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Abstract
The goal of this study is to use a solvothermal approach to make ethylene glycol intercalated Fe:Cu (2:1)
LDH. In the presence of an ethylene glycol medium, a solvothermal reaction of FeCl3 with urea produced
a brown powder. LDH was studied using a variety of analytical techniques with the goal of obtaining a
large surface area for catalytic oxidation and reduction of carcinogenic organic pollutants in water. The
PXRD pattern shows the rhombohedral symmetry. Exothermic nature in the decomposition and
combustion of intercalated ethylene glycol was observed in the thermogravimetric analysis and
differential scanning calorimetric spectroscopy. Vibrational stretching and bending modes in the FTIR
and the presence of an ethylene glycol molecule in the inter-layer gallery was con�rmed by Raman
spectra. Layered morphology of the LDH was observed in the FESEM. UV-visible spectra showed d-d
transition corresponding to the iron and copper ion in the LDH. The BET surface area and pore size were
125 m2/g and 0.38 cc/g, respectively. High surface area and redox property of metal ions in the LDH
made this material an excellent catalyst toward oxidation and reduction of organic pollutants. The
bifunctional catalytic properties were shown toward methylene blue dye and p-nitroaniline. Excellent
antiferromagnetic and ferromagnetic properties of the synthesized material were shown and discussed. 

Introduction
Inorganic materials with organic groups have found tremendous application in the �eld of paints and
pigment by modifying their surface properties via surface hydroxyl group substitution [1]. The exceptional
physiochemical characteristics of two-dimensional layered materials are of great interest [2]. Layered
materials anisotropic structural properties make them potentially advantageous in a variety of
applications, including optoelectronics, photonic, catalysis, piezoelectric, pollutant control and
biomaterials [2–4]. Layered double hydroxide materials, also known as anionic clay, are a type of 2D
layered material that has drawn a lot of attention in recent years. LDHs are made up of layers of
positively charged octahedral coordination metal hydroxide that are sandwiched between two layers of
intercalated anionic or solvated water molecules to neutralize the overall charge. The general formula of
LDH: [M2+

1−xM3+
x(OH)2]x+(An−)x/n. mH2O, comprises of divalent ion: M2+, trivalent ion : M3+ and An− is the

interlayer anion [5, 6].

Organic pollutant with toxicity has posed a number of environmental risks, particularly when released into
the environment alongside industrial waste [7–9]. Photocatalytic, catalytic oxidation, catalytic reduction,
adsorption, biological treatment and other approaches have all been used to remove contaminants [10].
These procedures, however, have signi�cant drawbacks, such as sluggish process, secondary pollutant,
high expense, and so on. Due to their great oxidation capacity, fast reaction rate, and wide application in
the degradation of organic pollutants, advanced oxidation processes (AOPs) have gotten a lot of
attention in the previous [11]. AOPs reduce organic pollutants by generating extremely reactive radicals;
for example, the Fenton reaction generates hydroxyl radical (OH•) which is utilized to degrade organic
pollutant into simple molecules and is one form of AOPs [12]. Similarly, reduction of organic
nitroaromatics is chemically important in the industry as well as for environmental bene�ts [13–16]. The
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reduction of nitroaromatics is the facile route to the synthesis of amino-aromatics, which is an
intermediate several nitrogen containing compounds synthesis such as polymers cosmetics,
agrochemicals, pesticides, pharmaceuticals, dyes, etc [17–19]. Several toxic, p-nitroanilines cause serious
environmental pollutions. Nevertheless, can be converted into harmless p-aminoaniline which is a
potential intermediate in pharmaceutical industry [20]. LDHs with hydrotalcite-like structure have been
widely used in the �eld of adsorption, photocatalysis, organic conversion, etc [21–23]. LDHs as catalyst
have gained sustainable interests in AOPs owing to its unique structure and its advantages [24]. High
surface area of LDH provides massive active sites for organic pollutant which can speed up the oxidation
reaction. The unique characteristic of LDHs is that, it often been used for the accelerating the degradation
process of organic pollutants [25].

In the present report, ethylene glycol intercalated Fe:Cu (2:1) LDH is synthesized by solvothermal
treatment of FeCl3, CuCl2.2H2O and urea in ethylene glycol. Concurrently, consequences of this LDH in
term of catalytic oxidation, catalytic reduction and magnetic properties have been studied in detail.

Materials And Characterization

2.1 Synthesis
FeCl3 (99.9%, Thomas Baker), ethylene glycol (Merck, 99%), CuCl2.2H2O (99%, Merck) and urea (99%,
Qualikem) were used, 3.24 g of FeCl3 (2 mmol), 1.70 g of CuCl2.2H2O (1 mmol) were dissolved in 10 mL
of ethylene glycol (EG) to which 1.80 g of urea (3 mmol) was added. The resulting solution was then
agitated for 15 minutes using a magnetic stirrer before being transferred to 55 mL autoclave. The
autoclave was �lled with 18 mL of ethylene glycol before being sealed and heated at 160 ºC for 24 hours.
The product was rinsed many time with a mixture of double distilled water and alcohol (50:50) volume.

