbing heavy metal ions and organic dyes.
Their abundance in nature, low cost, and good adsorptive properties, a result of their
negatively charged layers and high large surface per unit of mass, large porosity, high
anion-exchange capacities and flexible interlayer space, etc. i.e. it satisfies all the
requisite properties of adsorption of heavy metal ions and organic dye molecules. [62,
69]. The anion-exchange capacity of LDHs is affected by the nature of the interlayer
anions initially present and the layer charge density (i.e. the M" /M"!' molar ratio in the
brucite- like sheets). When the layer charge density is very high the exchange reaction
may become difficult. LDHs greater affinities for multivalent anions compared with
monovalent anions [62].

Adsorption is a surface phenomenon, used for the accumulation of
contaminants between two phases such as solid-liquid interface or solid-gas interface.
Normally, adsorption mechanism occurs due to intermolecular forces of attraction
between adsorbent and adsorbate. When a solution having adsorbate encounters the
adsorbent (porous media), surface forces at the interface concentrate the solutes on the
surface of the adsorbent [84-87]. LDHSs can take up anion species from solution by three
different mechanisms: surface adsorption, interlayer anion-exchange and reconstruction
of a calcined LDH precursor by the “memory effect” [62].

Removal of dyes from wastewater is of significant consideration because
dyes being colored pollutant cause environmental hazards. Up until now, many
researches have been reported to synthesize pure LDHs materials or LDHs-based on
composites due to their have high anion exchange and adsorption ability which allows
them to be an alternative adsorbent or ion exchanger, make these materials favorable to
remove contaminants from aqueous systems [44, 45] Moreover, LDHs have been
successfully applied in the removal of toxic metals and organic dyes in aqueous solution.

Heavy metal cations and radioactive metals were eliminated by using chelate
ligands intercalated LDH because of flexible interlamellar region and specific pH. The
adsorption characteristics of metal cations were separately studied and concluded that
metal cations were separated due to high bond energy and high sensitivity of OH of
LDHs. Various uncalcined and calcined of LDHs have been used to investigate the

adsorption of heavy metal cations [88].
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ZnAl LDHs have been widely reported to be able to adsorb a wide range
anionic and cationic dyes from aqueous solution such as methyl orange (MO), congo
red (CR) and methylene blue (MB). Adsorption efficiencies of calcined and uncalcined
LDHs were compared and found that better removal efficiency is exhibited by calcined
LDHs [1, 45, 47].

2.6 Literature reviews/ Related research
2.6.1 Nanomaterials based on iron (Fe?* and Fe®*) (Magnetite nanoparticles)
as peroxidase mimetics and application in H202 and glucose detection

FesOs4 nanoparticles were subsequently used as natural enzyme
replacements. Natural HRP enzyme contains Fe?* or Fe** in its reaction centers, and
these metal centers are also found in FesO4 NPs. Thus, there has been extensive research
performed to design nanomaterials with enzyme-like catalytic activity.

L.Z. Gao et al. (2007) [24] provide the first report that FesOs MNPS possess
intrinsic peroxidase-like activity comparable to that of an enzyme catalyzed reaction.
Peroxidase activity has a wide range of practical applications. The Fenton’s reaction is
Fe?*/Fe*" ions in solution (Fenton’s reagent) are known to catalyst the breakdown of
hydrogen peroxide (H202). Furthermore, a number of peroxidase enzymes (including
the haem-containing enzyme HRP) and enzyme mimetics also contain Fe?* or Fe®* in
their reaction centres. Moreover, they found that the FesO4 MNPs catalyzed the reaction
of the peroxidase substrate including 3,3,5,5- tetramethylbenzidine ( TMB), di-azo-
aminobenzene (DAB) and o-phenylenediamine (OPD) in the presence of H.O: to
produce a colour reaction. Like enzymatic peroxidase activity, such as observed for the
commonly used enzyme HRP. In addition, the catalytic activity of the Fe3O4s MNPs is,
like HRP, dependent on pH, temperature and H>O> concentration. In this study, they are
providing the first report that FesOs MNPs possess intrinsic peroxidase-like activity
comparable to that of an enzyme catalyzed reaction (HRP). In this work, Fez04 MNPs
catalyzed the reaction of different peroxidase substrates to give the same colour changes
as HRP. The fact that FesO4 MNPs have peroxidase-like activity poses the potential for
novel applications and characterized this activity, taking HRP as a comparison. Further,
FesOs MNPs are highly effective as a catalyst, with a higher binding affinity for the
peroxidase substrate than HRP and approximately 40-fold higher level of activity at the
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same concentration of catalyst. Importantly, FesOs MNPs have the additional property
of magnetic, which allows them to be recovered for recycling, or to be used as a capture
agent when appropriately modified. Taken together, these results demonstrate that
FesOs MNPs act as a robust and effective peroxidase mimetic, as well as a versatile
capture and detection tool.

F.F. Peng et al. (2008) [90] present peroxidase-like catalytic properties of
Fe3O4 nanoparticles (NPs) with three different sizes, synthesized by chemical co-
precipitation and sol-gel methods, were investigated by UV—Vis spectrum analysis. By
compare FesO4 NPs with average diameters of 11, 20, and 150 nm. The Fe304 NPs with
three different sizes can all catalyze the reaction of the typical peroxidase substrate
3,3',5,5'-tetramethylbenzidine (TMB) in the presence of H2O». The result found that all
the three catalysts are active for the substrate, and the activities for the reaction vary
substantially in the order 11 nm > 20 nm > 150 nm. It implies that with the reduced
particles size, the catalytic activity increases. This phenomenon may be due to the small
size particles having more active sites and larger specific surface area, which lead to
more efficient contact with the substrate. The data was fitted to the Michaelis—Menten
model to obtain the parameter apparent Km. The result found that the K value of Fe304
NPs with TMB as the substrate was 0.27 mM, which was lower than that of HRP,
0.4 mM. It suggested that FesOs NPs have a higher affinity for TMB than HRP and may
be used as a hopeful peroxidase mimic. The enzyme mimics, FezO4 NPs has advantages
such as moderate cost, ease of preparation and long-time stability comparing to natural
enzymes and show magnetic properties. The peroxidase-like catalytic activity of FesO4
NPs and its size dependence will extend the application of the materials in biological
and chemical field.

H. Wei et al. (2008) [26] present the novel properties of FesOs MNPs as
peroxidase mimetics reported in 2007 by Yan et al. to detect H2O2. The FesOs MNPs
were prepared via a co-precipitation method. The as-prepared FesOs MNPs were then
used to catalyze the oxidation of a peroxidase substrate 2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) diammonium salt (ABTS) by H.O; to the oxidized colored
product which provides a colorimetric detection of H>O». Detection of glucose was
combination of the catalytic reaction of glucose with glucose oxidase (GOx) and the

Fe3O4 MNPs catalytic reaction. The developed method exhibited sensitive and selective
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response toward glucose detection. The colorimetric method showed good response
toward H,0, and glucose detection with a linear range from 5x107° to1x10* mol L and
5x10° to 1x10° mol L respectively. More importantly, a sensitive and selective
analytical platform for glucose detection was fabricated using GOx and the as-prepared
Fe3O4 MNPs. Thus, the FesO4 MNPs can rival natural enzymes and obviously that the
Fe3O4 MNPs possess intrinsic peroxidase-like activity but also showed great potential
applications in varieties of easy preparation, simple, robust, cost-effective, stability in
rough conditions, and easy-to-make biosensors in the future.
2.6.2 Layered double hydroxides as peroxidase mimetics and application in

H20: and glucose detection

Layered double hydroxides (LDHSs), also known as hydrotalcite-like
compounds, are a class of anionic clays with two-dimensional (2D) structure. There is
great interest in these materials because they are non-toxic, stable, easy to prepare, and
also because of their good biocompatibility, large surface area, good adsorption ability,
and anion exchange. Several LDH materials were found to exhibit intrinsic enzyme
mimetic activity

Y. Zhang et al. (2012) [31] discovered the proof of concept of using CoFe
layered double hydroxide (CoFe-LDHSs) nanoplates as an effective peroxidase mimetic
to catalyze the oxidation of peroxidase substrate 3,3’,5,5'-tetramethylbenzidine (TMB)
in the presence of H.O> to produce a blue solution. Based on these findings, a novel
CoFe-LDHs nanoplate based colorimetric assay to detect H.O> was developed for the
first time. CoFe-LDHSs were synthesized by a modified co-precipitation method. They
found that, after addition of CoFe-LDHSs, the TMB—H.O> solution exhibits three strong
adsorption peaks centered at 372, 456, and 652 nm, respectively, which can be attributed
to that CoFe-LDHs catalyze the oxidation of TMB by H»0.. Additionally, the
absorbance at 652 nm increased with increasing H2O> concentration. This peroxidase-
like activity is dependent on H2O2 concentration, pH, and temperature. The maximum
catalytic activity was obtained under the following optimal conditions: pH 4.0, 30 °C.
Note that the catalytic activity of the CoFe-LDHs is more stable at higher H20-
concentration than HRP. This behavior was very similar to that observed with other
NPs-based peroxidase mimetics and HRP. The linear range and detection limit of H20O-
are estimated to be from 1 to 20 mM and 0.4 mM, respectively. The designed method
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provides a linearity range of glucose from 1 to 10 mM and detection limit about
0.6 mM. As inorganic nanomaterials, CoFe-LDHSs are expected to be more stable than
natural enzymes. CoFe-LDHs also had good storage stability. When it was stored in
water at room temperature for 2 months, no obvious decrease in the response to HOx.
Importantly, CoFe-LDHs also had good reusability after repeated cycles of H>O»
sensing. In addition, the selectivity of the developed method for glucose determination,
they investigated the influence of maltose, lactose and fructose, using the same
determination procedure as described for glucose. This develop sensing system exhibits
excellent selectivity for glucose detection.

L. Chen et al. (2013) [77] present the novel approach for exfoliation of Co-
Al layered double hydroxides (Co-Al LDHs) in aqueous solution of L-asparagine and
obtained a stably stored colloidal suspension of 2D nanosheets. Co-Al LDHs were
synthesized by salt-acid treatment, and anion exchange methods. L- Asparagine is a
water-soluble amino acid whose carbonyl groups would have a strong interaction with
the LDH host layers and the amino groups might weaken the interlayer interactions.
This simple method did not need reflux at high temperature, overcame the drawback of
using organic solvents. Co-Al ELDH could rapidly catalyze oxidation of the peroxidase
substrate 3,3',5,5'-tetramethylbenzidine (TMB) in the presence of H20O3, producing a
blue color reaction with strong absorption at 652 nm. The 2D nanosheets of Co-Al
ELDH had brilliant enhanced peroxidase- like activity compared to unexfoliated LDH
and the activity was dependent on pH, temperature, amount of Co-Al ELDH, and H>O>
concentration. The optimum conditions were approximately pH 6 at 25 °C for 10 min
incubation, which are very similar to the values for HRP natural enzyme. This method
provides the linear range is from 0.01 mM to 0.2 mM and the H2O- can be detected as
low as 0.01 mM. For glucose detection, the linear range from 0.05 mM to 0.5 mM is
realized with the lowest detection of 0.05 mM. On this basis, simple, rapid and selective
colorimetric methods for H2O and glucose detections were developed. The presented
means was used for glucose detection in fruit juices and fine results were obtained.

L. Chen et al. (2013) [78] demonstrate that the herring sperm (hs) DNA,
which is commonly commercially available, destroys the lamellar structure of LDHs
under constant vibration under ambient conditions. The hsDNA molecules consist of
negative charge was adsorbed onto positively charged of LDH nanosheets forming
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DNA- LDH nanohybrids. They hypothesized that hsDNA molecules impacted and
exfoliated the bulk crystal into nanosheets. This effectively increased the specific
surface area of the catalyst material. Furthermore, hsDNA adsorbed onto LDH
nanosheets via electrostatic forces forming a multicomponent material and led to an
enhanced catalytic activity. On the basis of the high catalytic activity of DNA/CuAl-
LDH nanosheets, a rapid, sensitive, and convenient approach was developed for
colorimetric detection of H202 and glucose. The hsDNA-LDH nanohybrids which
showed superior catalytic activity compared to pure LDH in the oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) in the presence of H20.. Considering that the element
species of catalysts would be another factor affecting the catalytic activity, three LDHs
containing CuAl, CoAl, or NiAl were simultaneously researched. As a result, the
DNA/ CuAl- LDH nanosheets expressed better peroxidase- like activity than
DNA/CoAl-LDH and DNA/NiAIl-LDH nanohybrids. Therefore, DNA/ CuAl-LDH
nanohybrids could be applied for colorimetric detection of H2O>, on the basis of the
absorbance of the oxidized TMB product being proportional to the concentration of
H20,. The catalytic activity was sensitive to variations in pH, temperature, catalyst
amount, and substrate concentration. The suitable conditions for colorimetric detection
of H20. was carried out at pH 4, 35 °C for 15 min incubation. The DNA/CuAl-LDH
nanohybrids catalyzed the reaction of H.O. and TMB which showed typical Michaelis—
Menton kinetics. The method gave a wide linear range for H.O2 and glucose from
2x10°t02x 102 M and 4 x107° to 2 x 10~* M, respectively. The detection limit are
1 x10° M and 8 x 10°® M for H,0, and glucose, respectively. The lowest visual
concentration of glucose by the naked eye is 40 mM. On this basis, colorimetric methods
to detect H2O2 and glucose were developed. This selective approach could be applied
for glucose detection in real serum samples. Due to the low cost, ease of preparation,
negligible toxicity, the hsDNA-LDH nanohybrids may be applied in a wide range of
fields, such as biocatalysis, environmental monitoring, and medical diagnosis.

Y. Guo et al. (2015) [79] provides a novel carbon dot/NiAl-layered double
hydroxide (C-dot/NiAl-LDH) hybrid material is successfully prepared through
electrostatic self-assembly of positively charged NiAl-LDH nanoplates (3.74 £ 0.3 mV)
and negatively charged C-dots (—5.09 + 0.5 mV). C-dot/ NiAI-LDH exhibits intrinsic
peroxidase-like activity, which shows enhanced catalytic activities compared with
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C-dots and NiAI-LDH. The hybrid material facilitates the electron transfer between
3,3',5,5'- tetramethylbenzidine (TMB) and H20, which oxidizes TMB to form a blue
product with shows maximum adsorption at 652 nm. The catalytic activity is dependent
on the pH, temperature, and H20. concentration. The kinetics analysis indicates that the
catalysis is in accordance with typical Michaelis—Menten kinetics and follows a
ping—pong mechanism. On the basis of the peroxidase-like activity of C-dot/NiAl-LDH,
the hybrid material can employ colorimetric detection of H2O2 provide linearity range
from 0.2 to 20 uM with a lower detection limit of 0.11 mM. The hybrid material also
shows better stability than horseradish peroxidase (HRP) when exposed to solutions
with different organic solvents and temperatures. The proposed method is successfully
applied for the determination of H20 in milk samples

T. Zhan et al. (2017) [80] proposed the ultrathin NiFe-layered double
hydroxide nanosheets (NiFe-LDHNS) were prepared by exfoliating bulk LDH in
I-asparagine aqueous medium. Exfoliation of LDHs by using l-asparagine has become
more and more acceptable because of simple procedures and green solvent. The
transmission electron microscopy and atomic force microscopy results reveal that NiFe-
LDHNS have about 200-300 nm lateral size and less than 2 nm thickness with the
broken edges rather than the original hexagon of hydrotalcite. It is believed that
exfoliation can endow NiFe-LDHNS with more exposed active sites and more
accessible inner surface of host layers. The 2D NiFe-LDHNS can perform the excellent
peroxidases-like catalytic activity. In this process, the substrate 3,3',5,5'-
tetramethylbenzidine (TMB) can be efficiently oxidized by NiFe-LDHNS in the
presence of H>O> to form a blue dark product (ox-TMB) with an absorption peak at
652 nm. The 2D NiFe-LDHNS exhibited the superior enzyme mimic activity to the bulk
NiFe-LDH, which was attributed to the more exposed active sites and more accessible
inner surface of single or several layers. Thus NiFe-LDHNS exhibit the much higher
peroxidase-like ability than the unexfoliated LDH. Therefore, a simple and sensitive
non-enzyme biosensor was developed for colorimetric detection of H2O2 and glucose.
Based on this, a colorimetric method for H20. and glucose are developed, which can be
applied to glucose detection in real samples.
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L. Su et al. (2017) [32] presents a simple strategy development for Ni/Co
layered double hydroxides (LDHSs) as a substitute for natural peroxidase. The Ni/Co
LDHs microspheres were fabricated by a facile one step chemical co-precipitation
method. The obtained Ni/Co LDHs exhibited ease of preparation, low-cost, and water-
solubility; importantly, this material showed high catalytic activity in neutral pH
solutions (phosphate buffer, Tris—HCI buffer, and even water). They found that the
Ni/Co exhibit peroxidase-like activity similarly natural enzyme. Ni/Co LDHs, as a
peroxidase mimic, exhibits several advantages. Firstly, compared to natural enzymes,
Ni/Co LDHs has advantages of ease of preparation, low-cost, and water-solubility.
Secondly, Ni/Co LDHs showed high catalytic activity over a broad temperature range,
from 10 °1C to 40 °C. Lastly, but most importantly, Ni/Co LDHSs had high catalytic
activity at neutral pH. Because of the similar optimal conditions (neutral pH, 37 °C) for
the catalytic activity of Ni/Co LDHs with glucose oxidase (GOx), choline oxidase
(ChOx), acetylcholinesterase (AChE), etc. Moreover, they developed a one-step method
for the detection of glucose and ACh in water, which showed shorter reaction times (200
s), simpler steps and ease of operation. Ni/Co LDHs microspheres could rapidly catalyze
oxidation of the peroxidase substrate ABTS in the presence of H20: in ideionized water
at 37 °C, producing a green color reaction with strong absorption at 417 nm. Glucose
detection was selected as an application model system to evaluate the performance of
this method, which showed a linear detection range from 0.5 mM to 100 mM with a
detection limit of 0.1 mM. The linear detection range was from 10 mM to 150 mM with
the limit of detection as 1.62 mM. The proposed method had ease of operation, simple
steps, and was rapid for glucose and AChE detection in real samples. On the basis of
these advantages and virtues, Ni/Co LDHs could become attractive nanozymes in
biotechnology and bioassays and create a great influence on the next generation of

enzyme mimetic systems.
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2.6.3 Layered double hydroxides as an adsorbent for removal of cationic and
anionic dye from aqueous solution

Up until now, many researches have been reported to synthesize pure LDHs
materials or LDHs-based on composites due to their have high anion exchange and
adsorption ability which allows them to be an alternative adsorbent or ion exchanger.
LDHs have been widely reported to be able to adsorb a wide range anionic and cationic
dyes from aqueous solution.

F. Z. Mahjoubi et al (2017) [1] reported the synthesis of Zn—Al layered
double hydroxides intercalated with carbonate (COs*), nitrate (NO3"), chloride (CI")
and sulphate ions (SO4>") through a co-precipitation method at a constant solution pH.
The presence of the anions in the hydrotalcite structure was confirmed by infrared
spectroscopy. The XRD analyses showed that the interlayer spacing followed this order:
Zn-Al-SO4> Zn-Al-Cl > Zn-Al-NO3z> Zn-Al-COs. The adsorption affinity correlated
with the structural properties, essentially the interlayer spacing, in each LDH. These
materials were used as adsorbent for adsorption of methyl orange (MO). The
experiments for MO adsorption onto synthesized samples were investigated under
various conditions such as contact time, initial dye concentration and solution pH. The
effective pH range for the MO removal was found to be 3.5-4.5. The kinetics data can
be described accurately by a pseudo-second-order kinetic model instead of a pseudo-
first-order model. The equilibrium data were fit well to the Langmuir and Dubinin—
Radushkevich isotherm models. The Zn-Al-LDH samples exhibited exceptional
Langmuir maximum adsorption capacities of 2758, 2455, 2270 and 1684 mg/g for Zn-
Al-SOg4, Zn-Al-Cl, Zn-Al-NO3 and Zn-Al-COs, respectively. The precursors exhibited
exceptional adsorption capacities indicating that these materials could be a potentially
efficient broad- spectrum adsorbent for dye removal from wastewater. With respect to
the selection of sorbents, these results are of practical interest for the optimization of
aquatic environment remediation technologies.

N. Kumara et al. (2017) [44] presents the synthesis of microsheets of chlorine
interlayer ZnAl layered double hydroxides (Cl-ZnAl LDHSs) hexagonal nanoplates by
simply varying the molar ratio of salts precursors in the presence of
hexamethylenetetramine (HMTA) through a facile and cost- effective, simple chemical

route. It was observed that the experimental conditions, especially the varying ratio of
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salt precursors (aluminium chloride and zinc nitrate), played a pivotal role in the
respective morphological transformation and in obtaining the pure phase of Cl-ZnAl
LDHs with microsheets like morphology. The CI-ZnAl LDHs hexagonal nanoplates
have been unique structural features and high specific surface area, the adsorption
capability of microsheets of Cl-ZnAl LDHs hexagonal nanoplates towards adsorption
of Cr(VI) ions and methyl orange (MO) from aqueous solution. The effective pH range
for the Cr(VI) ions and MO onto Cl-ZnAl LDHs microsheets were found to be pH 5
and pH 6, respectively. The underlying adsorption kinetics followed the pseudo-second-
order model for both Cr(V1) ions and MO pollutants. The adsorption of Cr(V1) ions and
MO on the as-synthesised sample was monolayer adsorption which followed well the
Langmuir, isotherm model. According to the Langmuir model, the maximum adsorption
capacity of Cr(VI1) ions and MO onto Cl-ZnAl LDHs microsheets were found to be
172.41- 223.24 mg/g and 284.90-359. 71 mg/ g respectively in the temperature range
25-35 °C. Further, the XRD, FT-IR and SEM-EDS measurements after adsorption
evidenced the entering of Cr(VI) ions into the interlayer and surface adsorption of
Cr(VI) ions and MO onto reconstructed LDHs. The excellent adsorption capacity of
prepared microsheets of Cl-ZnAl LDHs hexagonal nanoplates is owing to its unique
structural morphology, a high specific surface area with high pore volume and different
anion uptake mechanisms.

X. Guo et al. (2018) [45] synthesized Hierarchically porous composites
constructed by ZnAl- Cl type layered double hydroxides ( LDH) nanosheets and
amorphous AI(OH)3 nanosheets via a facile sol-gel route for the adsorption of two
typical anionic dyes Methyl Orange (MO) and Congo Red (CR) from aqueous solutions.
The micro- macrostructure and adsorption properties of hierarchically porous ZnAl-
LDH/AI(OH)s composites before and after calcination were investigated. Calcination at
500 °C allows the transformation from LDH composite to layered double metal oxides
(LDO), while the macrostructure is basically maintained with a macropore size of
0.5 um, a porosity of 53.1% and a BET surface area as high as 122 m? g~*. Adsorption
performances show that hierarchically porous composites exhibit ultrafast adsorption
rates and high adsorption capacities in the removal of anionic dyes CR and MO. XRD
and FTIR results after the dyes adsorption indicate that the intercalation of MO and CR

anions into the LDH structure via ion exchange with the pristine chloride ions group
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and the attachment on the external AI(OH)s surface determine the adsorption behavior,
thus leading to an expansion of the interlayer space. And the calcined products LDO-
based composites can be reversibly transformed back into the LDH structure via
reconstruction procedure in the presence of dyes aqueous solution. The maximum
adsorption capacities of hierarchically porous LDH- based composites and LDO
composites via calcination at 500 °C are 2348.3 and 1574.4 mg g * for CR and 1013.5
and 1015.1 mg g for MO, respectively. The adsorption kinetics followed the pseudo
second-order model, and the adsorption isotherms followed well the Langmuir isotherm
model. lon exchange and hydrogen bond existed in the surface of LDH and amorphous
Al(OH)s were considered as the main adsorption mechanisms for ZnAl-LDH/AI(OH)3,
intercalation of dyes anions into the interlayer to reconstruct the structure for ZnAl-
LDO, respectively. The adsorption—desorption cycles confirm that the as- prepared
ZnAl- LDH/ AI(OH)z own excellent recyclable properties, which suggest that the
adsorbents may be promising for the adsorption of organic dyes from wastewater.

H. Starukh (2019) [47] synthesized ZnAl LDH in carbonate and in calcined
forms with Zn:Al ratio 1:2, 1:3 and 1:4. These materials were applied for the study of
anionic indigo carmine (IC) and cationic methylene blue (MB) dyes removal from
aqueous media in batch mode. The highest adsorption of IC was observed for ZnAl
LDH calcined at 600 °C with Zn: Al ratio 2:1. The removal of the dye from aqueous
solutions with calcined LDH is accompanied by the reconstruction of their layered
structure and formation of ZnAl LDH-carbonate. At small initial concentrations of the
dye the adsorption of IC occurs on the external surface of LDH. At higher concentration
of IC in solutions the adsorption of IC on the internal surface of LDH takes place. In
this case the net increase in the basal spacing from 0.76 nm for ZnAl LDH in carbonate
form to 1.92 nm for the IC derivative was determined. The sorption capacity of calcined
ZnAl LDH to cationic dye MB was extremely low in single dye solutions. The highly
effective removal of MB with calcined ZnAl LDHs was achieved from the solutions
that contained MB and IC dyes. The simultaneous adsorption of anionic IC and cationic
MB occurred on calcined ZnAl LDH. The complete removal of MB and IC was reached
at MB:IC ratio 1:2. IC - modified ZnAl LDH demonstrated high activity for the removal
of MB from its solutions. The total removal of both dyes was 930 and 320 mg/g for IC

and MB, correspondingly. The effective removal of MB from the solutions was
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observed also when IC based ZnAl LDH were applied as sorbents. The LDH-dye sludge
can be reused as pigment for ink, cosmetics, foods, lacquers, coatings, polymers.
Despite the high adsorption capacity of organic dyes by ZnAl LDHs there
are low separation efficiency and reclaiming adsorbents at the end of the reaction in
liquid system still influenced their industrial application scope. Recently, magnetic
separation nanotechnology has been attracted much attention to solve the challenge for
easy separation and recovery of adsorbent materials, which can be applied by external
magnetic field [51, 52]. Magnetite nanoparticles (FesOs NPs) is a common magnetic
iron oxide have attracted considerable interest due to their superparamagnetic
properties; a required and important magnetic property in most of separation of
adsorbent materials by external magnetic field, their high specific surface area, low-
toxicity and hence are biocompatible [48, 53, 57]. However, FesOs NPs in aqueous
suspensions readily aggregates due to a combination of Lifschitz—van der Waals and
magnetic forces, resulting in may limit their magnetic properties, structural stability and
may also affect reactivity due to the loss of the specific activity of an individual
nanoparticle [57]. In order to solve above problems, introducing modification of FesO4
NPs with deposits on solid supports. Graphene is an excellent two-dimensional carbon
nanomaterial with atomic thickness. It consists of sp?-hydrized carbon; its excellent
physic physicochemical and mechanical properties, for instance high flexibility,
extremely large theoretical specific surface area and mechanical strength. Graphene
oxide (GO) and reduced graphene oxide (rGO) are one of the most important derivatives
of graphene, contains oxygen functional groups on its basal planes and edges, such as
hydroxyl (—OH), carboxyl (—COOH), carbonyl (—C=0) and epoxy (C—O—C) groups
[53-55]. These features impart of GO and rGO with excellent sorption capacity for

organic dye pollutants.
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Figure 2.6 Scheme of (a) a schematic representation of the preparation route to
Fes04/rGO via redox reaction between GO and Fe?*. Photos showing
a water/NH4OH (pH = 9) solution of Fe3O4/rGO (b) before and (c, left
panel) after the redox reaction with Fe?*, and (c, right panel) with an

applied magnet [58].

Y. Xue (2011) [58] discovered that GOs could act as strong oxidizing
reagents to effectively oxidize Fe** into FesOa nanoparticles, which simultaneously
deposited on the self-reduced GO surface. The consequence FesOs-nanoparticle-
decorated reduced graphene oxide (Fe3O4/rGO) shows interesting magnetic and
electrochemical behaviors useful for potential energy storage, catalytic, and even
biomedical applications (e.g., supercapacitors, magnetic bioimaging and targeted drug
delivery). GO can be used to oxidize many metals and even non-metal ions. Therefore,
the methodology developed in this study could be regarded as a facile, but effective and
versatile, approach toward the fabrication of reduced graphene sheets decorated with
many other metal oxide nanoparticles of practical significance. The simple synthesis of
Fes04/rGO was prepared by using GO which act as oxidizing agent to oxidize Fe?* from
FeClz or FeSQOq4 into Fe3Oa, resulting to FezO4/rGO. The FesO4/rGO was formed through
the spontaneous in-situ deposition of FesO4 NPs onto the self-reduced GO surface in

one step with green synthesis method. The reaction process is described as follows:
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oFe?* + GO — 2Fe¥ + GO (5)
) Fe?* + 2Fe® + 80H —  FesOs + 4H:0 (6)

3Fe?* + GO(8OH) — FesOs + 4H,0 + GO (7)

This method can be also preventing the aggregation of FezOs NPs and rGO.
Moreover, the synthesis method reported that requires no toxic solvents and simple carry
out at room temperature, it is green synthesis method can be easily controlled the process
parameters. These FesOs-nanoparticle-decorated rGO showed strong attraction towards
an external magnet, leading to an almost full separation of the Fes04/rGO out of the
solution. This clearly indicates that FesO4 nanoparticles have imparted useful magnetic

properties to the rGO.

Fe;0,/1GO

® Fe,0,

Figure 2.7 Schematic illustration of the formation of Fe3sO4/rGO nanocomposite

via a one-step in situ chemical deposition method [51].

P.S. Teo et al. (2012) [51] propose a simple, cost-effective, efficient, and
green approach to synthesize iron oxide/graphene (FesO4/rGO) nanocomposite using in
situ deposition of FesOs nanoparticles on reduced graphene oxide (rGO) sheets in
analkaline condition. Increasing the weight ratio of Fe?* to GO increases the FesOa4
particle size on the GO sheets and the magnetic strength of the nanocomposites. The
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Fe304/rGO nanocomposites were dispersible in polar solvents for all the prepared
weight ratios and were magnetic, and thus they are a promising material for
multifunctional applications. The synthesis of the Fe304/rGO nanocomposite involves
the redox reaction between GO and Fe?*. In the redox reaction, the oxidation state of
iron (1) is increased to iron (1) while the graphene oxide (GO) is reduced to rGO. The
Fe?* ions are first coordinated onto the surface of the GO sheets. The GO acts as an
oxidizing agent (Eq. (8)), effectively increasing the oxidation state of the Fe ions from
Fe?* to Fe®". This is followed by the reaction of the Fe3* ions, in an alkaline condition,
into FesO4 nanoparticles (Eg. (9)) on the surface of the rGO. The formation of FezOa
could also occur using the OH™ groups attached to the GO surface (Eg. (10)). During
the redox reaction, the polar oxygenated functional groups on the GO sheets serve as
the anchoring sites for the FesOs nanoparticles, consequently preventing serious

agglomeration of the magnetic nanoparticles.

2Fe?* + GO — 2Fe* + GO (8)
+) Fe** + 2Fe** + 80OH — FesOs + 4H20 9)

3Fe** + GO(BOH) — FesOs + 4H,O0 + GO (10)

Separation of the Fe304/rGO nanocomposite from the solution could be
achieved by applying an external magnetic field, thus demonstrating the magnetic
properties of the nanocomposite. The Fe3O4 particle size, magnetic properties, and
dispersibility of the nanocomposite could be altered by adjusting the weight ratio of GO
to Fe?* in the starting material.

F. Zhang et al. (2015) [57] synthesized magnetic composites consisting of
magnetite (FesOa), graphene oxide (GO), and MgsAl-OH layered double hydroxide
(LDH), denoted as MGL composites by a mechano-hydrothermal (MHT). The MHT
method provides a simple and environmentally friendly route for synthesizing
GO-LDH composite materials. The MGL composites exhibited good water- dispersity
and strong magnetic response. The application of the synthesized MGLs used for
removing the heavy-metal Pb (II) and the hydrophobic organic pesticide 2,4-

dichlorophenoxyacetic acid (2,4-D) from aqueous solutions. More affinity of the MGLs
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for Pb (I1) than for 2,4-D was observed in the competitive sorption. With increasing pH
from 4-10 for Pb(Il) and 2,4-D. The removal of Pb(ll) occurred mainly from the
sorption contribution of the LDH component via surface induced precipitation of
Pb3(CO3)2(OH)2, whereas that of 2,4-D occurred mainly owing to the sorption
contributions of both the LDH and GO components. The sorption of 2,4-D on the LDH
component was primarily through the intercalation of 2,4-D anions into the LDH
gallery, whereas that on the GO component was attributed to their n—n and hydrophobic
interactions. The adsorption isotherms followed well the Langmuir isotherm model.
MGL composites are potential sorbents for wastewater treatment. To the best of our
knowledge, this is the first report of the magnetic composites of GO and LDHSs and their
application for the removal of both heavy-metal and hydrophobic organic pollutants.
The benefit of MGL composites can be easily separated using a magnetic separation
process after being used for the removal of pollutants from aqueous solutions.

B. Zhang et al. (2018) [53] modified the magnetic three-dimensional
composites, which contain magnetite (FesO4) particles, grapheme oxide (GO), and
MgAl-layered double hydroxides (MgAI-LDHs) denoted as MGO/MgAI-LDH
composites. The synthesis of MGO/MgAI-LDH composites was applied as adsorbents
to remove emulsified oils from various oil-in-water (O/W) emulsions. Oil removal study
results showed that the maximum removal efficiency for the crude oil was a mass ratio
of LDHs/MGO = 1:1, while the maximum removal efficiencies for decane and white oil
were a mass ratio of LDHs/MGO = 1:3. Under a suitable mass ratio of LDHs to MGO,
98—99% of emulsified oils could be removed by MGO/MgAI-LDH composites.
Experimental data were best fitted to the Langmuir isotherm model. Thermodynamic
analysis indicated that the adsorption process was both exothermic and spontaneous.
The emulsified oil removal efficiencies were increased with increasing ionic strength.
In addition, MGO/MgAI-LDH composites could maintain good oil removal efficiency
after reusing over five cycles, indicating their great potential for use in an oily
wastewater treatment. The adsorption data were well described by the Langmuir
isotherm model. Adsorption thermodynamic results indicated that the adsorption
process was both exothermic and spontaneous. The advantage of MGO/MgAI-LDH
composites after wrapped with oil droplets were attracted and separated from the

solution by an external magnetic field.



CHAPTER 3

EXPERIMENTAL

3.1 Instrumentation

Equipments used in this work were list in table 3.1.

Table 3.1 Instrumentation for characterizations, colorimetric measurements and

dyes adsorption.

Instrument

Model

Company

Particle size analyzer

Zetasizer Nano ZS

Malvern Instruments Ltd.

Fourier transform infrared

spectrometer (FT-IR)

Spectrum Two

Perkin Elmer, USA

X-ray diffractometer (XRD)

X’PERT MPD

Philip, Finland

Energy dispersive X-Ray
spectrometer (EDS)

X-Stream-2

OXFORD instruments,
UK

Scanning electron microscope

JSM 7610F Plus JEOL, Japan
(SEM)
X-ray photoelectron spectroscopy )
(XPS) AXIS ULTRAPLP | Kratos Analytical, UK

Vibrating sample magnetometry
(VSM)

VSM 7403; 79

Lake Shore, USA

Zetasizer analysis

Zetasizer Nano ZS

Malvern Instruments Ltd.

Gas Sorption Surface Area and

Pore Size Analyzer

Quadrasorb-EVO

Quantachrome, USA

UV-vis spectrophotometer

UV-2600

Shimadzu, Japan




3.2 Reagents and Chemicals

All chemicals used in this work were summarized in Table 3.2.

Table 3.2 List of reagent, grade and their suppliers.
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Chemical and reagent Grade Supplier
Ferrous sulfate heptahydrate (Fe(SO4)2¢7H20) AR Acros Organic
Ferric sulfate monohydrate (Fe2(SO4)3 AR Acros Organic
*H>0)
Sodium hydroxide (NaOH) AR Carlo Erba
Hydrogen peroxide (H202) (30%) AR Merck
2,2’-Azino-bis(3-ethylbenzo-thiazoline-6-sulfonic | 99.99% ) _
acid) diammonium salt (ABTS) pure Stgma-Aldrich
B-D-glucose (CsH1206) AR Sigma-Aldrich
Maltose (C12H22011) AR Sigma-Aldrich
Lactose (C12H22011) AR Sigma-Aldrich
Fructose (CeH120) AR Sigma-Aldrich
Sodium acetate trihydrate (CH:COONa*3H-0) AR Merck
Ethanol (CH20H) AR Carlo Erba
Glacial acetic acid (CH3COOH) AR Carlo Erba
3,5,3"5'-tetramethylbenzidine (TMB) AR Acros Organics
Methyl orange (MO) AR Sigma-Aldrich
Brilliant green (BG) AR Sigma-Aldrich
Graphite powder <20 um AR Sigma-Aldrich
Sulfuric acid (H2SO04) AR Carlo Erba
Sodium nitrate (NaNO3) AR Carlo Erba
Potassium permanganate (KMnQOa) AR Merck
Hydrochloric acid (HCI) AR Merck
Ferrous chloride tetrahydrate (FeClz+4H20) AR Sigma-Aldrich
Ammonium hydroxide (NHsOH) AR Merck
Zinc nitrate hexahydrate (Zn(NO3)2¢6H20) AR Merck
Aluminum nitrate nonahydrate (AI(NO3)3*9H>0) AR Panreac
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Table 3.2 List of reagent, grade and their suppliers (Continued).

Chemical and reagent Grade Supplier
Sodium carbonate (Na,COs) AR Univar
Potassium lodide (KI) AR Carlo Erba
Ammonium molybdate [(NH4)s M07024 *+ 4H20] AR Sigma-Aldrich
Potassium lodate (K103) AR Carlo Erba
Sodium Thiosulfate (Na2S203) AR Merck

3.3 Preparation of Fe''Fe!'' LDHNS
The synthesis of Fe''Fe'" LDHNS was prepared by prescriptive: [Fe?*]/[Fe3'] ratio
of 3, total Fe concentration ([Fe*"] + [Fe®*"]) of 0.2 M and 0.3 M NaOH with a

[OH]/([Fe?*] + [Fe*']) ratio of 3/2.
3.3.1 Chemical preparation
A mixture solution of Fe** and Fe3* ions: 0.15 M of Ferrous sulfate
heptahydrate (FeSO4¢7H20) and 0.05 M of Ferric sulfate hydrate (Fe2(SOa4)3*H20).
2.0851+0.0050 g of FeSO4+7H>0 and 0.5223+0.0050 g of Fez(SO4)3*H20
were dissolved and diluted with deionized water to 50 mL by volumetric flask to give a
mixture solution of Fe?* and Fe®* ions.
Sodium hydroxide (NaOH) solution (0.3 M)
0.6000+0.0050 g of NaOH was dissolved and diluted with deionized water
to 50 mL in beaker to give a 0.3 M NaOH solution.
3.3.2 Synthesis of Fe!'Fe!'' Layered Double Hydroxide (LDHNS)
Fe'lFe!' LDHNS were synthesized by co-precipitation method from a
mixture of divalent and trivalent Fe ions as described in detail by A. Géhin et al. [33].
In brief, mixed solution of Fe?* and Fe** ion was prepared by dissolving FeSO4+7H.0
and Fez(SO4)3*H20 in 50 mL of deionized water. The ratio [Fe?*]/[Fe3*] of 3 and total
Fe concentration ([Fe?*] + [Fe®"]) of 0.2 M were required. Then, 50 mL of 0.3 M NaOH
with [OH7] / ([Fe?'] + [Fe3*]) ratio of 3/2 was added to the mixed Fe?*-Fe3* solution.
Due to the fact that Fe?* ions can easily be oxidized; the reaction was performed under
N2 gas and magnetic stirring (~500 rpm) was applied to ensure a fast and complete

dissolution. The reaction process is as follows [33, 90]:
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4Fe?*aq +2Fe® aq + 120H + SO4* — Fe''s Fe"'; (OH)12S04 (11)

A black-brown precipitate appeared immediately. After complete addition,
the pH was maintained at approximately 6.9. Then, the precipitate was aged for 24 hours
under N2 gas at room temperature. Finally, the solid product was separated from the
solution by centrifugation and washed three times with deionized water; the green-
brown powder was obtained. The expected final product was Fe!'Fe''" LDHNS of
formula [Fe'sFe'!'; (OH)12)]?*+[SOs-mH.0]* [33, 90].

3.4 Characterizations of Fe''Fe'"' LDHNS
3.4.1 X-ray Diffraction (XRD) analysis
X-ray diffraction (XRD) used for characterized the crystalline nature of as
prepared nanosheets was done using X-ray diffractometer model X’PERT MPD, Philip
in Finland as shown in Figure 3.7. The XRD analysis of Fe''Fe!'' LDHNS was carried
out by using Cuq radiation wavelength 0.154 nm in 26 values were taken from 10° to
80° (0 value is 1.5416 A). The results are present in Section 4.1.1.
3.4.2 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) model JSM 7610FPlus, JEOL in
Japan as shown in Figure 3.8 was used to examine the morphology of as prepared
materials. The morphologies of the Fe''Fe!"' LDHNS was studied with scanning electron
microscope under these following parameters. Nanosheets was attached on SEM stubs
coated with platinum (20 mA, 60 s) before measurement for characterized by SEM. The
SEM was operated at 15 kV and magnification at 10,000X in the vacuum atmosphere.
The results are present in Section 4.1.2.
3.4.3 Energy Dispersive X-Ray Spectroscopy (EDS)
Energy Dispersive X-Ray Spectroscopy (EDS or EDX) model x-stream-2,
OXFORD instruments from United Kingdom as shown in Figure 3.8 used in
conjunction with scanning electron microscopy (SEM) was used to investigate the
elemental composition. Fe''Fe!"' LDHNS was attached on SEM stubs for studied the

elemental composition by using EDS. The results are present in Section 4.1.3.
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3.4.4 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) model AXIS ULTRADLD, Kratos
Analytical, Manchester from United Kingdom as shown in Figure 3.9. XPS was also
used to verify the valence of Fe in the synthesized materials. The samples were excited

with Al K, radiation. The results are present in Section 4.1.4.

3.5 Colorimetric method for H202 detection
3.5.1 Chemical preparation

2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium
salt or ABTS solution (20 mM)

0.0329+0.0010 g of ABTS was dissolved in deionized water to 5 mL
volumetric flask to give a 20 mM ABTS solution.

3, 3, 5, 5'-tetramethylbenzidine or TMB stock solution (8 mM)

0.0192+0.0010 g of TMB was dissolved in ethanol to 10 mL volumetric flask
to give a 8 mM TMB stock solution.

Hydrogen peroxide (H202) stock solution (100 mM)

Stock solution of H.O> was prepared by pipette 255 uL from 30% H.O-
solution then diluted with deionized water to 25 mL volumetric flask.

Acetic acid (CH3COOH) solution (0.1 M)

0.1 M CH3COOH was prepared by transferring 1.45 mL from 99.5%
CH3COOH solution. The solution was diluted with deionized water to 250 mL in beaker.

Sodium acetate trihydrate (NaCH3sCOO.3H20) solution (0.1 M)

1.3608+0.0050 g of NaCH3COO.3H.O was dissolved and diluted with
deionized water to 100 mL in volumetric flask to give a 0.1 M NaCH3COO+3H.0
solution.

Acetate buffer solution (0.2 M) pH 4.0

0.1 M acetate buffer solution pH 4.0 was prepared by mixing 0.1 M of
CH3COOH and 0.1 M of NaCH3COO+3H,0 then mixture was adjusted to pH 4.0.
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Fe!'Fe!"! LDHNS stock solution (3 mg mL™)

0.0900+0.0010 g of Fe''Fe'" LDHNS was dispersed in 3 mL of deionized
water to give a 30 mg mL* Fe''Fe'"" LDHNS solution. 0.3 mg mL™* of Fe''Fe""' LDHNS
solution was prepared by pipette 300 uL from 3 mg mL* Fe''Fe!"" LDHNS solution and
diluted with 2,700 uL of deionized water. Finally, the solution was sonicated in an
ultrasonic bath for 10 min.

3.5.2 H20:2 detection using Fe!'Fe!"' LDHNS as peroxidase mimetics

To investigate the peroxidase-like catalytic activity of Fe''Fe!"' LDHNS, the
as-synthesized Fe''Fe!'' LDHNS were directly employed to catalyze the oxidation of
chromogenic substrate, ABTS and TMB, in the presence of H2O2 by a facile step at
ambient temperature. Therefore, colorimetric detection of H2O> can be achieved.

For TMB substrate, H>O, detection was carried out in air-saturated solution
referencing literature [77-80]. In a typical experiment, 50 pL of 0.3 mg mL* Fe''Fe!!
LDHNS, 100 pL of different concentrations of H202, 200 pL of 1 mM TMB (in ethanol)
and 400 pL of 0.1 M pH 4.0 acetate buffer solution, were mixed. The mixture was then
allowed to react for 30 min at ambient temperature (25 = 1 °C), then the absorbance was
measured by UV-Vis absorption spectrophotometer at 652 nm.

For ABTS substrate, according to a previous report [32], H20- detection was
performed by a facile step in deionized water. The mixed solution, which include 50 puL
of 0.3 mg mL? Fe''Fe'"" LDHNS, 100 puL of different concentrations of H20, 100 pL of
20 mM ABTS and 500 pL of deionized water; were mixed together. The solution
mixture was kept to react at ambient temperature (25 £ 1 °C) for 30 min prior to

monitoring by UV-Vis absorption spectrophotometer at 418 nm.
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50 pL of 0.3 mg mL* Fe'lFe!' LDHNS 50 L of 0.3 mg mLt Fe'lFe!'' LDHNS
100 puL of different concentrations of H,0, 100 pL of different concentrations of H,0,
200 pL of 1 mM TMB (in ethanol) 100 pL of 20 mM ABTS
400 uL of 0.1 M pH 4 acetate buffer solution 500 pL of deionized water
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Figure 3.1 Schematic diagram of colorimetric method for H20: detection by using
Fe!'Fe!'' LDHNS with ABTS and TMB substrate.

3.5.3 Studies of parameters that effect the sensitivity of the H202 detection
3.5.3.1 Effect of buffer pH (0.1 M acetate buffer solution)

The effect of buffer pH on oxidation reaction of TMB peroxidase
substrate by using the peroxidase-like activity of Fe''Fe''' LDHNS was investigated over
the range 3.0-7.5 using 0.1 M acetate buffer solution. UV-visible absorption spectra of
H>0> were recorded using 0.1 M acetate buffer solution of varying pH. The results are
present in Section 4.2.2.1.

3.5.3.2 Effect of the reaction time

The effect of the reaction time on catalytic activity using the
peroxidase-like activity of Fe''Fe!"' LDHNS was investigated over the range 2.5 to 30
min. The results are present in Section 4.2.2.2.