2.2 Characterization Techniques
Thermo gravimetric (TG) analysis of xerogels was performed on a NETZSCH STA-449 F3 instrument with
a heating rate of 10ºC/min in the temperature range of 30-1000 ºC. A high-resolution Bruker D-8 Advance
X-ray diffractometer was used to record the powder X-ray diffraction (PXRD) pattern. Raman spectra were
collected using a Renishaw spectrometer and a microscopic setup with an Ar+ laser (λ = 532 nm) that
was used for 20 MW-5000 hours. ZEISS Gemini SEM 500 was used to capture SEM images. Using BaSO4

as a reference, diffuse re�ectance spectra of the materials were acquired using a Perkin-Elmer Lambda-
35 UV-visible spectrophotometer with an integrated sphere connected to it. Built software was used to
convert the data to absorbance. At room temperature, a vibrating sample magnetometer (Microsence EV9,
Lowell, MA) was used to assess magnetization. Low temperature magnetic measurement was taken
using then MPMS (Magnetic Properties Measurement System) excel manufacturing quantum design USA
in the temperature range of 1.8 to 320 K with a ± 1 Tesla applied �eld.

2.3 Catalytic experiment
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For the catalytic oxidative studies methylene blue (MB) was used, with 30 mg of the ethylene glycol
intercalated Fe:Cu (2:1) LDH was added to the thheree different solutions containing 50 mL of 50 µM,
100 µM and 200 µM methylene blue, and 2 mL of 30% H2O2. To carry out the reduction reactions, 30 mg
of the sample was added to the three different solutions containing 50 mL of 100 µM, 200 µM and 300
µM p-nitroaniline with 50 mL of NaBH4 (5.2 × 10−3).

Results And Discussion
PXRD pattern of ethylene glycol intercalated Fe:Cu (2:1) layered double hydroxide has been presented in
Fig. 1(a). The layered structure of the sample where ethylene glycol is being intercalated between in inter
gallery was indicated in the PXRD pattern. The inter gallery expansion from 7.50 to 10.72 Å using
ethylene glycol medium suggested monolayer of ethylene glycol molecule. The observed PXRD pattern of
ethylene glycol intercalated Fe:Cu (2:1) layered double hydroxide was successfully indexed in the
rhombohedral symmetry with a = 3.175 and c = 31.9 Å. The ethylene glycol intercalation was studied
thoroughly in our previous publication [26]. The intercalated ethylene glycol moiety was further con�rmed
by thermogravimetric analysis (Fig. 1(b)). The initial weight loss at around 160 ºC was attributed to the
water molecules adsorbed on the surface, the weight loss observed between 180 ºC to 250 ºC was
corresponding to the surface adsorbed and interlayered ethylene glycol molecules. Drastic weight loss
from 250 ºC to 330 ºC was observed to the combustion of ethylene glycol as well as dihydroxylation of
lattice [27, 28], the exothermic nature was shown in its DSC trace [29]. Intercalation of ethylene glycol
moiety was further con�rmed by FTIR and Raman spectra (Fig. 1(c) and (d)), respectively. The intense
band at 3363 and 1612 cm−1 could be attributed to the stretching and bending vibrations of hydroxide
group, the band at lower wavenumber for hydroxide group usually reported for layered double hydroxide
sample with any organic intercalant. The intercalated ethylene glycol molecule could shift the band in
FTIR due to the decreasing bond order of O and H. The band at 2858, 1451, 1110, 1038, 897, 1288 cm−1

were corresponding to the C-H asymmetrical stretching, C-H, symmetrical stretching, C-O-H bending CH2

rocking and C-O stretching vibration of the intercalated ethylene glycol, respectively [27, 29, 30, 31]. The
band at lower wavenumber 2905 and 2858 cm−1 for C-H stretching vibration modes strongly supports the
intercalation in the interlayer. The vibration modes at 626 and 446 cm−1 could be attributed to the M-O
units [32]. In Raman spectra, bands at 340, 410, 450, 640, 900, 1222 and 1315 cm−1 were corresponding
to the C-C-O (bending), CH2 (rocking), C-C (stretching), C-O (stretching), bending, wagging and vibration

mode of CH2 belonging to ethylene glycol units. Extra bands at 190 and 236 cm−1 were corresponding to
the M-O lattice vibrations [33, 34]. A sheet like morphology was observed in the FESEM image (Fig. 1(e))
which con�rmed the layered structure of the ethylene glycol sample. The absorbance spectra of the
ethylene glycol intercalated Fe:Cu (2:1) LDH was shown in Fig. 1(f). On deconvolution, the bands at 217,
255, 337, 406, 472, 620 and 836 nm were corresponding to the d-d transition of Fe and Cu. Low band at
217, 255 and 337 nm were corresponding to the LMCT and 2B1g→2Eg transition of Cu. The bands at 406,

472 and 836 nm were corresponded to the 6A1 + 6A1 → 4T1 (4G) + 4T1 (4G), 6A1 → 4E and 6A1 → 4T1 (4G)
transition. Band at 620 nm was attributed to the CT band of Fe (II) to Fe (III) [35]. The broad band
between 700 to 850 nm also corresponded to the 2B1g→2B2g in octahedral coordination of Cu. Layered



Page 5/15

double hydroxide materials are extensively used as a catalyst for oxidation of various carcinogenic dyes
and organic transformations. The mechanism of these transformation involve adsorption of organic
compound on the surface of catalyst, so before examine the sample as a catalyst, the surface area and
pore volume of ethylene glycol Fe:Cu (2:1) LDH was analyzed by the BET method.