3.5.3.3 Effect of Fe''Fe!"" LDHNS concentration

The effect of the Fe''Fe!' LDHNS loading in the reaction was
investigated over the range 0.1 to 2.0 mg mL*. The amount of Fe''Fe!'" LDHNS was
prepared by dispersing 0.0, 0.1, 0.3, 0.5, 0.8, 1.0, 1.5 and 2.0 mg of Fe''Fe""" LDHNS in
1 mL of deionized water. 50 uL of the various concentration of Fe''Fe!"' LDHNS was
examined to find the most condition for H202 detection. The results are present in
Section 4.2.2.3.
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3.5.4 Kinetic analysis

The experiments for kinetics study were also performed at ambient
temperature (25 + 1 °C) by using 0.3 mg mL"! of Fe''Fe!"' LDHNS with ABTS and TMB
substrate in the presence of H>O> under optimal condition. The apparent steady-state
kinetics was performed by varying concentration of ABTS or TMB at a fixed
concentration of H>O; or varying H>O. concentration while fixing ABTS or TMB
concentration. The Michaelis—Menten equation in equation (12) describes the kinetic
properties of isolated enzymes [77, 80]. It is also used in modeling the dynamics of
enzyme systems and displayed oscillatory behavior. If low oscillatory reaction is shown,
many biochemical processes catalyzed by enzymes take place. Michaelis-Menten
constant (Km) can be calculated by the Lineweaver-Burk equation, which is shown in
equation (13):

_ [S]
=V [S]+K. (12)

1 (K13, 1
v Voo \IS1) " Vi (13)

where; v is the initial velocity, Vmax IS the maximal reaction velocity, and [S] represents

\

substrate concentration [77, 80].
3.5.5 Linear concentration range of H20:2

Calibration standard of H.O> was examined to the experiment in section
3.5.2 by using H20- solution. Standard solution of H20- were prepared by diluting the
appropriate amount of H>O> with deionize water to give working solution in the range
of 0.1 uM-1.0 mM for TMB substrate and 0.5-100 uM for ABTS substrate, with the
three triplicate measurements. The reaction solution to produce a blue and green color
reaction, absorbance responses of H>O> concentration were recorded by UV-visible
spectrophotometer at 652 nm and 418 nm, respectively. The results were shown in
Section 4.2.3.
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3.5.6 Studies the effect of interference

In this study, the selectivity of the developed method for H2O was assessed.
The considered interferences in this study were glucose, maltose, lactose, fructose,
ascorbic acid (AA), Na*, Zn** and Mg?®*; which are the components in milk samples.
The concentrations of interferences (100 puM) were five-fold higher than that of the
standard H20, (20 uM) with the three triplicate measurements. The experiments were
performed under the optimized conditions for TMB and ABTS substrate. Interfere was
defined as the concentration of the foreign ion that caused a signal alteration between
+5% of glucose signals. The results are presented in Section 4.2.5.

3.5.7 Real sample application

Two disinfectant samples bought from local pharmacy were used for H.O>
colorimetric detection to validate the method. H2O- concentrations designated on the
package are 3% and 6% (w/v). These disinfectants were diluted appropriately with
deionized water before measurement. In addition, nine brands of milk samples
manufactured with sterilization process purchased from local supermarkets were used.
Before detection, the milk samples were firstly treated by using 20% (w/w)
trichloroacetic acid (TCA) to precipitate protein from solution [79]. The mixed solution
was vigorously stirred at 500 rpm for 40 min to ensure the completion of protein
precipitation. After that, the solution was filtrated through 0.45 micron syringe ultra-
filter membrane. The final solution was split into 2 portions, one for direct detection and

another for method validation by spiking H2O standard solution.

Figure 3.2 Samples of energy and sport drinks used for glucose determination.
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3.5.8 Hydrogen Peroxide Quantification via lodometric Titration
3.5.8.1 Principle of iodometric titration

lodometric titration was used to measure the presence of H2O-
through two major steps[91, 92]. This method is designed for the determination of low
levels of hydrogen peroxide (0.1% to 5%) in aqueous solutions. In the first step, H20-
in the sample reacts with excess potassium iodide under acidic conditions in the
presence of an ammonium molybdate catalyst. H>O oxidizes iodide to iodine per the
following reaction [91, 92]:

H202 + 2 KI + H2SO4 — Iz + K2SO4 + 2 H20 (14)

The iodine formed (related to the initial amount of Peroxide by 1:1

stochiometry) is then titrated with a thiosulfate solution of known concentration.

I> + 2 Na2S203 — NaxSsOs + 2 Nal (15)

Early in the titration, the presence of iodine is indicated by a
characteristic yellow-brown color of the solution. In the final stages of the titration (after
the solution has reached a pale, yellow color), starch is added as an indicator to
determine the final end point. This is because starch forms a deep, dark blue complex
with minute amounts of triiodide ions that are formed only in the presence of both iodine
and lodide in solution. Hence, the blue color will disappear once all the lodine is reduced
to iodide [91, 92].

3.5.8.2 Reagents

1) 10% Potassium lodide (K1)

2) Acid Mixture: Ammonium molybdate [(NH4)s M07024¢4H0] in
750 mL of water. While stirring, slowly add 300 mL of H>SO4 (conc.).

3) 0.1 N Potassium lodate Solution (K103)

4) Starch Solution (10 g/L)

5) 0.1 N Sodium Thiosulfate Solution (Na2S203)
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3.5.8.3 Standardization of Sodium Thiosulfate (0.1N)
1) Pipette 20.0 mL of KIO3 (0.1N) into a 500 mL Erlenmeyer flask
containing 100 mL of H20. Add about 20 mL of KI (10%) and mix well.
2) Add 25 mL of acid mixture, stopper the flask, and wait five
minutes. Using a 50 mL burette, titrate with the Na2S>03 (0.1 N) until the brown triiodide

color is nearly dispersed to a pale straw color. Add about 1 mL of the starch solution and
titrate until the solution changes sharply from blue to colorless.

3) Record the titration volume and calculate the normality of the

Na2S203 (0.1 N) as shown below. Restandardize every few days, or as often as the
solution is needed.

4) Repeat procedure two additional times (3 total) and take the

average of the three values as the standardized normality.

(g KIOs)(mL KIOs)
(mL Na2S203)(35.67 g.L/eq)

Normality of Na»S03 = (16)

3.5.8.4 Procedure determination of H2O2 by iodometric titration

1) Weigh 3 g of sample into a 500 mL Erlenmeyer flask.

2) Add 200 mL of water, 20 mL of KI, and 25 mL of the acid mixture.

3) Mix well, stopper, and let stand five minutes.

4) Using a 50 mL burette, titrate with Na>S03 (0.1 N) until the
brown triiodide color has been reduced to a light straw color.

5) Add a 2 mL of the starch solution (10 g/L) and continue titrating
until the color of the solution changes sharply from blue to colorless and record the
volume of NazS203 to calculate H202 concentration follow equation (7).

mol HO_ == mol Na_S O @17
2 2 2 22 3



0.1 N Na,S,04of
known concentration
(after Standardization)

|
I

Weigh 3 g of sample into
Erlenmeyer flask. Add 200 mL

of water, 20 mL of KI, and 25
mL of the acid mixture.

Calculation

H,0, + 2 KI + H,SO, ----> I, + K,SO, + 2 H,0
I, + 2 Na,S,05 ----> Na,S,04 + 2 Nal

mol H,0, = % mol Na,S,0,

Titrate until the color
change from brown
triiodide has been

reduced to a light
straw color.

& light straw color

.

2 mL of
starch solution

blue to colorless.

o1

Continue titrating until
the color of the solution
changes sharply from

Figure 3.3 Schematic of determination of H202 by iodometric titration method.



52

3.6 Preparation of FesO4/rGO/ZnAl-LDHs composites
3.6.1 Preparation of graphene oxide (GO)

In typical procedure, GO was synthesized by acid oxidation of graphite
powder using modified Hummer’s method [93-95]. In detail, 3 g of graphite powders
was added to 70 ml concentrated H2SO4 under magnetic stirring in a 500 ml glass
beaker. 1.5 g of NaNOs was then added into above mixture solution at room
temperature. The mixture was then cooled down to 0 °C and transferred to a water bath.
Therefore, KMnOs (9 g) was slowly added to this solution under vigorously stirring
below 20 °C and the mixture solution was again stirred for 30 min at about 35 °C in a
water bath. Upon completion of the reaction, 100 ml of de-ionized water and 15 ml of
H20, (30%) was dropped slowly into this solution to stop the reaction and kept stirring
for 30 min at 90 °C. The exothermic reaction occurred and let it to cool down. The dark
suspended solution was collected by using centrifuge at 10,000 rpm for 10 min. The
resulting solution was washed with 10% HCI solution and de-ionized water until neutral
pH using centrifuge at 10,000 rpm. Finally, the product was dried at 60 °C for 24 h and
a black product of GO was obtained.

Add 100 mL of DI water and 15 mL of
H,0, (slowly) to stop reaction.

Add 9 g of KMnO, (slowly) under
cooled down to 0 °C vigorously stirring below 20 2C. 1ce bath
Graphite Ice bath / )

/ stirred for 30 min at about 35 °C %

@ Magnetic stirrer
Magnetic Stirrer | [l Magnetic Stirrer | T
- - ® ﬂ] stirring for 30 min at 90 °C

Sodium Nitrate

f

= 3 gofgraphite powders
= 70 ml concentrated H,SO, under magnetic stirring
= 1.5 gof NaNO3
**mixture solution at room temperature m
Ice bath
centrifuged at 10,000 rpm for 10 min /
N -

@ [Magnetic stirrer ]

The resulting solution was washed with 10% HCI
solution and de-ionized water until neutral pH.

Figure 3.4 Schematic diagram of preparation of graphene oxide (GO).
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3.6.2 Preparation of FesO4 nanoparticles onto the self-reduced graphene oxide
(rGO) sheets (FesO4/rGO)
The Fes04/rGO was synthesized by redox reaction between GO and Fe?
[58]. The GO was used as an efficient oxidizing reagent to oxidize Fe?* from
FeCl2+4H.0 to form Fes04/rGO via the spontaneous in- situ deposition of Fe304
nanoparticles onto the self-reduced GO surface. Briefly, GO was dispersed in NHsOH
solution at pH 9, the suspension solution was sonicated for 15 min to form a
homogeneous dispersion. Then, the FeCl, was added into GO dispersion solution with
weight ratio of FeCl,*4H>0O to GO as 10 : 1. The solution color changed from yellow to
dark was evident that the redox reaction was occurred. The formed black of Fe3O4/rGO
showed strong attraction was separated out of solution by using an external magnetic
field, washed with water three times by magnetic decantation, and then dried in a
desiccator. This evidently reveal that FesO4 nanoparticles could be decorated rGO and

facilitate for separation of this material from aqueous solution with magnetic properties.

modified Hummer’s method

 coom
HZSO4 1 ‘.7 on | 9 ! ) )y \ \ . W\ : FeCIZ.4HZO:GO “10:1
T —— ol ol U
KMno, PPN g
Cel 0 NH,OH
Acid oxidation ™ sonicated for 15 min

. graphite

graphene oxide (GO)

GO as an oxidizing reagent to /
oxidize Fe?* to form Fe;0, deposition

onto the self-reduced GO surface.

Dried at 70 °C

PPN N

Fe;0,/rGO

Fe;0,/rGO

Figure 3.5 Schematic diagram of preparation of FesO4/rGO.
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3.6.3 Preparation of FesO4/rGO/ZnAl-LDHs composites

The synthesis of Fes04/rGO/ZnAl-LDHs composites was prepared via co-
precipitation method [96, 97]. Typically, 500 mg of Fe3s04/rGO was dispersed in de-
ionized water (50 ml). Subsequently Zn(NOz)2¢6H20 (7.44 g) and Al(NOz3)3*9H20 (3.13
g) salt mixture (molar ratio of Zn/Al = 3) was added. The mixture was magnetically
stirred for 30 min in order to firm a colloidal dispersion. Afterward, 50 mL alkaline
solution of NaOH (3.30 g) and Na.COs (2.50 g) was added to above solution under
vigorous magnetic stirring at 65 °C. After complete addition of solution (pH 10), the
precipitate was aged at this temperature for 8 h. Finally, the products were separated by

a magnet, washed with de-ionized water five times and dried at 70 °C overnight.

GO as an oxidizing reagent to
oxidize Fe?* to form Fe;0, deposition
. onto the self-reduced GO surface.
modified Hummer’smethod
coon

H,S0, Lo bl MU b FeCleH,0:60 =10 1.
ey ol [ G

NH,OH

b e e Acid oxidation sonicated for 15 min Lo
graphite ‘ . Fe;0,/rGO
graphene oxide (GO)

. /
- \C’ @
ZnAl-LDHs

< 500 mg of Fe30,/rGO was dispersed
o PP e coon in dgtionized water (50 ml)
\ g ‘.‘:E ﬂ%ﬁ 50 mL alkaline solution oy :“ 7 o ’ ? 0 | ;
R | | — (N “I‘./‘ ~ "‘ <
" e - A re

Na,C0; (2.50 g) +NaOH (3.30 g) \
H00C,

. - v '7.-‘
) Co-precipitation
Fe;0,/rGO/ZnAl-LDHs at 65°C

Figure 3.6 Schematic diagram of preparation of FesO4/rGO/ZnAl-LDHes.

3.7 Characterization of FesO4/rGO/ZnAl-LDHs composites
3.7.1 X-ray Diffraction (XRD) analysis
X-ray diffraction (XRD) is a powerful nondestructive technique for
characterizing crystalline nature of as prepared nanosheets was done using X-ray
diffractometer model X’PERT MPD, Philip in Finland as shown in Figure 3.7. The XRD
patterns of graphite, GO, Fe304/rGO and FezO4/rGO/ZnAl LDHs were carried out by
using Cuq, radiation wavelength 0.154 nm in 26 values were taken from 5° to 70°. The

results are present in Section 4.3.1.
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3.7.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) model JSM 7610FPlus, JEOL in
Japan as shown in Figure 3.8 was used to examine the morphology of as prepared
materials. The morphologies of the graphite, GO, Fe304/rGO and Fez04/rGO/ZnAl
LDHs were studied with scanning electron microscope under these following
parameters. The SEM was operated at 15 KV in the vacuum atmosphere. The results are
present in Section 4.3.2.

3.7.3 Energy Dispersive X-Ray Spectroscopy (EDS)

Energy Dispersive X-Ray Spectroscopy (EDS or EDX) model x-stream-2,
OXFORD instruments from United Kingdom as shown in Figure 3.8 used in
conjunction with scanning electron microscope (SEM) was used to investigate the
elemental composition. Graphite, GO, Fe304/rGO and Fes04/rGO/ZnAl LDHs were
attached on SEM stubs for studied the elemental composition by using EDS. The results
are present in Section 4.3.3.

3.7.4 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) is an important technique
in the functional groups identification in materials. Graphite, GO, Fez04/rGO, ZnAl
LDHs and Fe304/rGO/ZnAl LDHs were characterized by FT-IR spectrophotometer,
model: Spectrum RX | from Perkin Elmer as shown in Figure 4.21. FT-IR data were
collected by ATR mode from wavenumber of 500 to 4,000 cm™ with a resolution of 9
cm™. The results are present in Section 4.3.4.

3.7.5 Surface area and pore analysis (N2 adsorption-desorption isotherm)

Surface area and pore analysis provides precise specific surface area
evaluation of GO, Fe304/rGO, ZnAl LDHs and Fes04/rGO/ZnAl LDHs by nitrogen
multilayer adsorption measured as a function of relative pressure using a fully
automated analyzer. Nitrogen adsorption-desorption isotherms were measured at 77 K
(temperature of liquid nitrogen), using an automated instrument (Gas sorption surface
area and pore size analyzer, Quadrasorb-EVVO) shown in Figure 3.12. The volumetric
technique is based on pressure measurements in an enclosed volume and provides more
information, since many adsorption and/or desorption points are measured providing a
full isotherm with information on BET surface area and pore volume. The results are

present in Section 4.3.5.
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3.7.6 Zeta potential analysis

Zeta potential is an important indicator to determine the surface charge of
the materials and to characterize the stability of dispersions of GO, Fe304/rGO and
Fe304/rGO/ZnAl LDHs. The preparation of these nanoparticles were dispersed in
deionized water (0.1 mg mL™). Then, these solutions were diluted 50-fold and measured
at 25 °C in backscattering mode at an angle of 173° by zetasizer nano ZS, Malvern from
United Kingdom as shown in Figure 3.13. In water treatment, monitoring dosage using
zeta potential measurements can reduce the cost of chemical additives by optimizing the
dosage control. The results are present in Section 4.3.6.

3.7.7 Vibrating sample magnetometry (VSM)

The magnetic properties of the FesO4/rGO and Fez04/rGO/ZnAl LDHs were
measured using a vibrating sample magnetometer of model VSM 7403; 79 Lake Shore as
shown in Figure 3.14. These specimens were finely pulverized and dried at 80 °C. Then,
20 mg of sample was contained to sample holder for VSM analysis. The measured
magnetic properties were carried out by using applied magnetic field £10000 Oe at temperature

of 300 K. The results are present in Section 4.3.7.

3.8 Dyes adsorption experimental
3.8.1 Standard curve of methyl orange (MO) and brilliant green (BG)

A calibration curve of MO and BG was prepared by measuring absorbance
of different predetermined concentrations of MO and BG at Amax at 465 and 624 nm,
respectively. Concentration of dyes in the experimental solution were calculated from
the calibration curve. Stock solution of 100 mg L™ of MO and BG were prepared by
dissolving approximately 0.0250+0.0010 g with deionized water in volumetric flask 250
mL. Different concentrations of the MO dye with 0.1, 1, 5, 7.5, 10, 15 mg L™ and 0.1,
0.5,1,2.5,5,7.5mg L? for BG in deionized water were made and measured.

3.8.2 Batch Adsorption experiments
All the batch experiments were conducted with Fe3O04/rGO/ZnAl-LDHs

composites for the adsorption of ionic dyes from agueous solution in bottles. The effects
of adsorbent dosage, contact time, solution pH, and initial dye concentration were
investigated. In typical experiment, 10 - 60 mg adsorbents were added to 50 mL of

freshly prepared dye solution at different initial concentrations from 5 to 200 mg L™ for
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brilliant green (BG) and methyl orange (MO). Then the bottles were shaken with
160 rpm at room temperature (251 °C) for 24h. After adsorption had occurred, the
suspension was quickly separated from the sample solution by using magnet and the
residual dye concentration in the clear supernatant solution was determined by the UV-
vis spectrophotometer at 624 nm (BG) and 465 nm (MO) using a calibration curve. The
study about the effect of initials pH on the adsorption was performed at 50 mg L™ for
BG and MO solution in different pH (2.0-12.0), adjusted by adding 0.1 M HCI or NaOH
solution.

The removal efficiency, adsorption capacity at equilibrium (ge, mg g*) and
adsorption capacity (g, mg g*) at certain time of BG and MO from solutions were

calculated according to the formula [98-100]:

Removal efficiency (%) = (=) x 100 (18)
0

qe (mg g™ = (52) x v (19)

qe(mg g™ = (=) x v (20)

where Co (mg L) is the initial concentration, Ce and C; (mg L) are the concentrations
of BG and MO at equilibrium and time t (min), respectively. V (L) is the volume of the
aqueous solution, m (g) is the mass of adsorbents.
3.8.3 Adsorption kinetics

The adsorption kinetics is important due to it can be described the adsorption
rate and provide valuable data for understanding the mechanism of sorption reactions.
The adsorption kinetics of MO and BG on of FesO4/rGO/ZnAl-LDHs were analyzed by
the pseudo-first order, pseudo-second order kinetic models and Weber-Morris intra-
particle mass diffusion model, which are the most common models for the prediction of
sorption kinetics [99-102].
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3.8.3.1 Pseudo-first order model
The pseudo-first order model suggests a proportional relation for the

rate of adsorption, described by the following equations [99-102]:

In(qe — q.) = Inge — (352-)¢ (21)

where, g (mg g*) and ge (mg g™%) represent the amount of MO or BG
adsorbed at time t and at equilibrium time, respectively. ki (min?) represents the
adsorption rate constant which is calculated from the plot of In(ge-qt) against t.
3.8.3.2 Pseudo-second order model
The pseudo-second order model suggests a quadratic relation for the

rate of adsorption. This model defines the kinetic of adsorption as [99-102]:

t 1 t
- = + — 22
e kK2q3  qe (22)

where, k2 (g (mg min)?) is the pseudo second-order rate constant of
sorption, the ge and ko can be obtained by linear plot of t/qt versus t.
3.8.3.3 Weber-Morris intra-particle mass diffusion model
The Weber-Morris intra-particle mass diffusion model describes the
process during adsorption internal diffusion determines the adsorption rate in most of
the liquid systems. Intra-particle mass diffusion model as the following equation [101-
103]:

q. = kyt'? + C (23)

where kg is the intra-particle diffusion rate constant (mg g*-min'/?)
and C is the intercept which represents the thickness of the boundary layer ((mg g™).
The values of kig and C can be calculated from the slope and the intercept of the linear
plot of q: versus t¥2. The value of the intercept C provides information about the
thickness of the boundary layer, and the larger the intercept, the greater the boundary

layer effect [99-101]. If the intra-particle diffusion is involved in the adsorption process,
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the plot of gt versus t*2 will be linear; and if this line passes through the origin, the rate-
limiting process is only due to the intra-particle diffusion.
3.8.4 Adsorption isotherms
The adsorption isotherm usually describes the distribution of the adsorbate
between the aqueous and solid phase of adsorbent at equilibrium state during the
adsorption process. On the basis of the shape of the isotherm, the nature of the studied
process can be determined [99]. The adsorption capacity of the adsorbent for the
adsorbate can be determined from the equilibrium adsorption isotherm [48].
3.8.4.1 Langmuir isotherm
The Langmuir isotherm is applicable to homogeneous sorption
occured on specific homogeneous adsorbent sites where the sorption of each sorbate
molecule onto the surface has equal sorption activation energy. Therefore, the
Langmuir isotherm assumption that sorption comes from the monolayer coverage of the
adsorbate over a homogeneous adsorbent surface [1, 108]. The Langmuir isotherm can
be presented in the form [99-106]:

mK Ce
qe = molte (24)

1+KLCe

Linear form of the Langmuir model can be described by the
following equation [99-106]:
Ce ! Le

de - aAmKL + dm (25)

where C, is the equilibrium concentration of dye aqueous solution
(mg L); g, is the amount of dye adsorbed by elementary mass of adsorbent (mg g%);
q.m i the maximum adsorption capacity (mg g); and K, is the Langmuir adsorption
constant. A plot of C./q, versus C, gives a straight line with the slope of 1/q,, and the
intercept C./q,,, as shown in Figure 4.30; the calculated isotherm parameters are shown
in Table 4.11.
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A dimensionless parameter RL from the Langmuir model is
commonly used to predict the feasibility of the adsorption process. RL can be

represented by Eq. (26):

(26)

where R, value indicates the shape and feasibility of isotherm, the
isotherm can be unfavourable (R, > 1), linear (R, = 1), favourable (0 <R;< 1) or
irreversible (R, = 0) [102-106].

3.8.4.2 Freundlich isotherm

The Freundlich isotherm is an empirical model based on the
assumption that the adsorption process occurs on heterogenous surface of the adsorbent
with a non-uniform distribution of heat sorption and means of multilayer adsorption
characterized by the heterogeneity factor 1/n. The values of 1/n in the range of 0-1 show
favorable adsorption while 1/n above 1 is an indicative of cooperative adsorption [99].
The Freundlich model is described by [99-106]:

ge = KpCJ" 27)

The linear form of the Freundlich isotherm models is represented as
follows [99-106]:

Ing. = InKp + — InC, (28)

where Ky is the Freundlich isotherm constant; g, and C, has the
same meaning as that in Eqg. (28); 1/n is the influence coefficient of solution

concentration to the equilibrium adsorbed amount.
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3.8.5 Desorption and Reusability studies

Desorption and reusability studies were conducted in batch mode to recover
the adsorbed BG and MO to generate the used samples for further dyes removal. The
adsorbent was separated from the dye solution by external magnetic. Initially, 10 mg of
adsorbent used sample was treatment with ethanol and followed by 0.01 M of NaOH
(shake at 160 rpm for 1h). Subsequently, the adsorbent washed again with de-ionized
water for three time and dried at 60 °C for 24h and reused. The obtained samples of
Fe304/rGO/ZnAl-LDHs composites with regenerated active sites were again used for

adsorption of BG and MO for next adsorption-desorption cycles.

Figure 3.7 X-ray diffractometer: XRD (X’PERT MPD, Philip).

Figure 3.8 Scanning Electron Microscopy (JSM 7610F Plus, JEOL) combined with
Energy Dispersive X-Ray Spectroscopy (X-Stream-2, OXFORD).
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Figure 3.10 UV-visible spectrophotometer (UV-2600, Shimadzu).

Figure 3.11 Fourier transform infrared spectrometer: FT-IR (Spectrum Two,
Perkin Elmer).
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Figure 3.13 Particle size analyzer (Zetasizer Nano ZS, Malvern).

Figure 3.14 Vibrating Sample Magnetometer (VSM 7403; 79).



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Characterization Fe''Fe!' Layered Double Hydroxides Nanosheets (LDHNS)
4.1.1 X-ray Diffraction (XRD)

The XRD pattern of Fe''Fe!'' LDHNS recorded from 20 of 15° to 80° shows
as Figure 4.1 reveals the main diffraction peaks for Fe''Fe!'" LDHNS at 260 angles of
21.03°, 26.63°, 32.93°, 36.39°, 40.69°, 53.03°, 62.55°, 68.31° and 70.73°, which were
assigned to a series of planes (002), (003), (004), (101), (102), (104), (105), (110) and
(111) according to that proposed by Bernal et al [112]. Various small lines (*) would
indicate that some ordering of sulphate ions occurs inside the interlayers of the structure
[33, 108]. Thus, all main lines found in the XRD pattern are correlated with crystalline
structures of Fe''Fe!"' LDHNS.

oy (104) (105)
(110)

(002)  (004) x (111)
a (003) (102) * %
£ N )
C
(b
E’ *x

2IO SIO 4I0 5IO 6I0 7IO 80

2-Theta

Figure 4.1 X-ray diffraction pattern of Fe''Fe'' LDHNS.



65

4.1.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was employed to investigate the
morphologies of Fe''Fe!"" LDHNS. Figure 4.2 illustrates the SEM image of Fe'lFe!"
LDHNS; the figure reveals that the product exhibits a plate-like morphology, which is
a stereotype of the LDHs [109-111]. In addition, it is clearly seen that the plate-like form
in this product appears in the irregular shape with the length and width of approximately

397.64 nm and 217.53 nm, respectively.

Figure 4.2 SEM image of Fe''Fe''' LDHNS.

4.1.3 Energy Dispersive X-Ray Spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) analysis connected with scanning
electron microscopy were performed for the morphology and composition analysis of
the as prepared materials. The EDS spectrum shows in Figure 4.3 reveals that the
Fe''Fe''" LDHNS mainly contains the Fe, O, S and C elements. In the Fe''Fe"" LDHNS
EDS spectrum, the peaks at approximately 0.7 (Lq1), 6.4 (Ka1)and 7.0 (Kg1) keV which
associated with the binding energies of iron (Fe) were observed. The signal of binding
energies of oxygen (O) and sulfur (S) at around 0.5 and 2.3 keV, respectively, were also
observed as sulfate is charge balancing ion in the product interlayer [111]. Moreover,
the peak around 0.3 keV which relates with the binding energies of carbon (C) is
influenced by carbon film on the SEM stub holder. The percentage of element Fe, O, S
and C are summarized in Table 4.1. Additionally, the distribution of these elements was
investigated with the elemental mapping using SEM-EDS as displayed in Figure 4.4(a-
d). The elements C, O, S and Fe appear to be uniformly distributed and these also

confirm the presence of Fe, S and O in the nanosheets product.
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Figure 4.3 EDS spectra of Fe!'Fe!'' LDHNS.

Figure 4.4 SEM-EDS elemental mapping images of Fe''Fe''' LDHNS.

Table 4.1 The elemental quantity of the elements normalized for Fe''Fe''' LDHNS.

Sample Elememnt Weight (%) Atomic (%)
Fe''Fe'' LDHNS C 6.22 12.03
[Fes?"Fez® (OH )12)** 46.72 67.89
[SO4% <2H,0]? S 1.58 1.15

Fe 45.47 18.93
Total 100 100




4.1.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) was also used to verify the valence

of Fe in the synthesized materials. The XPS data in Figure 4.5(a) indicate the presence
of Fe (2p), O (1s), and S (2p). The binding energy of iron observed at 725.4 and
711.5 eV. Figure 4.5(b), corresponds to the characteristics of Fe(ll) and Fe(lll),
respectively [140, 141]. Three peaks of O (1s) at 530.2, 531.6, and 532.5 eV (Figure
4.5(c)) were assigned to O—Fe, O—H, and adsorbed water, respectively [140]. Note that
the S (2p) at 168.8 and 170.0 eV (Figure 4.5(d)), indicates the presence of SO4> in the
interlayers of the sample [140, 141].
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Figure 4.5 (a) X-ray photoelectron spectroscopy (XPS) survey spectra of Fe!'Fe!"
LDHNS. The high resolution XPS spectra of (b) Fe (2p), (c) O (1s) and

(d) S (2p) for Fe!'Fe"' LDHNS.
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4.2 Colorimetric method for H202 detection
4.2.1 The peroxidase-like catalytic activity of Fe!'Fe!''- LDHNS

(a) TMB
. R Ll
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Figure 4.6 UV-vis absorption spectra of TMB solution (1 mM in ethanol) in 0.1 M
acetate buffer solution pH 4. The reactions were incubated at 25+ 1 °C
for 30 min in different reaction systems: (a) TMB, (b) TMB and H:Ox,
(c) TMB, H202 and Fe''Fe!'' LDHNS. The H20:2 concentration was 50.0
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Figure 4.7 UV-vis absorption spectra of ABTS solution (20 mM) in DI water. The
reactions were incubated at 25 + 1 °C for 30 min in different reaction
systems: (a) ABTS, (b) ABTS and H202, (c) ABTS, H202 and Fe''Fe'"
LDHNS. The H20:2 concentration was 20.0 pM.
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To investigate the catalytic activity of Fe''Fe'"" LDHNS; ABTS and TMB
substrate were chosen, these chromogenic substrates were normally used to study the
peroxidase-like activity of enzymes [25, 32]. Only system that included H,O, Fe''Fe'!!
LDHNS and chromogenic substrate (Figure 4.6 (c) for TMB and Figure 4.7 (c) for
ABTS) could produce the colored product and can easily be observed by the naked eyes
(inset image). The results indicated that the Fe''Fe'"' LDHNS possess the peroxidase like
activity and can catalyze the oxidation reaction of TMB and ABTS in the presence of
H20, [25, 83, 112]. These reactions proceed via the Fenton’s mechanism as shown in

the following equations:

H,0 Fe'Fe'" LDHNS S HO  + HO® (29)
HO® + TMB N »H,0 + TMB(0X)  (30)
Fe''Fe'" LDHNS

HO®* + ABTS

»2H,0 + ABTS* (31)

The Fe''Fe'' LDHNS catalyze H,O, decomposition to produce HO® as
shown in Eq. (1) [112-114]. Then, the produced HO® oxidizes TMB to provide blue
color solution of the oxidized products of TMB in Eq (2). This system displays the
characteristic absorbance at 652 nm (Figure 4.6: blue line (c)) originating from its
distinctive charge-transfer of diamine/diimine complex [115]. The H.O> concentration
corresponds to the color change and absorbance signal at 652 nm. Similarly; in the case
of ABTS substrate, the HO® oxidizes ABTS to produce the green colored product of
ABTS** in Eqg. (3), exhibiting the maximum absorbance at 418 nm (Figure 4.7: green
line (c)) [116]. The results reveal that Fe''Fe'"" LDHNS can catalyze the oxidation of the
TMB and ABTS in the presence of H20.. The principle of the detection system is
described in Figure 4.8. Color change and the corresponding reaction mechanisms for
oxidation of TMB and ABTS are in accordance with the previous reports [25, 83, 112].
These results strongly suggest that Fe'Fe!"' LDHNS possess an intrinsic peroxidase-like
activity, which derived from electron transfer between pairs of different oxidation states
of metal cations (e.g. Fe?* and Fe**) on the brucite-like layer [112].
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Figure 4.8 The principle of the colorimetric detection of H202 by using Fe'!'Fe!"!
LDHNS enzyme mimic [115, 116].

4.2.2 Studies of parameters that effect the sensitivity of the H202 detection
Similar to HRP and other nanomaterial-based peroxidase mimics, the
catalytic activity is dependent on the pH, temperature, concentration of H>O, and
reaction time. Influences of reaction time and other experimental conditions on the
catalytic activity of Fe''Fe!'" LDHNS with chromogenic peroxidase substrate, TMB and
ABTS, were studied. Effect of pH was only investigated for TMB, since reaction of
ABTS was carried out in DI water.
4.2.2.1 Effect of the pH (0.1 M acetate buffer)

The peroxidase-like activity of Fe''Fe!' LDHNS is strongly
dependent on the physical reaction conditions. An optimum pH range is vital to the
sensitivity of H2O, detection and influence on catalytic behavior of nanoplates. To study
effect of pH for TMB and ABTS systems, experiments were performed by varying pH
in the range from 3 to 7.5 using 0.1 M acetate buffer, the results were shown in Figure
4.9. The absorbance at 652 nm as shows in Figure 4.9 (a), which originated from the
oxidized TMB product revealed that Fe''Fe'"" LDHNS exhibited greater activity in acidic

solution than that of neutral pH. The results indicated maximum catalytic efficiency of
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Fe''Fe'"" LDHNS at pH 3.0. Additionally, Figure 4.9 (b) shows the effects of pH on the
Fe''Fe'" LDHNS catalytic activity for ABTS system was investigated using acetate
buffer solution (pH 3 to 7.5) and deionized water approximately pH 5.6. The result
showed that in acidic solution the nanocatalyst performed more effective than it is at
neutral pH. The absorption band at 418 nm, which originates from the ABTS oxidation
product and shows the greatest absorption at pH 3 then remained unalterable at pH 4 to
5.6 (deionized condition). However, according to the previous report, Fe''Fe'!' LDHNS
was unstable at pH < 3.0. As a consequence, at low pH, the Fe?* ions in the nanosheets
might leach into the reaction solution and subsequently play a catalytic role [26, 83].
The absorbance dropped to nearly zero at pH > 5 for TMB system and pH > 6 for ABTS
system; as in neutral or basic solutions, H20- tends to decompose into H20 and O rather
than producing reactive oxygen species to react with peroxidase substrate. It was also
proven that alkaline condition could inhibit the combination and dissociation rates
between peroxidase substrate and the nanosheets [117]. Therefore, the suitable pH
condition of Fe''Fe''" LDHNS for TMB system was at about an acetate buffer solution
of pH 4 to ensure that the observed catalytic activity originated from the nanosheets not
from leached Fe?* ions. Notably, the optimal pH solution for Fe"'Fe"' LDHNS was
similar to those for HRP natural enzyme [26]. Given all this result of ABTS system,
deionized water was selected as the optimal reaction medium for the catalysis reaction
by Fe''Fe'" LDHNS, which showed reduce the chemicals and ease of operation

condition.
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Figure 4.9 Effect of pH for TMB (a) and ABTS (b) on the catalytic activity of
Fe''Fe!'' LDHNS.
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4.2.2.2 Effect of reaction time

The influences of reaction times were studied because it is a critical
parameter for determination of H2O. with colorimetric method. In this study,
optimization of the reaction time was investigated. Effect of the reaction time on the
catalytic activity was studied in the time period of 2-30 min for both TMB and ABTS
substrate; the results are shown in Figure 4.10 (a-b). Figure 4.10 (a), for TMB substrate,
the absorbance was significantly increased when increasing the reaction time from 20
to 30 min. The reaction time of 30 min was chosen as optimal to maximize sensitivity
of H20: colorimetric detection with TMB substrate. Figure 4.10 (b), for ABTS substrate,
absorption increased dramatically when reaction time increased from 2 to 10 min, and
this tended to be rising slowly from 15 to 30 min. Therefore, 15 min was chosen as the
optimum reaction time to maximize the sensitivity towards H>O> detection while
minimizing the time required for analysis. Moreover, experiments of both peroxidase
substrates were carried out by incubating at room temperature contributing reduction of

the experimental process and facilities required.
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Figure 4.10 Effect of reaction time for TMB (a) and ABTS (b) on the catalytic
activity of Fe!'Fe!"' LDHNS.

4.2.2.3 Effect of Fe''Fe!"" LDHNS concentration
The concentration of Fe''Fe!"" LDHNS is a key factor in this
development colorimetric method and vital to sensitivity of H.O, detection. In this
study, optimization of the catalyst concentration was investigated. The effect of Fe''Fe'"
LDHNS concentration for TMB and ABTS systems on catalytic activity was studied
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over the range of 0 to 2.0 mg mL™. Figure 4.11 (a) and Figure 4.11 (b) showed UV-vis
absorption spectra on effects of Fe''Fe'' LDHNS concentration on the catalytic
oxidation of TMB and ABTS in the absent and presence with various amount of Fe''Fe'"!
LDHNS. It was observed that absorbance at 652 nm and 418 nm increases with
increasing Fe"'Fe""" LDHNS concentration from 0.1 to 2.0 mg mL™* for TMB and ABTS
system. However, the baseline of signal was increased with increasing Fe''Fe'"' LDHNS
concentration from 0.1 to 2.0 mg mL? for both systems. Clearly seen that the baseline
of signal at 0.3 mg mL™ of Fe''Fe"' LDHNS concentration and without Fe''Fe'"' LDHNS
was resemble, which indicated that the absorbance at 652 nm and 418 nm obtained from
the catalytic activity of Fe''Fe!"' LDHNS. Therefore, 0.3 mg mL™ of Fe''Fe!"" LDHNS
concentration was selected as the optimal reaction for both systems to get the highest

sensitivity for H.O; detection without to noise from baseline signal.
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Figure 4.11 Absorption spectra on effects of Fe!'Fe!'!' LDHNS concentration on the
catalytic oxidation of TMB (a) and ABTS (b) in the absent and

presence with various amount of Fe!'Fe!'' LDHNS.
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4.2.3 The apparent Michaelis-Menten constant (Km)

The peroxidase-like activity of Fe''Fe''' LDHNS was further studied based
on a steady-state kinetics analysis using TMB, ABTS and H2O: as substrate under
optimal reaction condition. Kinetic data were obtained by fixing one substrate
concentration while varying another substrate concentration; i.e. fixing H.0>
concentration while varying concentration of TMB or ABTS, on the other hand, fixing
TMB or ABTS while varying H20, concentration. Series of experiments were carried
out and the absorbance data were used to calculate the concentration of oxidized form
of both peroxidase substrates based on a molar absorption coefficient of 39,000 and
36,000 Mt cm™ for TMB and ABTS derived oxidation product, respectively [27, 118].
The concentration was calculated from absorbance data by using the Beer Lambert’s

law following equation (32) [27, 118]:

A = &bc (32)
where A is the measured absorbance, ¢ is molar absorptivity coefficient (M cm™), b is
the path length (cm), and c is the analyte concentration (M). Michaelis-Menten constant

(Km) and maximal reaction velocity (Vmax) of the Fe''Fe!"" LDHNS enzyme mimic can
be calculated by the Lineweaver-Burk equation, which is shown in equation (33):

1 (Ko 1), 1
v (Vo 517V, (33)

where; v is the initial velocity, Vmax IS the maximal reaction velocity, and [S] represents

substrate concentration [78-80]. The Vmax and Km was obtained from the intercept and
slope, respectively.

Figure 4.12 shows the TMB-H20> (a-b) and ABTS-H.0 (c-d) dependent
reaction rates, respectively. Km value is an indicator of the enzyme affinity towards its
substrate, a lower Km value indicates a stronger affinity between enzyme and its
substrate. The kinetics parameters for TMB and ABTS were calculated and summarized
in Table 4.2-4.5.
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For TMB-H,0; system, the K, values for Fe''Fe''' LDHNS when TMB and
H20> were used as substrate are 0.23 and 3.07 mM, which is lower than that of HRP
(0.434 and 3.7 mM) [26]. These results indicated the strong affinity of Fe!'Fe!'' LDHNS
towards TMB and HO; and are comparable to HRP. For ABTS-H20; system, the Kn
value for Fe''Fe!'' LDHNS with ABTS as a substrate is 0.68 mM, this value was found
to be lower than that of HRP (1.56 mM) [62]. This result indicated that the higher
affinity of Fe''Fe!' LDHNS than HRP towards ABTS was achieved. This can be
understood since a HPR molecule contains only one iron ion which decomposes H>O>
to generate OH*®, while the surface of nanosheets is decorated with a lot of iron ions.
On the other hand, the Ki value of Fe''Fe'!' LDHNS with H,O- as a substrate in ABTS-
H202 system is 2.26 mM, which is higher than that for HRP (0.24 mM) [62], suggesting
that the affinity of Fe''Fe'!' LDHNS towards H20 is lower than that of HRP. From these
results, it is clearly seen that Fe''Fe!"" LDHNS can act as peroxidase enzyme mimic and
show the improved catalytic activity for colorimetric detection of H,O2 by using TMB
and ABTS peroxidase substrate. Thus, we conclude that Fe''Fe!"" LDHNS are the
promising materials for applications requiring high-sensitivity H20O. detection and

analysis.
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Figure 4.12 Michaelis Menten model and Lineweaver Burk model (inset curve):
(@) and (c) fixed concentration of H202 (1.0 puM) with varied
concentration of peroxidase substrate from 0.1 — 8.0 pM and 0.3 - 8.0
MM for TMB and ABTS, respectively. (b) fixed concentration of TMB
(100 pM) with varied concentration of H202 from 0.5 — 200 uM. (d)
fixed concentration of ABTS (10 mM) with varied concentration of
H202 from 0.5 — 100 uM. The error bars represent the standard

deviation of three measurements.
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Table 4.2 Comparison of the Michaelis—Menten constant (Km) obtained from
Fe!'Fe!'' LDHNS for TMB substrate.

Catalyst® K (mM) Reference
TMB H20>
HRP 0.434 3.7 [24]
FesOs NPs 0.098 154 [24]
Co-Al ELDH 0.37 22.13 [92]
DNA/CUAI-LDHs 1.78 10.24 [79]
NiFe-LDHNS 0.5 2.4 [81]
C-dot/NiAl-LDHs 0.34 4.72 [80]
Fe'Fe' LDHNS 0.23 3.07 This work

4Catalyst: HPR (horseradish peroxidase), NPs (nanoparticles),

ELDHs (exfoliated

layered double hydroxides), LDHs (layered double hydroxides), LDHNS (layered

double hydroxide nanosheets).
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Table 4.3 Comparison of the Michaelis—Menten constant (Km) obtained from

Fe!'Fe! LDHNS for ABTS substrate.

Catalyst® K (mM) Reference
ABTS H20>

HRP 1.56 0.24 [124]
Fe304-NH2-SH 0.25 5.7 [125]
NiFez0s 0.46 2.60 [25]

Prussian blue NPs 157.45 0.028 [26]
NiCo-LDHs 3.43 13.2 [32]
Fes0s@Au-Cys—FA NPs 0.44 0.36 [84]

Fe''Fe'! LDHNS 0.68 2.26 This work

Catalyst: HPR (horseradish peroxidase), NPs (nanoparticles), ELDHs (exfoliated
layered double hydroxides), LDHs (layered double hydroxides), LDHNS (layered

double hydroxide nanosheets).
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Table 4.4 Comparison of maximum reaction rate (Vmax) obtained from Fe!'Fe!"!

LDHNS for TMB substrate.
Vmax (10'8 M S'l)
Catalyst® Reference
TMB H20:2

HRP? 10.0 8.71 [24]
FesOs NPs 3.44 9.78 [24]
Co-Al ELDH - - [92]
DNA/CuAI-LDHs 4.09 2.30 [79]
NiFe-LDHNS - - [81]
C-dot/NiAl-LDHs 5.52 7.89 [80]
Fe''Fe'"' LDHNS 1.70 9.37 This work

dCatalyst: HPR (horseradish peroxidase), NPs (nanoparticles), ELDHs (exfoliated
layered double hydroxides), LDHs (layered double hydroxides), LDHNS (layered

double hydroxide nanosheets).
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Table 4.5 Comparison of maximum reaction rate (Vmax) obtained from Fe!'Fe!"!
LDHNS for ABTS substrate.

Vmax (10'8 M S'l)

Catalyst? Reference
ABTS H202

HRP - - [124]
Fe304-NH2-SH 60.0 51.0 [125]
NiCo-LDHs 3.29 3.24 [25]
Fe304@Au—Cys—FA NPs 10.95 2.03 [26]

Prussian blue NPs - - [32]

NiFe204 17.48 14.11 [84]

Fe''Fe'' LDHNS 3.46 7.19 This work

dCatalyst: HPR (horseradish peroxidase), NPs (nanoparticles), ELDHs (exfoliated
layered double hydroxides), LDHs (layered double hydroxides), LDHNS (layered

double hydroxide nanosheets).
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4.2.4 Linear concentration range of H202

H2O2 is an important enzymatic intermediate that is produced by many
enzyme-substrate reactions and substances that are used in many areas including food
safety, pharmaceutical assay, bio-analysis, and clinical diagnostics. Analytes commonly
used for clinical diagnosis such as lactase, uric acid, cholesterol, and glucose may be
quantitatively analyzed based on oxidase enzyme reactions that produce H20..
Therefore, it is of practical significance to develop methods for H>O> detection.
Analytical performance of the developed colorimetric method to detect H2O2 by using
UV-Vis spectrophotometer was investigated. Figure 4.13 displays the UV-Vis spectra
of TMB (a) and ABTS (b) obtained from solutions in the presence of different H.O>
concentration. The absorbance increased upon increasing the concentration of H20-,
corresponding to the solution color that gradually change from colorless to blue (inset
image a) and green (inset image b), respectively. As shown in Figure 4.13 (c-d), the
linearity range of the analytical system was studied by using different concentrations of
standard H20. in both TMB and ABTS substrate system. For TMB substrate, signals of
different H2O> concentrations as well as linear calibration curve are shown in Figure
4.13 (c). The linear calibration curve of H20O. ranges from 0.1-50 puM.

Figure 4.13 (d) shows the linear calibration curve for ABTS substrate which is in a
range from 0.5-20 pM. The outstanding features of the proposed method for ABTS
substrate is not only lower limit of detection; but this method also provides simple
reaction conditions (in DI water), convenient process, less chemical used and
environmental friendly. Furthermore, a catalyst separation procedure for both proposed
methods is not required as very small amount of Fe''Fe""" LDHNS (0.3 mg mL™?) were
used, and they do not interfere the absorbance measured by UV-vis spectrophotometer.
The analytical performances of the Fe''Fe'"' LDHNS systems are comparable to that of

other reported nanomaterial-based colorimetric assays reported in Table 4.6.
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Figure 4.13 A dose-response curve for H202 detection using Fe!'Fe!"" LDHNS with
TMB and ABTS substrate (a-b), respectively. The linear calibration
plot for H20:2 in the range of 0.1- 50 pM and 0.5-20 uM for TMB and
ABTS substrate (c-d), respectively. The upper insets show the
corresponding photographs of different solutions. Error bars
represent the standard deviation based on three repeated

measurements.

4.2.5 Limit of detection of H202

In this study, detection of limit (LOD) of H>O> detection was investigated by
measurement of blank solution with ten replicates. The detection limit was calculated
as three times of standard deviation of the blank signal of H2O> divided by the slope of
calibration curve (3S.D.piank/slope). The calculated LOD was 0.05 puM and 0.2 uM for
TMB and ABTS substrate, respectively. The LOD of the Fe''Fe!"" LDHNS systems are
comparable to that of other reported nanomaterial-based colorimetric assays reported in
Table 4.6.
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Table 4.6 Colorimetric detection of H202 with nanomaterials as peroxidase

mimics.
Nanomaterials? Peroxidase H202 (UM) Reference
substrate Linear range LOD
CoFe-LDHs TMB 1-20 04 [31]
COAI-ELDHs TMB 10-200 10 [92]
DNA/CuAI-LDHs TMB 20-2000 10 [74]
NiFe-LDHNS TMB 10-500 4.4 [81]
C-dot/NiAl-LDHs TMB 0.2-20 0.11 [80]
Fe3;0s@AuU-Cys—FA NPs  |ABTS 5-10000 2.9 [84]
FesO04 NPs ABTS 5-100 3 [84]
Prussian blue NPs ABTS 0.05-50 0.031 [27]
Fe'lFe!'' LDHNS TMB 0.1-50 0.05 This work
Fe'lFe!'' LDHNS ABTS 0.5-20 0.2 This work

4Nanomaterials' LDHs (layered double hydroxides), ELDHs (exfoliated layered double
hydroxides), LDHNS (layered double hydroxide nanosheets), NPs (nanoparticles),
LDHNS (layered double hydroxide nanosheets).

4.2.6 Studies the effect of interferences

The selectivity is very important in real sample application as there probably
are other substances in the sample that might affect the measurement. The considered
interferences in this study were glucose, maltose, lactose, fructose, ascorbic acid (AA),
Na*, Zn*" and Mg?*; which are the components in milk samples. The concentrations of
interferences (100 uM) were five-fold higher than that of the standard H2O2 (20 uM).
The experiments were performed under the optimized conditions for TMB and ABTS
substrate. It can be obviously seen that the absorbance obtained from these ions are
relatively weak compared to H2O2 and can be neglected; because no colored products
were formed (inset image) for both TMB (Figure 4.14 (a)) and ABTS (Figure 4.14 (b)).
These results clearly indicated that the H-O./Fe''Fe'' LDHNS/TMB and H.O/Fe''Fe!"!
LDHNS/ABTS systems exhibited high selectivity towards H>O> detection.
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Figure 4.14 Selectivity of the colorimetric method of (a) the H202/Fe''Fe'!!
LDHNS/TMB and (b) H202/Fe''Fe!''" LDHNS/ABTS systems for
H20:2 detection by measuring absorbance at 418 nm and 652 nm,
respectively. Error bars represent the standard deviation for three
measurements. Inset: photographs of different interference

solutions.

4.2.7 Stability of Fe''Fe!"' LDHNS
The long-term stability of Fe''Fe!'' LDHNS is significant for continuous and
reliable monitoring of H2O». To evaluate the stability of the developed methods, the
Fe''Fe!'' LDHNS were dispersed in deionized water (0.3 mg mL™1) and stored at 4 °C.
They were used to measure the absorbance response for 20 uM of H2O- every three days

for 21 days. As shown in Figure 4.15 (a), the absorbance for H.O/Fe''Fe'!
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LDHNS/TMB system slightly decreased over time; however it retained 90% of original
response until week 3. Upon further storage to 21 days, 80% of its original response still
retained. For the H.O/Fe''Fe!'! LDHNS/ABTS system, the absorbance also slightly
declined over storage time. Its absorbance response retained approximately 92% of the
original value over a storage period of 9 days (Figure 4.15 (b)). These results indicated
that the Fe''Fe'"' LDHNS exhibited better long-term stability towards H2O2 detection for
TMB than that for ABTS system. Nevertheless; both systems demonstrate good

stability, more than 90 % of the original absorbance retained for the storage period of
longer than a week.
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Figure 4.15 The long-term stability of Fe!'Fe''' LDHNS for colorimetric detection
of H202 by using TMB (a) and ABTS (b) substrate for 21 days.
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4.2.8 Determination of H20: in real samples

To investigate the accuracy and feasibility of the developed colorimetric
method, the standard iodometric titration method was employed to compare with the
proposed colorimetric method for H20. analysis in milk and disinfectant samples [59,
62]. Six aseptic milk samples and two disinfectant samples were purchased from the
local supermarkets. These samples were treated and prepared as described in section
3.5.7. Proteins were precipitated from all six milk samples and H2O> standard solutions
were spiked into the protein free sample. Two disinfectant samples were diluted to
ensure that H.O> concentrations were within linearity range. Under the optimized
conditions, five replicates for each sample, the concentration of H20- in all real samples
were determined and the results are summarized in Table 4.7. The developed methods
provided the recoveries ranged from 97.52 to 102.99 % for TMB substrate and 97.34 to
103.26 % for ABTS substrate, which was consistent with the range from 98.78 to 103.50
% obtained by the standard iodometric titration method. Furthermore, these methods
exhibited impressively good precision (% RSD ranging from 1.10 to 2.87). Therefore,
the proposed colorimetric method is sufficiently accurate and there is no significant
matrix interference that affects the sample measurements, demonstrating that our

method is suitable for the quantification of H20; in real samples.



87

Table 4.7 Comparison of H202 concentration in milk and disinfectant samples obtained
using the proposed colorimetric method and iodometric titration standard

method (Avg. = SD of five trials).

Methods o Proposed method: TMB | Proposed method: ABTS

lodometric titration
(Added 0.1 M) (Added 0.1 M)
Samples Found® Recovery |RSD |Found? |Recovery |RSD |Found® |Recovery |RSD
(%)° (%)° (%)° (%)° (%)° (%)°

M12 091+ [103.50+ |1.67 [0.87+ [99.12+ (2.87 [0.90+ [101.83+ |2.79
0.02 1.73 0.03 2.84 0.03 2.84

M22 0.90+ |102.39+ |2.15 |0.86+ |97.52+ 1.37 |0.87+ [99.05+ 1.90
0.02 2.20 0.01 1.33 0.02 1.88

M32 0.88+ [99.89+ |3.00 {090+ [101.87+ (231 |0.90+ |102.17+ |1.22
0.03 3.00 0.02 2.35 0.01 1.24

M42 087+ [98.78+ |2.12 |091+ |10299+ (160 |0.86+ |97.34+ 1.10
0.02 2.09 0.01 1.65 0.01 1.07

M52 090+ [102.11+ |0.47 [0.89+ [100.43+ (2.18 [0.90+ [102.14+ |1.37
0.01 0.48 0.02 0.19 0.01 1.40

Mé62 0.89+ [101.28+ |1.25 [0.87+ |98.30+ |(2.17 |0.91+ |103.26+ |1.82
0.01 1.27 0.02 2.14 0.02 1.87

6% 090+ (101.84+ |2.87 [1.79+ |ND 178 [1.79+ |ND 1.62

HP1® 1003 [2.92 0.03 0.03

3% 090+ [102.11+ |2.05 [0.90+ |ND 114 (0.89+ |ND 1.96

HP2° 0.02 2.09 0.01 0.03

3 Spike 3% H»02 (0.882 M) in real samples, ® Hydrogen peroxide disinfectant: concentration of
6% wi/v or 1.76 M, ¢ Hydrogen peroxide disinfectant: concentration of 3% w/v or 0.882 M, ¢

Average of five determinations + standard deviation.
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4.3 Characterization of FesO4/rGO/ZnAl LDHs
4.3.1 X-Ray Diffractometer (XRD)

X-ray diffraction spectroscopy is a powerful technique used to identify
crystalline structure and phase composition of materials. The diffraction peak for
graphite (Figure 4.16) was at 20 angles of 26.3°, which is assigned to (002) plan of
graphite [95]. After oxidation of graphite, the diffraction peak for GO (Figure 4.17 (a))
shows two characteristic plans of (002) and (100) at 20 = 10.6° and 42.5°, which
indicated that the graphite was fully oxidized into GO [53, 57, 58, 95, 121]. As can be
seen from Figure 4.17 (b), the pattern of Fes04/rGO showed weak and board diffraction
reflections, which were assumed to the random arrangement of the GO sheets and the
uneven interlayer spacing after deposition of magnetite nanoparticles [53]. The
Fe304/rGO reveals five characteristic peaks at 20 angles of 30.3°, 35.7°, 43.9°, 57.7°,
and 63.1° corresponding to (220), (311), (400), (511), and (440) reflections, confirming
the formation of Fe3O4 nanoparticles deposited on GO sheets [57, 58]. Clearly seen
that, the XRD pattern of Fes04/GO did not show diffraction peak corresponding to the
GO because of the disorders that occur in GO stacking during the composite formation,
according to the previous reports [122, 123]. The sharp diffraction peaks for ZnAl-
LDHs (Figure 4.17 (c¢)) occur at 26 angles of 11.7°, 23.3°, 34.5°, 39.1°, 46.3°, 60.0°,
and 61.3°, which are assigned to the (003), (006), (012), (015), (018), (110), and (113)
planes in ZnAl-LDHs, respectively [104, 121, 124]. Figure 4.17 (d) shows the XRD
pattern of Fez04/rGO/ZnAl-LDHs displayed obviously main characteristic peaks of
Fe304/rGO and ZnAl-LDHs. These results confirm that these two components existed
in the final product.
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Figure 4.17 XRD patterns of pure GO (a), FesO4/rGO (b), ZnAl-LDHs (c) and
Fes04/rGO/ZnAl-LDHs (d).
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4.3.2 Scanning Electron Microscope (SEM)

The morphologies of the as-prepared products were characterized by SEM.
The SEM images in Figure 4.18 represents the surface morphology of the synthesized
samples of GO, Fe304/rGO, ZnAl-LDHs and Fez04/rGO/ZnAl-LDHs, respectively.
Figure 4.18 (a) shows SEM images of the GO have well defined and interlinked three-
dimensional rGO sheet-like structure. Clearly seen that, the surface morphology of GO
displays highly wrinkled structure [53, 95]. In contrast, the surface of GO which was
quite smooth, but the FesO4 nanoparticles-decorated GO sheets revealed that clearly
reveal that the rGO sheets structure with well intercalation of FesO4 nanoparticles and
uniform distribution of nanoparticles on rGO surface as shown in Figure 4.18 (b). It is
evident that prepared FesO4 nanoparticles are nearly spherical in shape at nanoscale with
mean diameter around 56 nm. Besides, the surfaces of Fe3O4/rGO were rougher than
those of the original GO. The results confirmed the rGO oxidize Fe?* to form Fes04/rGO
via the spontaneous in-situ deposition of Fe3O4 nanoparticles onto the self-reduced rGO
surface [53, 58]. Figure 4.18 (c) displays the highly regularity disk-like platelets of
ZnAl-LDHs similarly to previous work [125, 126], which indicates that the average
diameter approximately 2—3 um and the thickness is about 44.5 nm. The representative
SEM image of Fe304/rGO/ZnAl-LDHs morphology as shown in Figure 4.18 (d). After
assembling of Fes04/rGO/ZnAl-LDHs, the ZnAl-LDHs were randomly formed by co-
precipitation method the surface of FezO4/rGO sheets and intercalated into adjacent rGO
sheets, which directly increased the unevenness of the FesO4/rGO sheets.
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Figure 4.18 SEM image of GO (a), FesO4rGO (b), ZnAl-LDHs (c) and
Fes04/rGO/ZnAl-LDHs (d).

4.3.3 Energy Dispersive X-Ray Spectroscopy (EDS)

The EDS spectrum (Figure 4.19) reveals that the final product mainly
contains elemental Fe, O, S, and C. In the FesO4/rGO/ZnAl-LDHs EDS spectrum, peaks
at approximately 0.7 (Lq1), 6.4 (Ka1), and 7.0 (Kg1) keV, which are associated with the
binding energies of iron (Fe), were observed. The peaks around 1.0 (L.1) and
8.6 (Ka1) keV relate to the binding energies of zing (Zn). The signal of binding energies
of aluminum (Al), oxygen (O), and carbon (C) at approximately 1.5 (K1), 0.5 (Kai),
and 0.3 (Ka1) keV, respectively, were also observed. Carbon indicate the component of
rGO and carbonate anion is a charge-balancing ion in the product interlayer. Moreover,
the few signal binding energies of nitrogen (N) around 0.4 (K1) keV were assumed the
effect of incomplete removal in wash steps. These results are evidencing that the
successful assembly of ZnAl-LDHs and Fe3O04/rGO. The percentages of all elemental
are summarized in Table 4.8. Additionally, the distribution of these elements was
investigated with elemental mapping using SEM-EDS, as displayed in Figure 4.20. The
elements Zn, Al, Fe, O, C and N appear to be uniformly distributed, and these also

confirm the presence of these elements in the adsorbent.
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Figure 4.20 SEM-EDS elemental mapping images of FesO4/rGO/ZnAl-LDHes.
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Table 4.8 The elemental quantity of the element normalized for adsorbent
(FesO4/rGO/ZnAl-LDHs).

Total: Element Weight % Weight % Sigma
C 14.73 0.62
N 0.60 0.52
o 32.63 0.48
Al 4.99 0.17
Fe 2.84 0.26
Zn 44.22 0.56

4.3.4 Fourier Transform Infrared Spectrophotometer (FTIR)

FTIR was employed to characterize the functional group and the new bands
formed by the group. The FTIR spectra of synthesized magnetic adsorbent by co-
precipitation method were shown in Figure 4.21. In the spectrum of GO (Figure 4.21
(a)), the board band at 3401 cm™ is attributed to O—H stretching of the carboxylic groups
and phenolic groups. The other peaks corresponded to oxygen functional group, such
as, C=0 carbonyl stretching of COOH groups at 1716 cm™, and the C—O epoxide group
stretching at 1245 cm™ and C—OH alkoxy group stretching vibrations at 1043 cm™. The
band at 1611 cm™ is C=C aromatic stretching vibration [53, 57, 58, 95, 121]. The FTIR
spectrum of Fe304/rGO show in Figure 4.21 (b), the bands at 3417 cm indicated the
O—H stretching vibration. Other peaks at 1764, 1639, 1239 and 1094 cm™ are ascribed
to the C=0 carbonyl stretching and C=C aromatic stretching, C—O epoxide stretching,
and C—OH alkoxy stretching of rGO, respectively. In addition, the strong peak at 539
cm can be assigned to Fe—O stretching vibration of FesO4 nanoparticles [57, 58], which
confirm that Fe?* has been oxidized into formation of FesO4 nanoparticles on rGO sheets
[58]. For ZnAl-LDHs (Figure 4.21 (c)) the strong and board band at 3452 cm™ is
attributed to O—H stretching of the hydroxyl groups and water molecules. The weak
band at 1660 cm™ corresponded to O—H bending vibration of the interlayer water. The
bands observed in the low wavenumber region at 741 and 548 cm™ are ascribed to the
Al—OH deformation mode and the Zn/Al—OH translation, respectively [1, 2, 104, 121].
The strong peak at 1360 cm™ can be interpreted as the anti-symmetric stretching mode

of the carbonate anion present in the interlayer of ZnAl-LDHSs [1, 2]. The spectra of
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Fe304/rGO/ZnAl-LDHs (Figure 4.21 (d)) mainly presented the same band as ZnAl-
LDHs. But the characteristic bands of FesO4/rGO was not observed clearly and the band
of carbonate anion was decrease intensity because of the suspension of the peaks
between of Fes04/rGO and LDHs-phase. It is evidencing that the FesO4 nanoparticles

onto the self-reduced graphene oxide (rGO) sheets and attached with ZnAl-LDHs have
been successfully prepared.
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Figure 4.21 FTIR spectra of GO (a), FesO4/rGO (b), ZnAl-LDHs (c) and
Fe3s04/rGO/ZnAl-LDHs (d).
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4.3.5 Brunauer-Emmett-Teller (BET) surface area analysis

N2 adsorption—desorption isotherms of BET analysis was reported as an
effective tool for investigating the specific surface area of materials. The N2
adsorption/desorption isotherm of as-synthesized GO, Fe304/rGO, ZnAl-LDHs and
Fe304/rGO/ZnAl-LDHs exhibited typical 1VV-type isotherms with H3-hysteresis loops
according to the IUPAC classification of adsorption isotherms as shown in Figure 22.
This result indicate that the presence of mesopores with many slit holes, which might
generate from the gaps between GO sheets or the gaps between Fe3O4, rGO and ZnAl-
LDHSs [126-128]. Pore diameter is in the range of 2.85-7.43 nm which suggests the
presence of mesopores and slit pores of plate-like particles due to sheets aggregation of
the LDHSs [104]. The pore structure parameters of the materials, such as the specific
surface area, pore diameter and pore volume are listed in Table 4.9. Note that, the
Brunauer—Emmett-Teller (BET) specific surface area of Fes04/rGO/ZnAl-LDHs (11.13
m?g™) was large than ZnAl-LDHs only (5.32 m? g?), indicating that FesO4/rGO could
improve surface properties of LDHSs. The decline in pore diameter should be attributed
to the restacking of Fes04/rGO and ZnAl-LDHs, which will inevitably block the pores

and channels of LDHs.

Table 4.9 The specific surface areas and pore characteristics of the adsorbent

samples.
Materials BET surface area Average pore Pore volume
(m?g?) diameter (nm) (cm3/g)

(€]0) 57.42 4.31 5.952
Fe304/rGO 62.18 2.85 12.87
ZnAl-LDHs 5.32 7.43 0.049
Fes04/rGO/ZnAl- | 11.13 4.29 0.136
LDHs
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Figure 4.22 N2 adsorption—desorption isotherms of GO (a), FesO4/rGO (b), ZnAl-
LDHs (c) and Fe3O4/rGO/ZnAl-LDHs (d).

4.3.6 Zeta potential analysis

Zeta potential is an important indicator to determine the surface charge of
the materials and to characterize the stability of dispersions. The zeta potential of
synthesized materials suspended in aqueous media and using ultrasonic bath were
measured by Zetasizer- NANO-ZS. Figure 4.23 (a) displays the zeta potentials of GO
was measured at -19.1 mV. The zeta potential of GO was high due to the presence of
negatively charged OH and COOH groups [129]. After FezO4 nanoparticles deposited
onto the self-reduced GO surface as shows in Figure 4.23 (b), resulting to reduce the
negative surface at -10.6 mV due to a decrease in oxygen functional groups [130]. Zeta
potential for ZnAl LDHs suspension shows in Figure 4.23 (c) is positive charge (+37.2
mV). Figure 4.23 (d) shows that Fe3O4/rGO/ZnAl-LDHs exhibited the zeta potentials
of + 30.6 mV. These results assumed that the hybrid material was obtained by the
electrostatic of negative charge from FesO4/rGO and positive charge of ZnAl LDHs.
Generally, particles with positive zeta potentials greater than +30 mV or those are more
negative than -30 mV are considered stable [131]. This result suggests that the surface
modification of Fe304/rGO/ZnAl-LDHs is an effective can promote the stability of
dispersions in agueous media.
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4.3.7 Vibrating sample magnetometer (VSM)

The magnetic properties of the as-obtain materials were characterized by a vibrating
sample magnetometer (VSM) at 300 K and the magnetic field variation between —10 and
10 kOe. The magnetization (M) versus field (H) curve for FesO4/rGO and Fes04/rGO/ZnAl
LDHs is shown in Figure 4.24. It was observed that synthetic Fe304/rGO and Fe3O4/rGO/ZnAl
LDHs have a saturation magnetization (Ms) of 90.8 and 57.2 emu g™, respectively. The
decrease of M; could be due to the existence of ZnAl LDHs on the surface of Fe;04/rGO,
which changes the surface magnetic anisotropy and leads to enhancement of the surface
spins disorientation [132]. However, the Fe;O./rGO/ZnAl LDHs still exhibited good
magnetic properties that can ensure them be easily collected and recycled from aqueous solution
by simply putting an external magnetic field. The nature of the magnetic hysteresis loops
was “S curves”, indicative of the superparamagnetic characteristic of composites [53,
132]. According to the VSM results, both samples showed hysteresis loop was close to
S-like curves, and the magnetic remanences are nearly zero. This result indicates that
there is almost no remaining magnetization when the external magnetic field is removed

which is characteristic of superparamagnetic behavior.
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Figure 4.24 Hysteresis loops of adsorbent samples measured at 300 K.
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4.4 Adsorption behavior of methyl orange and brilliant green
4.4.1 Effect of contact time and initial dyes concentration

It is well known that the equilibrium time is an important factor for the
adsorption of dye molecules, which influences the structure of the dye molecules and
the surface properties of adsorbent [34, 35, 105]. Factor influencing equilibrium time
for dye adsorption include: i) the binding interactions between the surface of absorbent
and dye molecules; ii) the transport of dye molecules caused by associated driving forces
(shaking or concentration gradient) ; and iii) the availability of active sites of adsorbent
[35, 105]. Effect of contact time with GO, Fe304rGO, ZnAl-LDHs and
Fe304/rGO/ZnAl-LDHs for adsorption of MO and BG were assessed at concentration
of 100 mg L as shown in Figure 4.25 (a) and Figure 4.26 (a), respectively. It was
observed that the adsorption capacity rate of MO and BG on all samples was very fast
at initial time due to the adsorbent surface bears a lot of available active sites for fast
adsorption to takes place. Then the adsorption capacity rate becomes slow and reaches
equilibrium finally [36]. In terms of the adsorption capacity, GO performed the best,
followed by Fe304/rGO/ZnAl-LDHs, ZnAl-LDHs and FesO4/rGO. Especially, the
adsorption capacity rate of both dyes adsorption on GO was very fast when compared
with other adsorbents and display highest adsorption capacity at equilibrium in short
time about 307.45 mg g (60 min) and 477.79 mg g* (90 min) for MO and BG,
respectively. For the FesO4/rGO/ZnAl-LDHs displays adsorption capacity in pseudo-
second order for MO and BG of 187.53 mg g (60 min) and 445.89 mg g* (360 min),
respectively. It is obvious that adsorption capacity of Fe304/rGO/ZnAl-LDHs increased
when compared with ZnAl-LDHs about 153.59 mg g (360 min) and 343.85 mg g*
(360 min) for MO and BG, respectively. Thus, FezOs-decorated rGO could be
enhancements adsorption capacity of ZnAl-LDHs only. This was attributed to the
surface functional groups which increased their surface complexation capability and
n—7 interactions between the aromatic ring of dye molecule and the aromatic structure
of rGO. Also, the adsorption was attributed to the electrostatic interactions between
surface functional groups of rGO and primary ammonium ion, while the MO adsorption
was mainly favored by the van der Waals interactions [133]. The initial concentrations
are an important factor, which is used to design dye adsorption in aqueous solution.

To investigate the effect of contact time on MO and BG adsorption with different initial
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concentrations (5, 10, 25, 50, 100, 200, 300 and 500 mg L) are operated and presented
in Figure 4.25 (b-d) and Figure 4.26 (b-d), respectively. Observably, increasing in the
initial dye concentration of both dyes leads to an increase in the adsorption capacity of
all eight samples. The adsorption process was rapid during the initial stage. After that,
adsorption rate slowed down and remained constant after an equilibrium time was
reached. This observation was ascribed to a large number of vacant active sites on the
adsorbent surface in the beginning stage, and the remaining sites were difficult to
occupy due to repulsive forces between the dye molecules on the adsorbent and the bulk
phase [36, 48]. The equilibrium was attained in 60 min and 360 min for MO and BG,

respectively.
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Figure 4.25 Effect of contact time on adsorption kinetics of MO removal by (a)
different adsorbents (Co =100 mg L, T = 25 °C, pH = 5.6), (b-d) onto
FesO4/rGO/ZnAl-LDHs at different initial concentrations.
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Figure 4.26 Effect of contact time on adsorption Kinetics of BG removal by (a)
different adsorbents (Co =100 mg L™, T= 25 °C, pH = 5.6), (b-d) onto
FesO4/rGO/ZnAl-LDHs at different initial concentrations.

4.4.2 Effect of pH

The solution pH is one of most important parameters in adsorption process.
It can significantly affect but also the active sites on surface of adsorbents. The surface
charge and the degree of ionization of the functional group of dye molecules and charge
density around adsorbent are greatly affected by pH parameter, and this in turn controls
the extent of adsorption [1, 34, 57]. The effect of pH on dye adsorption was investigated
by varying pH within the range 2-12, at 25 + 1 °C for 60 min and 360 min as an
equilibrium time of MO and BG, respectively. The MO solution noticeably change its
color from red to orange (inset image in Fig. 6a). Also, the red color of the solution with
pH value less than 3 was different from its original orange color [134, 135]. Figure 4.27
(a) shows the effect of initial pH on the adsorption capacities of MO. It is clear that the
adsorption capacities of MO on Fe304/rGO/ZnAl-LDHs was pH dependent and
exhibited optimum pH in over the range 4-10. The reduced adsorption capacities of MO

observed at pH 2 can be explained by the protonate with sulfonic acid on MO molecule



102

leading to a low attachment of dye molecule. Likewise, the adsorption capacities of MO
were lowest at pH 12 presence of excessive OH™ leading to competitive with MO
molecules [1, 36]. In addition, the surface of Fe304/rGO/ZnAl-LDHs would adsorption
of OH", resulting to the electrostatic repulsion between adsorbent and adsorbate [1, 36].
MO is an anionic dye molecule can be attached on the surface of adsorbent through
electrostatic force of ZnAl-LDHs, van der Waal’s force, hydrogen bonding between dye
molecule and rGO, =m-n stacking interaction between aromatic part of dye and
delocalized m-electron system of graphene [44]. The influent of solution pH on the
removal of BG by Fe3O4/rGO/ZnAl-LDHs is illustrated in Figure 4.27 (b). The original
green blue color of BG was observed over the pH range 4-10 (inset image in Fig. 6b). It
was found that the color of BG solution was stable at pH 2.9-11 [102, 103]. The trend
of BG removal increases with increasing pH until 7, and adsorbent showed a better
adsorption capacity in over the range 5.6-7. At low pH (pH = 2), the adsorption capacity
decreased due to the surface of adsorbent would charge positively by protonate H™,
resulting in the electrostatic repulsion between dye molecule and adsorbent [106]. At
high pH values, increase in the number of OH™ can be attracted with ZnAl-LDHs via
hydrogen bonding leading to reduce the active sites for BG adsorption, thereby resulted
decrease of MO removal [98]. BG is a cationic molecule can be easily absorbed on the
negative surface charge of rGO and excess hydroxyl groups of ZnAl-LDHs by
electrostatic interaction, van der Waal’s force, hydrogen boning, n-n stacking
interaction between aromatic part of dye and delocalized w-electron system of graphene
[44]. In addition, lone pair of nitrogen atom is a partial negative charge can be attracted

with ZnAl-LDHs sheets via Lewis acid-base interaction [136].
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Figure 4.27 Effect of initial solution pH on MO (a) and BG (b) adsorption onto
Fe304/rGO/ZnAl-LDHs (Co =50 mg L, pH of deionized water = 5.6).

4.4.3 Effect of adsorbent dose

The adsorbent dosage of FesO4/rGO/ZnAl-LDHs significantly influenced
tﬁj}a) dye adsorption [57]. To investigate the g?’?ect of adsorbent dosage on the adsorption
of MO and BG from aqueous solution, adsorbent dosages in range from 0.2-1.2 g L of
Fe304/rGO/ZnAl-LDHs were used. As shown in Figure 4.28, it was observed that the
adsorption capacity (ge) and it consistent to the removal efficiency (R; %) of MO and
BG at initial concentration of 25 mg L. It can be seen that the adsorbent dosage
between 0.2-0.6 g L™ lead to the removal efficiency of MO (Figure 4.28 (a)) constant
around 67%, then sharply increase until 90% at adsorbent mass 1.0 g L2, The increase
of MO removal is due to more adsorption sites was available to bind MO, and thereby
resulted increase of MO adsorption [34, 44]. Besides, the removal efficiency of BG with
adsorbent amount as 0.2-1.2 g L™ found that did not differ significantly as shows in
Figure 4.28 (b). Nevertheless, the adsorption capacities at equilibrium of MO and BG
were decrease from with the increase in the amount of adsorbent. One of the possible
reasons is that the decrease of adsorption capacity might be attributed to the competition
of the adsorption sites at high adsorbent amount, due to the excess of active sites
exceeding the demand of the saturated adsorption [34, 45, 100]. Furthermore, some
available sites were unavailable to form complexes with dye molecules, lead the way a
large number of effective active sites are not employed, thus resulting to the decreased
the adsorption capacity [35, 45, 100]. Therefore, 0.2 g L of FesO4/rGO/ZnAl-LDHs
was selected as the optimal adsorbent amount to get the highest adsorption capacity for
MO and BG removal.
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Figure 4.28 Effect of adsorption dosage on the removal of (a) MO and (b) BG by
Fe304/rGO/ZNnAI-LDHs (Co=25mg L, pH=5.6, T=25+1 °C).

4.4.4 Adsorption kinetics

The adsorption kinetics is important due to it can be describe the adsorption
rate and provide valuable data for understanding the mechanism of sorption reactions
[99]. The adsorption kinetics of MO and BG on of Fe3O4/rGO/ZnAl-LDHs were
analyzed by the pseudo-first, pseudo-second kinetic model and Weber-Morris intra-
particle mass diffusion model, which are the most common models for the prediction of
sorption kinetics [99-102].

The pseudo-first order model suggests a proportional relation for the rate of

adsorption, described by the following equations [99-102]:

k
n(qe - q.) = Inq — (3¢ (34)

where, gt (mg g%) and ge (Mg g*) represent the amount of MO or BG adsorbed at time
tand at equilibrium time, respectively. ki (min™) represents the adsorption rate constant

which is calculated from the plot of In(ge-qt) against t.
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The pseudo-second order model suggests a quadratic relation for the rate of

adsorption. This model defines the kinetic of adsorption as [99-102]:

t 1 t
-4 L 35
qt k2q3 de (35)

where, k2 (g (mgemin)™) is the pseudo second-order rate constant of sorption, the ge and
k> can be obtained by linear plot of t/qt versus t.

The kinetic parameters of MO and BG adsorption onto Fe304/rGO/ZnAl-
LDHs were conducted at six initial concentrations from 10 to 300 mg g and the
collection coefficients (r?) obtained from Figure 4.29 are listed in Table 4.10. It was
found that the experimental data could be well fitted with the linear form of the pseudo-
second-order model is the much better matching degree (r? > 0.99) than the pseudo-first
order kinetics model and can describe the MO and BG adsorption on Fe3O4/rGO/ZnAl-
LDHs perfectly. Furthermore, the theoretical adsorption capacities (Qe.ca) are in good
agreement (approximately) with the experimental data (Qe.exp), implying that the overall
rate-limiting step in adsorption process was controlled by chemisorption for both cases
viz MO and BG [44, 99]. The best fit to that pseudo-second-order model indicated that
the adsorption mechanism depended both on the adsorbate and adsorbent [48].

The Weber-Morris intra-particle mass diffusion model describe the process
during adsorption internal diffusion determines the adsorption rate in most of the liquid

systems. Intra-particle mass diffusion model as the following equation [101-103]:
qc = kqt'? + C (36)

where Ky is the intra-particle diffusion rate constant (mg g*-min*2) and C is
the intercept which represents the thickness of the boundary layer ((mg g). The values
of kig and C can be calculated from the slope and the intercept of the linear plot of gt
versus t*2. The value of the intercept C provides information about the thickness of the
boundary layer, and the larger the intercept, the greater the boundary layer effect [36,
99]. If the intra-particle diffusion is involved in the adsorption process, the plot of gt
versus tY2 will be linear; and if this line passes through the origin, the rate-limiting

process is only due to the intra-particle diffusion.
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The intra-particle diffusion model has been widely applied to analyze the
mechanism of adsorption [99]. The fitting results for both cases viz MO and BG are
shown in Figure 4.29 (c) and Figure 4.29 (f), respectively. It can be observed that the
adsorption process is divided into three sections for both cases viz MO and BG. The first
stage be ascribed to instantaneous adsorption or external surface adsorption (kq1) due to
the high initial concentration of dyes and ample active adsorption sites. The dye
molecules diffuse through the solution to the external surface and boundary layer of the
Fe304/rGO/ZnAIl-LDHs. The second stage illustrates a gradual adsorption stage (Kad2)
ascribed to intra-particle diffusion between the dye ions and the adsorbent is related to
the rate-determining step, this stage is a controlling step of the whole adsorption. The
last stage substitutes the equilibrium stage (kads), in which intra-particle diffusion further
slows down owing to the saturation of active adsorption sites and the decrease in dye

concentration [36, 99].
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Figure 4.29 Pseudo-first-order model fitting plots for (a) MO and (b) BG
adsorption Kinetics. Pseudo-second-order model fitting plots for (c)

MO and (d) BG adsorption Kinetics. Intraparticle diffusion model
for () MO and (f) BG adsorption at different concentrations.
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Table 4.10 Calculated parameters of the pseudo-first and pseudo-second order kinetic
models for adsorption of dyes onto FesO4/rGO/ZnAl-LDHs.

Pseudo-first order kinetic modelPseudo-second order kinetic
Initial model
Dyesconcentrationqe'exlo k1 (Min™) ge,car (Mg g)|r? ka Oe,cal (Mg g2)[r?
. (mg g™)
(mgg~) (9 (mg
min)™?)
10 38.26437 |0.050896 (10.4737 0.9809 [0.0658 [39.68254 |1
25 76.47947 |0.029018 (35.40789  |0.9792 0.0671 83.33333 |1
50 126.137 |0.037078 38.61891  [0.9656 [0.0349 [136.9863 |1
MO [100 187.5289 |0.018654 55.51368  [0.9583 [0.0255 [204.0816 |1
200 382.6461 |0.02326 [115.133 0.9847 0.013 416.6667 |1
300 644.7044 10.059878 |412.7623  |0.9641 0.0058 666.6667 |1
500 1074.0207/0.062872 606.1778  |0.9458 [0.0026  1111.111  [0.9999
10 38.29327 10.010133 [3.324298  |0.9761 0.0699  39.0625 1
25 113.3182 [0.009212 29.26847  (0.9893 [0.0697 [114.9425  |0.9999
50 213.924 |0.008291 111.0708  |0.9453 [0.0914  [222.2222  [0.9989
BG [100 445.8893 10.009673 279.7049  |0.9832 [0.0479  1454.5455  [0.9991
200 828.6211 0.008982 523.3594  |0.9587 |0.029 833.3333333(0.999
300 1150.517 |0.029939 558.2131  [0.9641 0.0192 1250 0.9992
500 1994.573 [0.376771 1929.301 0.995 [0.0132 2000 0.9988
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4.4.5 Adsorption isotherms

The adsorption isotherm usually describes the distribution of the adsorbate
between the aqueous and solid phase of adsorbent at equilibrium state during the
adsorption process. On the basis of the shape of the isotherm, the nature of the studied
process can be determined [99]. The adsorption capacity of the adsorbent for the
adsorbate can be determined from the equilibrium adsorption isotherm [48].

The Langmuir isotherm is applicable to homogeneous sorption occur on
specific homogeneous adsorbent sites where the sorption of each sorbate molecule onto
the surface has equal sorption activation energy. Therefore, the Langmuir isotherm
assumption that sorption comes from the monolayer coverage of the adsorbate over a
homogeneous adsorbent surface [1, 102]. The Langmuir isotherm can be presented in
the form [99-106]:

_ qmKLCe
Qe = 1+KLCe (37)

Linear form of the Langmuir model can be escribed by the following
equation [99-106]:

C 1 C
- — _|_e

de  GmKL = dm (38)

where C, is the equilibrium concentration of dye aqueous solution (mg L™?);
q. is the amount of dye adsorbed by elementary mass of adsorbent (mg g?); gq,, is the
maximum adsorption capacity (mg g1); and K;, is the Langmuir adsorption constant. A
plot of C./q, versus C, gives a straight line with the slope of 1/q,, and the intercept
C./qm, as shown in Figure 4.30; the calculated isotherm parameters are shown in Table
4.11.



110

A dimensionless parameter R. from the Langmuir model is commonly used

to predict the feasibility of the adsorption process. R. can be represented by Eqg. (39):

(39)

where R; value indicates the shape and feasibility of isotherm, the isotherm
can be unfavourable (R, > 1), linear (R, = 1), favourable (0 < R;< 1) or irreversible
(R, = 0) [44, 48, 98]. In this study, values of R at different studied temperatures were
comprised between 0 and 1; confirm applicability of Langmuir isotherm (Table 4.11).

The Freundlich isotherm is an empirical model based on the assumption that
the adsorption process occurs on heterogenous surface of the adsorbent with a non-
uniform distribution of heat sorption and means of multilayer adsorption characterized
by the heterogeneity factor 1/n. The values of 1/n in the range of 0-1 show favorable
adsorption while 1/n above 1 is an indicative of cooperative adsorption [99]. The
Freundlich model is described by [99-106]:

ge = KzC,/" (40)

The linear form of the Freundlich isotherm models is represented as follows
[99-106]:
Inge = InKp + - InC, (41)

where Ky is the Freundlich isotherm constant; g, and C, has the same
meaning as that in Eq. (41); 1/n is the influence coefficient of solution concentration to
the equilibrium adsorbed amount.

The experimental adsorption isotherms of investigated MO and BG dyes on
Fe304/rGO/ZnAIl-LDHs, commonly models including Langmuir and Freundlich have
been used to analyze the equilibrium adsorption data at ambient temperature of 27 + 1
°C. The curve-fitting results of the Langmuir model for MO and BG adsorption are
shown in Figure 4.30 (a) and Figure 4.30 (b), respectively. It can be seen that the
experimental adsorption data of the FesO4/rGO/ZnAl-LDHs fit well with Langmuir
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model were collected with the correlation coefficient (r?) values of 0.9948 and 0.9999
for both cases viz MO and BG, respectively. Freundlich isotherms plots for adsorption
of MO and BG onto Fe3O4/rGO/ZnAl-LDHs are depicted in Figure 4.31. The
parameters as shown in Table 4.11 were obtained. The results indicated that the
monolayer Langmuir adsorption isotherm was more suitable for explaining the
adsorption process [99-106]. The Langmuir isotherm showed maximum adsorption
capacities (q,,) of Fes04/rGO/ZnAl-LDHs according to the Langmuir fitting result were
294.11 and 312.50 mg g* for MO and BG, respectively.

(a)°® (B) 4 y = 0.0032x + 0.0482
y = 0.0034x + 0.0819 ,
~ 0.25 /2 = 0.9948 — r-=0.9999
- p 0.154
2 020 2"
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Figure 4.30 Langmuir isotherms model of (a) MO and (b) BG adsorption.
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Figure 4.31 Freundlich isotherm model of (a) MO and (b) BG adsorption.
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Table 411 Langmuir and Freundlich isotherm parameters for MO and BG
adsorption onto FesO4/rGO/ZnAl-LDHs.

Isotherms parameters MO BG
Langmuir | gm(mgg?) | 294.11 312.50

KL 0.0557 0.0659

r? 0.9948 0.9999

RL 0.7821-0.1522 0.7521-0.1317
Freundlich | 1/n 0.6859 0.5865

Kr 14.98 27.53

r? 0.9876 0.9628

Table 4.12 Comparison of MO adsorption capacity among various adsorbents.

Adsorbent gm (mg/g) | Time Ref.

Chlorine interlayer microsheets ZnAl-LDH | 359.71 12 h [44]
Calcined ZnAl-LDH/AI[OH]z 1015.1 6h [45]
Calcined GO/NiAl LDH hybrid 211 16 h [87]
Graphene oxide/zero-valent 210.8 16 h [87]
DS-Zn/Al LDHs 114.9 1h [142]
Graphene oxide/NiCr-LDH 312.5 24 h [143]
ZnAl-LDH 1153 6 h [144]
LDH@Fe304/PVA magnetic 18.97 5h [145]
Starch/NiFe—LDH (2:1) 387.59 3h [146]
Starch/NiFe—LDH (1:1) 358.42 3h [146]
NiFe-LDH 246.91 1h [146]
Fe304/ZnCr-LDH 240.16 1h [147]
CuMgAI-LDH 79.2 3h [148]
Fe304/rGO/ZnAl-LDHs 294.11 1h This work




Table 4.13 Comparison of BG adsorption capacity among various adsorbents.
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Adsorbent gm (Mg/g) Time Ref.
Modified Saw dust 58.47 3h [103]
Red clays 125 4h [106]
DS-Zn/Al LDHs 86.95 1h [142]
Fe30,@SDBS@MgAI-LDHs 329.1 10 h [149]
Bagasse fly ash 116.28 5h [150]
Kaolin 65.42 90 min [151]
Saklikent mud 1.18 150 min | [152]
Acorn 2.11 30 min [153]
CoFe204 3.58 1h [154]
Rice husk ash 26.18 5h [155]
Fe304/rGO/ZnAl-LDHs 312.50 6h This work

4.4.6 Adsorption mechanisms

MO and BG dyes adsorption are defined as the accumulation of adsorbent at
an interface between the solid surface and the aqueous phases. Various mechanisms for
instance electrostatic interaction, hydrogen bond, n—m interaction, and ion exchange may
be involved in the whole adsorption process [137, 138]. Mechanism studies of dyes
adsorbed by Fe304/rGO/ZnAl-LDHs have been carried out with either the assistance of
the characterization of the structures of the adsorbent before and after adsorption
including XRD, FTIR, and SEM.
Fe304/rGO/ZnAl-LDHs before and after adsorption of MO and BG. The XRD pattern
of the synthesized Fes04/rGO/ZnAl-LDHs before adsorption exhibited characteristic

Figure 4.32 shows the XRD pattern onto

crystalline peaks of the pristine LDHSs. It was observed that the intensity of XRD peaks
weakened significantly after adsorption for MO and BG onto Fe304/rGO/ZnAl-LDHs.
The post adsorption of MO; XRD pattern of the adsorbent exhibited similar 2-theta
values, which indicates that the adsorption of MO dye on Fe304/rGO/ZnAl-LDHs takes
place via surface adsorption [104]. For the BG adsorption onto FezO4/rGO/ZnAl-LDHs,
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the features at (003) 2-theta values shifted slightly from 11.81° to 13.27° (7.4845 —
6.6637 nm) compared with the XRD patterns of original adsorbent, which is within the
accepted range for a LDHs structure, indicated that the crystal structure of adsorbent
was not destroyed in the adsorption process [99]. It was found that the basal spacing at
the (003) diffraction peaks for MO adsorption were increased from 7.4845 to 7.6808 A.
The expanse of the interlayer distance indicating that some MO molecules is intercalated
into the interlayer of ZnAl LDHSs by chemisorption [31, 35, 36, 45].

The FTIR analysis of adsorbents after adsorption of MO and BG as shown
in Figure 4.33 (a) and Figure 4.33 (b), respectively. The board vibration bands located
at around 3450 cm™! is attributed to the stretching vibrations of O—H of the hydroxyl
group on the adsorbent and hydrogen-bonded surface water molecules. The O—H peak
of adsorbent after MO and BG adsorption did not change, suggesting that hydrogen
bonding did not participate in MO and BG adsorption on FezO4/rGO/ZnAl-LDHs.
Creation of new bands in the case of after adsorption dyes in the region from 550-1600
cm?, evidences the adsorption of both cases viz MO and BG over the surface of
Fes04/rGO/ZnAl-LDHs. The bands observed at 1605 cm™ could be attributed to the
stretching vibration of C=C of the benzene ring of MO and BG. The new bands at 1050,
1152 and 1377 cm™* were attributed to S—O and S=0 vibrations of sulfonic acid group
(S03) on MO molecules [36, 44, 45]. After BG adsorption on Fe304/rGO/ZnAl-LDHs
showed vibrations bands region from 1360-1521 cm™* might be ascribed to the N-C
groups [98, 100]. Besides, several adsorption peaks that emerged in the range below of
1000 cm™* known as fingerprint region which does not interact with dye appreciably,
which assigned to AI-OH deformation mode and Zn/Al-OH translation of adsorbent.
Hence, we can conclude that MO and BG are adsorbed to the surface of
Fe304/rGO/ZnAl-LDHs.
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Figure 4.32 XRD patterns for FesO4/rGO/ZnAl-LDHs of before and after MO and
BG adsorption.
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Figure 4.33 FTIR spectra of after adsorption for MO (a) and BG (b).
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Figure 4.35 SEM image of Fe3sO4/rGO/ZnAl-LDHs adsorbent before (a) and after
(b) adsorption of MO.

Table 4.14 The elemental quantity of FesO4/rGO/ZnAl-LDHs adsorbent for after

adsorption of MO.
Element Weight % Weight % Sigma

C 29.42 0.93
N 412 0.93
o 21.03 0.58
Na 4.49 0.52
Al 3.05 0.17
S 3.26 0.16
Fe 2.54 0.32
Zn 32.10 0.75
Total: 100.00

SEM technique is widely used to study the morphological features and surface

characteristics of the adsorbent materials. In the present study, SEM images were used
to evidence the adsorption of MO and BG around the surface of the FesO4/rGO/ZnAl-
LDHs by comparison with the untreated in dyes solution. Figure 4.34 shows the SEM

images of adsorbent material after adsorption of MO. It can be seen that the adsorbent

consist of uniform microplates displays smooth surface, after they were in contact with

MO solution on the surface of Fes04/rGO/ZnAl-LDHs exhibit crumpled structure cover

on the surface of absorbent.
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Figure 4.35 SEM image of Fe3sO4/rGO/ZnAl-LDHs adsorbent before (a) and after
(b) adsorption of BG.

Table 4.15 The elemental quantity of FesO4/rGO/ZnAl-LDHs adsorbent for after
adsorption of BG.

Element Weight % Weight % Sigma

C 15.65 0.58
N 0.59 0.45
O 27.59 0.41
Na 5.02 0.48
Al 3.64 0.13
S 0.11 0.06
Fe 1.80 0.18
Zn 45.59 0.57
Total: 100.00

The surface of adsorbent after treatment with BG shows in Figure 4.35. After
BG adsorption, the surface of the BG-treated FezO4/rGO/ZnAl-LDHs was altered as
evidenced by its relatively jagged surface. These results confirm that the
Fe304/rGO/ZnAIl-LDHs adsorbent could be adsorb MO and BG dye molecule was

successfully.
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4.4.7 Desorption and Regeneration of FesO4/rGO/ZnAl-LDHs
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Figure 4.36 After regeneration of FesO4/rGO/ZnAl-LDHs adsorbent for MO and
BG adsorption (three cycles).

Regeneration and reusability of sorbent is an important factor for practical
applications and large-scale in industrial field. In order to study the reusability of the
Fe304/rGO/ZnAI-LDHs as an adsorbent were studied through sorption-description
cycles according to Section 3.8.5. Adsorption results of MO and BG using the
regenerated FesO4/rGO/ZnAl-LDHs after the recycling are shown in Figure 4.36. It can
be found that, after five consecutive cycles, the removal adsorption capacity decreased
from 112.4 to 93.1 mg g* for MO and 118.0 to 104.0 mg g* for BG, when compared
with the original FesO4/rGO/ZnAl-LDHs. At the same time, the percentage removal
efficiency was reduced and remained more than 80 % after five cycles for both cases
viz MO and BG. The results showed that there was slight decrease in the percentage
removal efficiency after five cycles can be explained to lose some adsorbent during the
adsorption-description cycles. These results confirmed that the FesO4/rGO/ZnAl-LDHs
adsorbent can be regenerated easily and has potential to be reused in multiple adsorption
cycles.



CHAPTER 5
CONCLUSIONS

Part I: Development of H20:2 colorimetric assay based on Fe''Fe''' LDHNs

In this work, Fe''Fe'!' layered double hydroxide nanosheets (Fe''Fe''' LDHNS) have
been successfully prepared by co-precipitation method. The prepared Fe''Fe!"' LDHNS
possesses the superior intrinsic peroxidase-like activity, which can catalyze the
oxidation of TMB and ABTS chromogenic substrates in the presence of H20- to produce
a blue and green colored product of oxidized TMB and ABTS*", respectively. For TMB
substrate, the catalytic activity was dependent on the pH, reaction time and H20>
concentration. Whereas the catalytic activity for ABTS only affected by reaction time
and H>O> concentration; therefore, as it was not influenced by pH, the reaction can be
carried out in water medium. The peroxidase-like catalytic activity originates from the
Fe'"Fe'"" LDHNS not the leached Fe?*. The kinetics analysis indicated that the process is
in accordance with the typical Michaelis-Menten kinetics and the Fe!'Fe!'! LDHNS
exhibited high affinity towards TMB, ABTS and H»O; substrate. On the basis of these
findings, a colorimetric method with high sensitivity and selectivity for H>O. detection
has been developed. The colorimetric method showed good response towards H.O>
detection with a linear range from 0.1-50 uM (LOD of 0.05 uM) for TMB, and 0.5-20
MM (LOD of 0.2 uM) for ABTS. This selective approach could be applied for H20>
detection in real milk and disinfectant samples. Fe''Fe'"" LDHNS as peroxidase mimics
exhibited several advantages when compared to natural enzyme for instant; ease of
preparation, low-cost, robustness, long-term stability and good biocompatibility. The
proposed method is expected to be more potential for exact detection of H20: in

biotechnology, food industry, clinical diagnosis life process and other industries.
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Part Il1: Synthesis of FesO4/rGO/ZnAl for the removal of methyl orange and
brilliant green from aqueous solution

In summary, a novel of magnetic adsorbent consisting of magnetite nanoparticles
(Fe3Os NPs), reduced graphene oxide (rGO), and ZnAl layered double hydroxides
(ZnAl-LDHs), denoted as Fe3O4/rGO/ZnAl-LDHs have been successfully prepared.
The magnetic adsorbent was employed as adsorbents for the qualitative removal of
anionic methyl orange (MO) and cationic brilliant green (BG) from aqueous solution.
Therefore, this simple modification of ZnAl-LDHs was modified by using FezOs-
decorated rGO has been proposed for the improvement the magnetic properties and
adsorption capacity of magnetic adsorbent. This magnetic adsorbent can easily be
separated and regenerated from aqueous solutions by using external magnet. As a word,
this work provides some new scientific in rational design of desirable bifunctional
adsorbent for anionic and cationic dyes. Adsorption capacity of dyes much depend on
pH of solutions and the best results are obtained at the pH range from 4-10 and 6-7 for
MO and BG, respectively. The experimental data fitted for MO and BG dyes well to the
pseudo-second order kinetic model, indicating the chemisorption process. The
Langmuir isotherm provided the best correlation of both organic dyes on the
Fe304/rGO/ZnAl-LDHs, implying the adsorption is mainly a monolayer adsorption
process. Adsorption capacity calculated according to the Langmuir isotherm were
1111.11 and 2000.00 mg g at initial concentration of 1000 mg L™ for MO and BG,
respectively. The mechanism of adsorption proposed according to the XRD and FTIR
data, are consistent with an anion exchange process into the interlayer of ZnAl LDHs
and adsorbed to the surface of FesO4/rGO/ZnAl-LDHs. The reusability of the
Fe304/rGO/ZnAI-LDHs as an adsorbent were studied through sorption-description
cycles by using ethanol and NaOH, respectively. The percentage removal efficiency was
reduced and remained more than 80 % after five cycles for both cases viz MO and BG.
In common, we can be concluded that the magnetic adsorbent studied here could be

successfully applied in the cleaning of the wastewaters of the dyeind industry.
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In this study, a new, rapid. sensitive, and convenient approach for colorimetric detection of Hz0: using
Fe'Fe" layered double hydroside nanosheets (Fe'Fe' LDHMS] is reported. The Fe'Fe LDHNS were
constructed from a mixture of divalent and trivelent Fe ions by a co-precipitstion method. Fe'Fe
LOHNS were found to possess supenor intrinsic peroxidase-like activity. They were used to catalyze the
owidation of a perosidase substmte 3.3°5.%-tetmmethylberzidine [TMB] and 22'-azino-bis(3-
ethylbenzothiazoline - 6-sulfonic acidl [ABTS) diammonium salt in the presence of HpO; to produce
a blue and green solution product, respectively, that provided colormetrc detection of HxOz The
colorimetric detection of H:xO: was conwveniently camied out by incubating at mom tempersture.
Morecver, for the ABTS substrate, the experiment was facilely and successfully camied out in deionized
water at a pH of approximately 5.6. The colorimetric assays displayed linearity for H;O; determination by
using TMB and ABTS systems in the mnge of 0.1-50 pM and 0.5-20 pM, respectively, and the
comesponding limits of detection were found to be 0.05 pM and 0.2 pM, respectively. The catalytic
reaction follows Michselis —-Menten kinetics and exhibits strong affinity towards TMB, ABTS, and HpO,
substrates. This selective approach could be applied for HyO, detection in real milk and disinfectant
samples. It is expected that there is great potential for the proposed method for exact detection of HzO:

recli/methods

Introduction

Hydrogen perocide [Hy0y) is a well-documented  powerful
oddizing agent and is regarded as a major reactive ooggen
species [ROS) component of living cells. Tt is an essential
intermediate in pharmacentical, clinical, industrial, and envi-
ronmental fields, Moreover, it is widely used as an eguipment
and packaging sanitizer in industrial processes such as water
treatrnent, milk production, and electrical circuit cleaning to
prolong the shelf life of products, and for medical purposes
such as wound cleaning "~ However, high levels of Hy0,,
usually =50 pM, are regarded as cytotode, High conce ntrat ons
of HyDy in living organisms could induce serious disorders such
as cardiovascular disease™ cancer,® efc. In addition, Hy0, is
oneof the products from the resction of glucose and the glucose
oxidase enzyme, detection of HyO, leads to the determination of
glucose in plucose bicassay. Therefore, due o the significance
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in biotechnology, clinical disgnoses, the food industry, and other industries.

of Hy0y in various fields, the development of efficient and
accurate methods for HyOs determination is of interest.

There are several analyical techniques that have been
developed for monitoring HyOy, such as fluorescence,™* chro-
matography,’® chemiluminescence,*=  and  electrochemical
technigques. ™" However, each technique has its limiwtions
such as high cost, high complexity, or strict requirements for
equipment. Another technique for the detection of HyO, is the
colorimetric method,"™ ™ and it has attracted more attenton
since it provides a simple and convenient platform for analyte
determination. Additionally, it is less dependent on equi pment,
timesaving, inexpensive, and easy to perform as well as conve-
nient for practical applications. A major advantage of this
technique is that the color change of a specific substance can be
rapidly observed by the naked eye for qualitative analysis and is
also easily monitored by UV-Vis spectrophotometer for accurate
quantification. Typically, HyOy can be utilized for catalytic
ouddation and coloration of chromogenic agents with the aid of
horseradish peroxidase (HRP) as a catalyst.***' Chromogenic
agents, including 3,3°,5,5 -tetramethylbenzidine [TMB) and 2,2'-
azino-bis- F-ethylbenmthiazoling)-fsulfonic  acid  [ABTS),
immediately react with Hy0, in the presence of HRP to prodoce
blue- and greencolored produocts, respectively, which serve as
a colorimetric output signal ==

Anal Methods, 2019, 11, 47854704 | 4785
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HRF is a natural enzyme with a great practical applicaton
based on its satsfactory selectivity and high sensitivity under
mild conditions, However, there are numerous disadvantages of
natural enzymes, including high cost, inherent instability, and
easy densturation under extreme conditions [eg, in strong
acidic and hasic conditions or high temperature) or digestion by
proteases,™ and these have often limited their practical appli-
cations.* Moreover, the preparation, purification, and storage
of natural enzymes are usually expensive, difficult, and time-
consuming, and these limitations have inevimbly restricted
their widespread applications.®=* Therefore, it is interesting
and challenging to develop novel and efficient arti ficial peros-
idase enzyme mimetics that can overcome certain drawbacks of
natural enzymes.

Since Gao et al found in 2007 that Fe;0, nanoparticles
[NPs) possessed an intrinsic enzyme mimetic activity similar
to that found in HRP natural enzyme,* Fe; Oy nanoparticles
were subsequently used as natural enzyme replacements,
Natural HRP enzyme containg Fe'™ or Fe* in its reaction
centers,™ and these metal centers are also found in Fe; O NPs.
Thus, there has been extensive research perfformed to design
nanomaterials with emeyme-like catalytic activity. A variety of
Fe-based nanomaterials and composites including metal
particles, ™™ metal oxides ™ layered structures™™ and
carbon based nanostroctures™ have been explored as efficient
enzyme mimics, Amongst these inorganic nanomaterials,
layered materials are one of the promising candidates for
being used as a catalyst for colormetric assays due to its low
cost, environmental friendliness, high conductivity, and high
redox activity,™

Layered double hydrocides [LDHs), also known  as
hydrotalcite-like compounds, are a class of anionic clays with
two-dimensional (2D) structure, There is great interest in these
materials because they are non-tocde, stable, casy to prepare,
and also becanse of their good biocompatibility, large surface
area, good adsorption ability, and anion exchange, LDHs have
been applied in a wide range of applications such as antacid
precursors, ion exchangers, adsorbents, and catalysts % The
general formula of LDHS is [Ma "M, [OH R (A" ) mH20,
where M* and M denote divalent and trivalent catons,
respectively (e, Mg, Fe™', Zn™, Ni*", AI", and Fe™). Each
cation is octahedrally surrounded by sic OH jons, and the
different octhedra share edges to form a 2D layer' A"
denotes the interlayer anion of valence n{e.g:,COf',NO;',und
Cl7). The value of x represents the molar ratio of 'M‘}',n\{Ma* +
M) within the hyd roxide sheets, and it has been reported that
the value of x in the range from 0.2 o 0.4 will enable a pure LDH
phase tobe formed. The value of m indicates the extent of water
molecules in the strocture. An outstanding feature of LDHs is
that multi-inorganic metal catons cam be simulaneously
incorporated  into the brocite-like layer to prepare  mwlti-
component LDHs by rationalizing the x value to be in the
valid range™

Several LDH materizls were found to exhibit intrinsic
enzyme mimetic activity. In 2012, Zhang et al reported CoFe-
LDH a5 an effective perocddase mimetic to cambyze the oxida-
tion of TMB in the presence of HeD: to produce a blue

4786 | Anal Methods, 2019, 11 4785-4734
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solution™ In 2017, WiCo-LDH microspheres were used
catalyze the oddation of ABTS in the presence of HyOp o
generate a green-colored solution of ABTS™.®

Fe'"Fe'™ layered double hydroxides [FeFe™ LDHs), as shown
inFig. 1, contain a mixture of Fe* and Fe*” ions with the ratio of
Fe™ : Fe® at 0.25-0.33, have been reported® but they have
never been used in the application as described herein, To the
best ofour knowledge, the present work is the first reportof Fe®”
and Fe*" jons in the LDHs that have the same activity as sctive
reaction centers in HRP natural enzyme,

Herein, we present a new colorimetric method for the
detection of Hy0, using Fe"Fe'™ layered double hydroxide
nanosheets {'Fc“ch LDHNS), which sct as a peroxidase
mimetic. The Fe'Fe™ LDHNS were constructed from a mixhire
of divalent and trivalent Fe ions with simple procedures and
green solvent (agueous medium). Fe"Fe™ LDHNS were
prepared by a co-precipitation method and were used as
peroxidase mimetics to catalyze the oxidation of TMB and ABTS
chromogenic substrates in the presence Hy O, to produce a bloe-
and green-colored product of oxidized TMB and ABTS™,
respectively. Furthermore, the developed colorimetric assays
can be applied for detection of Hy0, in real milk and disinfec-
tant samples,

Experimental details
Chemicals and materials

All chemicals were of analytical grade and were used as
received without further purification. Ferrous sulfate hepta-
hydrate [FeS0, - 7H,0), ferric sulfate monobydrate [Fey S0,
‘Hy0), sodiom hydrocide [NaOH], sodium acetate tribydrate
[CH:COONa-3H,0), glacial acetic acid (CHiCOOH), 30%

hydrogen peroxde [H10y), and 2,2 mzino-bis(3-
Brucite-like layer
[Fe'ly Fe'™ (OH )y ) 1* 450, 2H,0]1
Interlamellar
space
Basal spacing

— (H
‘. Fe' / Fe'™ cation
H,O SO;"
Fig.1 Fe'Fe" layered double hydroxide structure. Anions and water

are presented in the interlayer space, and Fe' or Fe'' ions are sur-

rounded by six hydrowides in distorted octahedral coordination llower
right].
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ethylbenzothigzoline-f-sulfonic  acid) diammoniom  salt
[ABTS) were purchased from Sigma-Aldrich [St. Louis, MO,
USA); 3,535 tetramethylbenziding [TMB] was purchased
from Acros Organics [Midderau, Germany). Ethanol was
purchased from Carlo Erba (de Valdonne, France ). Deionized
water was used in all experiments.

Instrumenis

UV-visible absorption spectra were collected wsing a double
beam spectrophotometer (UV-2600, Shimadeu, Japan) with
a 10 mm micro quartz cell (700 pL). Xeray diffraction [XRD)
patterns of powder samples were recorded from 20 of 15 to 807
by an Xeray diffractometer (X' Pert PAN, Philip, Finland) with
Cu K, radiation; the applied voltage and current were 35 kVand
25 mA, respectively, Xeray photoelectron spectroscopy (XPS;
AXIS ULTRA™®, Kratos Analytical, Manchester, UK) was
employed to investigate the valence of Fe. The samples were
excited with Al K, radiation. Scanning electron microscopy
[SEM) was performed with a model JSM 76 10F Plus microsco pe
[JEOL, Japan) to examine the morphology of prepared mate-
rials. Manosheets were attached on SEM stubs and coated with
platinum (20 mA, 60 5] prior to the SEM study. The SEM was
operated at 15 kV in a vacuum atmosphere, Energy dispersive
¥eray spectroscopy [EDS) using model X-Stream-2 [Onford
Instruments, UK) in conjunction with SEM was used to inves-
tigate the elemental composition. Manosheets were also
attached on SEM stubs prior to the study of elemental
ecomposition using EDS.

Preparation of Fe''Fe'"' LDHNS

FellFe™ LDHNS were synthesized by a co-precipitation method
from a mixture of divalent and trivalent Fe ions, which were
mixed with a sodium hydroxide solution [0.3 M NaOH), as
described in detail by A. Gehin et al (2002)% In brief, a mixed
solution of Fe* and Fe* jons was prepared by dissolving
FeS0,- THyO and Fey(50,);-Hy0 in 50 mL of deionized water. A
[Fe*J[Fe*] ratio of 3 and total Fe concentration ([Fe*™] + [Fe™])
of 0.2 M were required. Then, 50 mL of 0.3 M NaOH with
a[OH Y([Fe™] + [Fe*"]) ratio of 3/2 was added to the mixed Fe'-
Fe'" solution. Due to the fact that Fe™” jons can easily be
oxidized, the reaction was perfformed under Np gas, and
magnetic stiring (approcdmately 500 rpm) was applied to
ensure a fast and complete dissolution. The reaction process is
described as follows: ™

AFeg ™ + Wey)™™ + 120H” + 80,7 —
Fe'sFe™§0M):80: (1)

Upon reaction, a black-brown precipitate  immediately
appeared. After complete addition, the pH was maintained at
approximately 6.9, Then, the precipitate was aged for 24 hours
under N, gas at room temperature. Finally, the solid product
was separated from the soluton by centrifugation and washed
three tmes with deionized water; a greenbrown powder was
obtained. The expected final product was Fe''Fe'™ LDHNS of
formula [FesFe" s OH) 1) [ - [S0s - mHz0]* .

This pumal i £ The Royal Socety of Chemsty 2019
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H,0, detection using Fe"Fe'™ LDHNS as peroxidase mimetics
To imvestigate the perosidase-like catalytic sctivity of Fe'Fe'™
LDHNS, the assynthesized Fe'Fe™ LDHNS were directly
employed to catalyze the oxddaton of chromogenic substrates
ABTS and TMB in the presence of HxOp by a facile step at
ambient temperature. Using this method, colorimetric detec-
tion of Hx0y can be achieoved.

For the TMB substrate, HyO, detection was carried out in an
air-saturated soluton, sccording to the protocol from a previous
study.** ™ I'n a typical experiment, 50 pL of 0.3 mg mL™ i
LDHNS, 100 pL of different concentrations of HyOy, 200 pL of
1 mM TMB [in ethanol), and 400 pL of 0.1 M pH 4.0 acetate
buffer solution were mixed. The mixture was then allowed to
react for 30 min at ambient temperature (25 + 1 “CJ, and then,
the absorbance was measured by UvVis spectrophotometry at
652 nm.

For the ABTS substrate, HyO, detection was performed using
a farile step in deionized water. The solution, which incloded 50
pL of 0.3 mg mL ™" Fe"Fe™ LDHNS, 100 pL of different
concentrations of HyOy, 100 pL of 20 mM ABTS, and 500 pL of
deionized water, was mized and then rescted at ambient
tempersture (25 + 1 “C) for 30 min. Then, the absorhance was
measured by UV-Vis spectrophotometry at 418 nm.

Kinetic anakysis

The experiments for kinetes study were also performed at
ambient temperature (25 £ 1 °C) by using 0.3 mg mL™" of
Fe"Fe'™ LDHNS with ABTS and TMB substrate in the presence
of HyD, under optimal conditions, The apparent steady-state
kinetics were observed by varving the concentration of ABTS
of TMB at a fixed concentration of HyO,, or varying the H,0,
concentration while fixing the ABTS or TMB concentration. The
Michaelis-Menten equation (eqn (2]) describes the kinetic
properties of isolated enzymes'>™ It is also used in modeling
the dynamics of emryme systems and displays oscillatory
behavior, K a low oscillatory reaction is shown, many
hiochemical processes catalyzed by enzymes mke place. The
Michaelis-Menten constant [Kw) can be caleulated by the
Lineweaver-Burk equation, which is shown in eqn (3):

v V“’“ISII%R; 2]
IR

where v denotes the initial velocity, Vi, denotes the madmal
velocity, and [S] substrate

4245

reaction represents the

concentration.,

Real sample application

Two disinfectant samples purchased from a local pharmacy
were used for HyO, colorimetrie detection o validate the
method. The H, (0, concentrations designated on the packages
were 3% and 6% (wiv). These disinfectants were appropriately
diluted with deionized water before measurement. In additon,
nine brands of milk that were sterilized and then packaged were
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purchased from local supermarkets, and samples were used in
these experiments. Before detection, the milk samples were
initially treated with 20% (wiw] trichloroacetic acid (TCA] o
precipitate protein from soluton® The mixed solution was
vigorously stirred at 500 rpm for 40 min to ensure the comple
tion of protein precipitation. The solution was then filtered
through a 0.45-micron syringe ultre-filber membrane, The final
solution was split into 2 portons, one for direct detection and
another for method validaton by the addition of H0. o
a standard solution.

Results and discussion
Characterization of Fe"Fe™ LDHNS

The XRD pattern of Fe "Fe'™ LDHNS recorded from 26 of 157 o
80° [Fig. 51 (ESIY]) reveals the main diffraction peaks for Fe
Fe' LDHNS at 28 angles of 21.03°, 26.63°, 32.0%, 36.30°, 40.69°,
53034, 6L55% 68.31° and 70.73°, which were assigned to
a series of planes (002], (003), (004), (101), (102]), (104], (105],
(110), and (111), respectively, according to that proposed by
Bernazl et al** Varous small lines [*) indicate that some
ordering of sulphate fons occurs inside the interlayers of the
structure,**” Thus, all main lines found in the XRD pattern are
correlated with crystalline structures of Fe"Fe'™™ LDHNS,

SEM was emploved to investigate the morphologies of Fe'"
Fe'" LDHNS. Fig. 2 illustrates the SEM image of Fe"Fe'™ LDHNS,
and the figure reveals that the product clearly exhibits a plate-
like morphology, which is a stereotype of the LDHs** In
additon, it is seen that the plate-like form of this prodoct
appears to possess an irregular shape, The EDS spectrum
[Fig. 52 (ESTY)) reveals that the Fe''Fe'' LDHNS mainly contain
elemental Fe, 0, 8, and C. In the Fe"Fe™ LDHNS EDS spectrum,
peaks at approsd mately 0.7, 6.4, and 7.0 keV, which are associ-
ated with the binding energies of iron (Fe), were observed. The
signal of binding energies of oogen (0] and sulfur (5] at
approximately 0.5 and 2.3 ke, respectively, were also observed,
as sulfate is a charge-balancing ion in the product interlayer.™®
Moreover, the peak at approsd mately 0.3 keV, which relates with
the binding energies of carbon (C], is influenced by carbon film
on the SEM stub holder, The percentages of elemental Fe, O, 5,
and C are summarized in Table 51 (ESTY). Additionally, the

Fig.2 SEM image of Fe'Fe' LDHNS.
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distribution of these elements was investigated with elemental
mapping using SEM-EDS, as displaved in Fig. 53 (A-D) (ESI¥).
The elements C, 0,5, and Fe appear to be uniformly distributed,
and these also confirm the presence of Fe, 5, and O in the
nanosheet product. XPS was also used to verify the valence of Fe
in the syntheszed materials, The XPS data in Fig. S4A (ESI)
indicate the presence of Fe (2p), O(1s), and 5 (2p). The binding
energy of iron observed at 725.4 and 711.5 eV (Fig. 548, (ESTY))
corresponds to the characteristes of Feln) and Fefm), respec-
tively.*** Three peaks of O (1s) at 530.2, 531.6, and 5325 eV
(Fig. S4C, (ESI¥)) were assigned to O-Fe, 0-H, and adsorbed
water, respectively.”* Note that the 5 (2p) at 168.8 and 1700 eV
(Fig. 84D, (ESIT)) indicates the presence of 50, in the inter
layers of the sample™'™

The perocidase-like catalytic activity of Fe'Fe™ LDHNS
To investigate the catalytic activity of Fe'Fe'™ LDHNS, the
chromogenic substrates ABTS and TMB were chosen because
they are normally used to study the perocidase-like activity of
enzymes.*** Only a system that includes Ho0,, Fe"Fe™ LDHNS,
and chromogenic substrate (Fig. 3(c) for TMB and Fig. 4[c] for
ABTS) could produce the colored product and can easily be
observed by the naked eye (inset image). The results indicate
that the Fe"Fe™ LDHNS possess peroxidase-like activity and can
catalyze the oddaton resction of TMB and ABTS in the presence
ut’ Htol.ll.lu.l

These reactions proceed via Fenton's mechanism as shown
in the followi ng equatons:

H,0, =R S go- | HO' (4)
HO + TMB ™ P51 6 4 TMB(ox) 5)
HO' + ABTS "r 2" 0110 4 ARTS 6)

The Fel'Fe'™ LDHNS catalyze HyD,  decomposition o
produce HOY, as shown in eqn (4).°% Then, the prodoced HO'

1]
(b} TMB, Hi, (L]
() THIM. HAD, and Fe'Fe' LIHNS

- b1 (e

&30 B8} Tal
Wavelength (mm}

480 50 380
Fig.3 UV-Visabsorption spectra of TMB solution (1 mMin ethanol] in
0.1 M acetate buffer solution pH 4. The reactions were incubated at 25
+ 1°C for 30 min in different reaction systems: (&l TMB, [b] TMB and
H 205 and [c) TME, H20;, and Fe"Fe" LDHNS. The H,0; concentration
was 500 pM. The inset image shows typical photographs of the
different TMB colored products.
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Fig. 4 UV-Vis absomption spectra of ABTS solution (20 mM] in
deionized water. The reactions were incubated at 25+ 1 °C (30 min] in
different reaction systems: [a) ABTS, (b] ABTS and HzOz, and (g] ABTS,
H.0 . and Fe'Fe LDHMS. The H,0; concentration was 20.0 pM. The
inset image shows typical photographs of different ABTS reaction
solutions.

oxidizes TMB to provide the bluecolored solution of the
oxidized products of TMB, as shown in eqn [5). This system
displays the characteristic absorbance &t 652 nm (Fig. 3: blue
line (c]] originating from its distinctive chargetransfer of
diamine/diimine complex™ The HyD: concentration corre
sponds to the color change and absorbance signal at 652 nm.
Similarly, in the case of ABTS substrate, the HO® oddizes ABTS
to prodoce the green-colored product of ABTS™, as shown in
eqn (6], exhibiting the maximum absorbance at 418 nm (Fig. 4:
green line (¢)).%7 The results reveal that Fe'Fe' LDHNS can
catalyze the oddation of TMB and ABTS in the presence of
H20s. The principle of the detecton system is described in
Scheme 1. The color change and the corresponding reaction
mechanisms for the oxidation of TMB and ABTS are in accor-
dance with results from  previous reports®7*5 However,
according to J. Lian et al ™ Op"" might be produced due to the
dissolved 0y in soluton, and it probably plaved a role similar to
that of HO" species. These results strongly sugrest that Fe Tpe™
LDHNS possess an intrinsic peroxidase-like activity, which is
derived from electron transfer between pairs of metal cations

Scheme 1 The principle of the colonmetric detection of HaO; by
using an erzyme mimic consisting of Fe'Fe'! LDHNS %47
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with different oxidation states [eg, Fe™ and Fe*”) on the
brucite-like layer™

Optimization of the experimental conditions

To study the effect of pH, experiments were performed by
varying pH in the range from 3 to 7.5 using 0.1 M acetate buffer,
The results are shown in Fig. 554 and S58B (ESIt) for TMB and
ABTS substrate, respectively, For both TMB and ABTS substrate,
Fe"Fe'™ LDHNS exhibited greater activity in acidic solution than
that of neutral pH, as had also been observed for Fe 0, NPs*-2
and Fes0, NSs/rGO nanocomposites™ for TMB  substrate,
Additionally, the results indicated that the mad mum catalytic
efficiency of Fe"Fe™ LDHNS was at pH 3.0 for both TMB and
ABTS substrate. The sbsorbance dramatically decreased o
nearly zero at pH > 5 for TMB, while remaining almost constant
from pH 4 to 5.5, and then decreased at higher pH for ABTS. As
in neutral or basic solutions, Hy0, tends o decompose into
HyD and Oy rather than producing ROS to react with the
substrates,

It has been proven that alksline conditions inhibit the
combination and dissociation rates between both substrate and
the nanosheets.* However, sccording to a previous study re-
ported by H. Weiet ol Fe"Fe'™ LDHNS were unstable at pH =
3.0. As a consequence, at low pH, the Fe* jons in the nano-
sheets might leach into the reaction solution and subsequentdy
play a catalytic role®® Therefore, the optimal pH of Fellpel
LDHNS for the TMB system was at approcdmately pH 4 in an
acetate buffer solution o ensure that the observed catalytic
activity originated from the nanosheets and not from leached
Fe™ ions, Notably, the optimal pH solution for Fe"Fe™ LDHNS
was similar to those for HRP natural enzyme.™ However, the
optimal pH for the ABTS system could be varied from 4 to 5.5
Because the pH of the ABTS system with deionized (DI) water
medium was approcimately 5.6, with results in approcimately
the same as those for pH 5.5 (Fig. S58t). Therefore, T medium
was chosen for the ABTS system to reduce the complexdty of
buffer preparation.

The effect of the reaction tme on the catalytic activity was
studied in the time period of 2-30 min for both TMEB and ABTS
substrate; the results are shown in Fig. 85C and 85D [ESTF),
respectively. In Fig. 55C (ESIY) for TMB substrate, the absor-
bance significantly increased when increasing the reaction time
from 20 to 30 min. The reaction time of 30 min was chosen as
optimal to maximize the sensitivity of HyO, colorimetric
detection with TMB substrate. In Fig. 55D (ESIT) for ABTS
substrate, the absorption dramatically increased when the
reaction time increased ffom 2 to 10 min, with a slow increase
from 15 to 30 min. Therefore, 15 min was chosen as the
optimum reaction time to maximize the sensitivity towards
Hy0y; detection while minimizing the time required for analvsis
Moreover, experiments with both chromogenic substrates were
carried out by incubating at room temperature, which thus
reduced the time and facilities required for the experimental
PrOCESS.

Optimization of the concentration of the Fe"Fe' LDHNS was
performed by varying the concentration from 0.1-2.0 mg mlL .,

Anal Methods, 2019, 11, 47854734 | 4789
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The results are shown in Fig. 56 and 57 (EST) for TMB and
ARTS, respectively. For both substrates, the ahsorbance
increased when the Fe'Fe'" LDHNS concentradon was
increased; however, baseline signals were also increased. Thus,
the concentration of 0.3 mg mL " was chosen as optimal for the
Fe''Fe™ LDHNS due to the lowest baseline signal as well as
reasonable absorbance, In addition, since the concentraton
was low, catalyst separation was not reduied.

Steady-state kinetic assay of Fe"Fe'™ LDHNS

The peroxidaselike activity of Fe"Fe™ LDHNS was further
studied based on a steadystate kinetics analysis using TMB,
ARTS, and H, 0, as substrate under optimal reaction conditons,
The kinetic dat were obtained by fixing one substrate
concentration while varying another substrate concentration;
Le., fixing the HyO, concentration while varying the concen-
tration of TMB or ABTS, or conversely, fixing TMB or ABTS while
varying the Hy0, concentration. A series of experiments was
carried out, and the absorbance data were used to calculate the
concentration of the oxidized form of both perocidase
substrates based on a molar ahsorption coefficient of 39 000
and 36 000 M ™" cm ™~ for the TMB- and ABTS-derived oxidation
product, respectvely™** The concentration was calculated
from the absorbance data using Beer-Lambert's law following

eqn (7)
A =ehe 7]
where A denotes the measured absorbance, & denotes the molar

absorptivity coefficient (M~ cm ), b denotes the path length
(em), and ¢ denotes the analyte concentraton (M), Michaelis-

Paper

Menten consmnts (K] and the maximal reaction vel ocity (Vi)
of the Fe'Fe'™ LDHNS enzyme mimic were calculated from the
Lineweaver-Burk plots following eqn (3], where the intercept
provides Vi, and the slope provides K. Fig. 5 shows the TMB-
HyD; (A and B} and ABTS-Hy(, [C and Dldependent reaction
rates, respectively, The K, value is an indicator of the affinity of
an enzyme towards its substrate, and a lower En value indicates
a stronger affinity between the enzyme and its substrate. The
kinetics parameters for TMB and ABTS were caleulated and are
summarized in Table 1.

For the TMB-Hy(, system, the K, values for the Fe'Fe™
LDHNS when TMB and H,0, were used as the substrate are 0,23
and 3.07 mM, which are lower than that of HRP (0,434 and 3.7
mM).*™ These results indicate the strong affinity of Fe"Fe™
LDHNS towards TMB and Hy0, and are comparable to those for
HRF. For the ABTS-H,0, system, the K, value for Fellpe
LDHNS with ABTS as the substrate is 0.68 mM, and this valee
was found to be lower than that of HRP (1.56 mM).**

These results indicate that Fe"Fe™ LDHNS have 2 higher
affinity towards ABTS tham HRP. This can be understood
because 3 HRP molecule contains only one iron jon that
decomposes Hy Oy to generate OH', while the surface of nano-
sheets is decorated with many iron ions. However, the K, value
of Fe''Fe™ LDHNS with H, 0, as the substrate in the ABTS-H,0,
system is 2.26 mM, which is higher than that for HRF [0.24
mM)** sugpesting that the affinity of Fe"Fe'™ LDHNS towards
HyO is lower than that of HRP. From these results, it is clearly
seen that Fe'Fe'™ LDHNS show improved catalytic activity for
colorimetric detection of HyO, by using TMB and ABTS perow-
idase substrates compared to HRP. Thus, we conclude that
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Fig. 5 Michaelis—Menten model and Lineweaver—Burk model [inset curwel. (Al and [C] Fixed concentration of HzO: (L0 pM] with vaned
concentations of peroxidase substrate from 0.1-8.0 pM and 0.3-8.0 pM for TMB and ABTS. respectively. [B] Fixed concentration of TMB (100
Ml with varied concentrations of HyOy from 0.5-200 pM. D] Fixed concentration of ABTS (L0 mM] with varied concentrations of Ha0; from
0.5-10{ M. The emor bars represent the standard deviation of three measurements.
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Table 1 Comparison of the Michaelis—Menten constant [Ky) obtsined from Fe"Fe™ LDHNS for TMB and ABTS substrate
K, (mM) K, (mM)

Catalst® T™RB H, 0, Reference Catalyst® ABTS Hy0, Reference
HEP 0434 3.7 20 HEP 156 024 [

Fe,0, NBs 0098 154 0 Fe,0,-NH,—5H D25 5.7 63
NiFe-LDHNS (1A 24 32 MiFeay (11 2060 21

Coal ELDH 037 213 42 Prussian hlue NPs 157 A5 0ZE 23
DMNAMCuAHLDHS L7E 10.24 43 Fe, Oy @hu-Cys-FA NPs (LR Y 036 an
C-dot M inl-LDHS 0n3a 4.72 44 MiCo-LDH=s 343 13.2 39
Fe''Fe'" LDHNS 023 3.07 This waork Fe''Fe'" LDHNS 068 126 This wark

“ Catalyst: HREP [horseradish peroxidase), NPs [nanoparticles |, ELDHs (exfoliated layered double hydroxides), LIdHs (lyered double hydroxides),

LIXHNS (layered double hydroxide nanosheets).

Fe'Fe™ LDHNS are promising materials for applications
requiring high-sensitivity HyO, detection and analysis.

Amnalytical feature of Fe''Fe'™ LDHNS for H,0, detection

The analytical performance of the developed colormetric
method to detect HxOx was investigated using a UV-Vis spece
trophotometer. Fig 6 displays the UV-Vis spectra of [A] TMB and
[B] ABTS obtained from solutions in the presence of different
H:0; concentrations. The absorbance increased uwpon
increasing the concentration of HyOy, and corresponded to the
solution color that gradually changed from colorless to blue
[inset image A) and green (inset image B), respectively, As
shown in Fig. 6/C) and (D), the lincarity range of the analytical
system was studied by using different concentrations of stan-
dard H;O. in both the TMB and ABTS substrate system. For
TME substrate, signals for different Hy Oy concentrations as well
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as a linear calibration curve are shown in Fig. 6(C). The lincar
calibration curve for HyQy ranges from 0.1-50 pM. It is clearly
seen that this method provides the lowest detection limit of 0.05
uM (3sDvslope] when compared with a previous report, as
shown inTable 2. Fig. 6(D) shows the linear calibration curve for
ABTS substrate, which is in a range from 0.5-20 pM with a limit
of detecton [LOD) of 0.2 pM (35Dyslope). The outstanding
features of the proposed method for ABTS substrate are not only
a lower limit of detection, but this method also provides simple
reaction conditions [in DI water), a convenient process, less
chemicals used, and is emvironmentally friendly. Furthe rmore,
a catalyst separaton procedure for both proposed methods is
not required, as very small amounts of Fe"Fe'™ LDHNS (0.3 mg
mlL~ ’J were used, and they do not interfere with the absorbance
measured by a UV-Vis spectrophotometer. The analytical
performance of the Fe''Fe'™ LDHNS system is comparable o

Abwarbaie 418 g g

: O] 1 =

s e W2, s

v et a wn = It n
Fvvasre ratinns. afl Fhy )

Fig. & [(Aand B) A dose—response curve for HyO; detection using Fa"Fe' LDHNS with TME and ABTS substrate, respectively. [C and D) The linear
calibration plot for HpOy in the range of 0.1-50 pM and 05-20 pM for TMB and ABTS substrate. respectively. The upper insets show the
corresponding photographs of different solutions. Error bars represent the standard deviation based on three repeated measurements.
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Table2 Cokorimetricdetection of Ho Oz with varicus nanomaterials as
peroxidase mimics

H0; (M)
Peroxidase

Manomaterials® substEte Linear mnge LOD  Heference
CoFe-1LDHs TME 1-20 04 3
CoALELDHs TME 10-200 10 42
DNA/CUALDHS TME 202000 10 43
NiFe-LDHNS TME 10500 44 32
C-dot/Nial-LDHs TME 0.2-20 011 44
FeaOy@an-Cys—FA ABTS 510 D00 29 30

NPs

Fe 0, NPs ABTS 5100 3 30
Fe''Fe'" LDHNS TME 0.1-50 0.05  This work
Fe''Fe'™ LDHNS ABTS 0.5-20 0.2 This work

“ Nanomaterials: LDHs (lavered double hydroxides), ELDHs [exfoliated
layered double hydroxides), LDHNS (layered double hydroxide
nanosheets), NPs (manoparticles), LDHNS (layered double hydroxide

that of other reported nanomaterial-based colorimetric assays
reported in Table 2.

Study of interference and selectivity

The selectivity is very important in resl sample application
because there probably are other substances in the sample that
might affect the measure ment. The considered substances in this
study that could cause interference were glocose, maltose,
lactose, fructose, ascorbic acid (AA), Na™, Zn™, and Mg™", which
are the components in milk samples. The concentrations of the
interfedng compounds (100 pM) were five-fold higher than that
of standard Hy0; (20 pM). The experiments were performed
under optimized conditions for TMB and ABTS substrate, It can
be clearly seen that the absorbance obmined from these ions is
relatively weak compared to HzOz and can be neglected for both
TME (Fig. 7[A]) and ABTS (Fig. 7(B]). These results clearly indicate
that the H.0y/Fe " Fe'™ LDHNS/TMB and H,0,Fe 'Fe™ LDHNS/
ABTS systems exhibited high selectivity towards Hy 0, detection.

Sita bility

The long-term stability of Fe''Fe™ LDHNS is significant for
continuous and relisble monitoring of HaOw, To evaluate the
stability of the developed methods, the Fe"Fe LDHNS were
dispersed in deionized water (0.3 mg mL ™) and stored at 4 °C.
They were used to measure the absorbance response for 20 pM
of Hy(y, every three days for 21 days. As shown in Fig. S8A (ESTT),
the absorbance for the H,0,Fe"Fe™ LDHNS/TME System
slighty decreased over time. However, it rewmined 90% of the
original response untdl week 3. For the H:0w/Fe"Fe™ LDHNS/
ARBTS system, the absorbance also slightly decreased over the
storage time. Its absorbance response retained approd mately
92% of the original value over a storage period of 9 days. In
additon, 80% of the original activity remained untl day 21
[Fig. S8B [ESIf]). These results indicated that the Fe'Fe™
LDHNS exhibited better longterm stability towards H,0,
detection with the TMB system than that with the ABTS system.

4732 | Anal Methods 208, 11, 47854734
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LDHNS/TME and [B) H:Ox/Fe'Fe" LDHNS/ABTS systems for HxOz

detection by measuring absorbance at 418 nm and 652 nm, respec-
tively. The emor bars represemt the standard dewistion for three
MeasUrements.

Mevertheless, both systems demonstrate good stwbility, with
more than 90% of the original absorbance being retained for
a storage period of longer than aweek,

Determination of Hy0, in real samples

To investigate the accuracy and feasibility of the developed
colorimetric method, the standard iodometric tration method
was employed to compare with the proposed colorimetric
method for analysis of milk and disinfectant samples for
Hy0,.**** Six ase ptic milk samples and two disinfectant samples
were purchased from the local supermarkets. These samples
were treated and prepared as deseribed in Experimental section,
Proteins were precipitated from all six milk samples, and HaOs
standard solutions were added to the protein-free samples. Two
disinfectant samples were diluted to ensure that HyO, concen-
trations were within a linear range. Under optimized conditions
and using five replicates for each sample, the concentration of
Hy0; in all real samples was determined, and the results are
summarized in Table 3. The developed methods provided
recoveries ranging from 97.52 to 102.99% for TMB substrate
and 97.34 o 103.26% for ABTS substrate, which was consistent
with the range from 98.78 to 103.50% obtained by the standard
iodometric titraton method. Furthermore, these methods
exhibited impressively pood precision (% relative standard
deviation [RSD) ranging from 110 to 2.87). Therefore, the
proposed colorimetric method is sufficiently accurate and there
is no significant matrix interference that affects the sample
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Table 3 Comparison of the HaO: concentration in milk and disinfectant samples obtained using the proposed colormetric method and the

iodometnc titration standard method (awg. £ 5D of five trals)

Methods  lodometric titration Proposed method: TME [added 0.1 M) Proposed method: ABTS (added 0.1 M)
samples  Found® Recovery” (%)  RSD® (%)  Found® Recovery” (%6)  BSD® (%)  Found® recovery? (96)  RSD? (%)
M1* 091+ 002 10350+ 173 167 0BT+ 003 9912+ B4 2ET 090 +0.03 10LEI+2EL 279
Mz* 090+ 002 10239 £330 215 0BG+ 001 97.52+ L33 137 0BT £ 002 9905+ LEE 190
M3 0LEE £ 0.03  DU.E9E3.00 30D 090 002 10LET £ 235 231 080 £ 001 W0L17 124 122
Ma® 0E7 £ 002  SETEE209 212 0914 001 10299+ 165  LED 0BG £ 001 9734 E1L07  LI0
Ms® 080+ 001 0211+ 048 047 0E9 4 002 10043 + 019 Z1E 050+ 001 1014+ 140 137
ME* 0ES 001 I0LIE+137 135 0.B7 £ 002 SE30E 214 21T 051 £ 002 10326+ LE7  LE2

&% HP1® 090 £ 0.03 10LE4 =292 287 1794 003 ND 178 179 £0.03 ND 162

3% HPZ 080 £0.02 1011 +209 205 080 £ 001 ND 114 09 £0.03 ND 1.96

“ addition of 3% Hy(y [0LEE2 M) to real samples. n Hydrogen peroxide disinfectant: concentration of 6% wiv or 1.76 M. © Hydrogen peroxide
disinfectant: concentration of 3% wiv or 0.B82 M. ¢ Average of five determinations + standard deviation.

measurements, demonstrating that our method is suitable for
the quantification of HyOy in real samples

Conclusions

In this work, Fe'Fe™ layered double hydrodde nanosheets
(Fe"Fe™ LDHNS ) were successfully prepared by a co-preci pitation
method, The prepared Fe''Fe™ LDHNS possess superior intri nsic
permddase-like activity, which @n catalyze the oxidation of TMB
and ABTS chromogenic substrates in the presence of HeOs to
produce a bloe and green-colored product of oxddized TMEB and
ARTS™, respectively. The colorimetric detection of H,0, experi-
ments were carried out at room temperstore; and for ARTS
substrate, the experiment was carmied out in deionized water at
pH around 5.6. The perocddase-like camlytic activity originates
from the Fe"Fe™ LDHNS, not the leached Fe®™. The kinetcs
analysis indicated that the process is in accordance with the
typical Michaelis-Menten kinetics, and the Fe"Fe'' LDHNS
exhibited high affinity towards TMB, ABTS, and Hy0, substrates,
On the basis of these findings, a colorimetric method with high
sensitivity and selectivity for Hy0, detection has been developed.
The colorimetric method showed good response towards H.O,
detection, with a linear range from 0.1-50 pM [LOD of 0.05 pM)
for TMB, and 0.5-20 M [LOD of 0.2 pM) for ABTS, This sele ctive
approach could be applied for Hy0, detection in real milk and
disinfectant samples. Fe'Fe™ LDHNS as peroxidase mimics
exhibited several advantages when compared to natural enzyme,
such as ease of preparation, low cost, robustness, longterm
stmbility, and good biccompatibility. The proposed method is
expected o have great potent al for the eamet detection of HyO0zin
biotechnology, clinicl diagnosis, the food industry, and other

industries.
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preparad by co-precipitation method. The prepared Fe'lFa!l'
LDHNE possesses the superior intrinsic peroxidase-like
activity, which can catalyze the oxidation of ABTS
chromogenic substrates in the presence of HxOx to produce
zreen colored product of oxidizad ABTE*'. The colarimetric
detaction of HiQ: experiments were camied owt by
incubating in deionized water (pH around 5.6) at room
temperanme contributing the comvenient operation. The
colarimetric method showed good respomse towards HaOn
detaction with 2 linesr range from 0.5 - 20 phd (LOD =
0.2 ph). This selective approach could be applied for HiOs
detaction in real milk and disinfectant samples. FallFelfl 2z
percotidaze mimics exhibited severzl advamtages when
compared to natural enzyme for instant; ease of preparation,
low-cost, robusmess, long-term  stability and  sood
piocompatibility. The proposed method iz expectsd to be
muore potential for exact detection of H)O: in food industry,
climical dizgnosis life process and other industries.

AL Gl hin, © ey, M. Al liinsiile, O Bermall, | GRanbaja, B Relan, |-M R Génin Solsl Sue Sd. 2000, 4 61-66.

Excphys. Res. Comsyun,, 2001, 202, 11611168,



153

CURRICULUM VITAE

NAME Miss Kitayanan Ponlakhet
DATE OF BIRTH 20 January 1992, Ubon Ratchathani, Thailand
EDUCATION Bachelor’s Degree of Science, Chemistry,
Mahasarakham University, 2010.
Master’s Degree of Science, Chemistry,
Ubon Ratchathani University, 2016.
SCHOLARSHIP Recipient of the Science Achievement Scholarship of Thailand
(SAST) in the Academic Years of 2015-2019



	Title
	Acknowledgements
	Abstract
	Contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	References
	Appendices
	Vitae