The BET plot was shown in Fig. 2. The surface area and pore volume for the ethylene glycol intercalated
Fe:Cu (2:1) layered double hydroxide was found to be 125 m2/g and 0.38 cc/g, respectively. The high
surface area could be obtained by the evolution of gases during synthesis [26, 27]. The catalytic
oxidation of methylene blue dye under hydrogen peroxide in presence of ethylene glycol intercalated
Fe:Cu (2:1) LDH sample has been presented in Fig. 3.

Different concentrations of MB dye were taken along with 2 mL of hydrogen peroxide. Drastic reduction
in the intensity of the absorbance peak was observed after addition of catalyst. In the absorbance plot,
clearly indicate the decrease in absorbance e�ciency with increasing concentration of dye. At low
concentration of 50 µM, 85% of the dye got degraded in 10 minutes and it increased to 97% in 60 min.
While at 100 µM and 200 µM, 92% and 87% of MB dye was degraded in 60 minutes. The expression used
to analyze the degradation kinetics was

Ct  = Co exp(-kt)

Where Co and Ct represent the initial and �nal concentration of dye at time t, respectively, t denotes the
time of reaction, k is the pseudo �rst order rate constant. The comparison of rate constant of MB dye was
shown in Table 1  

Table 1
The comparison of ‘k’ values obtained for the

catalytic oxidation of MB dye.
Dye concentration Rate constant ‘k’ (min−1)

50 µM 6.1 × 10−2

100 µM 5.4 × 10−2

200 µM 3.4 × 10−2

The observed rate constant for oxidation of 100 µM MB dye was lower than our previous literature report,
low surface area of present catalyst as compare to ethylene glycol intercalated Fe(II)-Fe(III) LDH might
decreased the catalytic e�ciency toward oxidation. To check out the regeneration of catalyst, cyclic
experiments were carried out, this regeneration of catalyst is extensively used in the industries. The
recyclability experiment of 50 µM MB dye in presence of ethylene glycol intercalated Fe:Cu (2:1) LDH was
shown in Fig. 3(e). The present sample showed its capability to catalyzed nearly 87% up to three cycles,
after which it catalyzed only 73% of the dye molecule in the fourth time usage. The catalytic performance
of the present sample was compared with the other literature reports have been complied in Table 2.
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Table 2
A comparison of values of rate constant obtained from catalytic oxidation of MB dye using various types

of catalyst.
Catalyst Concentration of methylene blue

(M)
Rate constant
(min−1)

Ref.

Fe3O4 1.0 × 10−4 5.6 × 10−2 [36]

MgFe2O4 1.0 × 10−4 4.2 × 10−2 [37]

MgCr2O4 1.0 × 10−4 3.3 × 10−1 [38]

EG Intercalated Fe2+/Fe3+

LDH
1.0 × 10−4 2.8 × 10−1 [26]

EG Intercalated Fe:Cu (2:1)
LDH

5.0 × 10−5 6.1 × 10−2 Our
work

EG Intercalated Fe:Cu (2:1)
LDH

1.0 × 10−4 5.4 × 10−2 Our
work

EG Intercalated Fe:Cu (2:1)
LDH

2.0 × 10−4 3.4 × 10−2 Our
work

The ethylene glycol intercalated Fe:Cu (2:1) LDH in our system examined its utility towards the catalytic
reduction of carcinogenic nitro organic substrates. Nitro compounds are usually obtained as a byproduct
in the pharmaceutical, agrochemicals, urethane polymer and dye industries. As a result, researcher are
working hard to convert nitro aromatics into more usable amino compounds utilizing a variety of
catalytic system [17–20]. The reaction was monitored using UV-visible spectrum followed by typical
transition associated with this molecule. The results for the reduction reaction of p-nitroaniline was
shown in Fig. 4. The typical absorbance band for p-nitroaniline was observed at 381 nm in UV-visible
spectrum. A decreasing absorption band at 381 nm along with the simultaneous appearance of new
band at around 300 nm was observed within 5 minute in the presence of ethylene glycol intercalated
Fe:Cu (2:1) LDH which was suggested for the appearance of p-aminophenol [39].

Catalytic rate was decreased with increasing the concentration of p-nitroaniline (Fig. 4(d)), the rate
constant in presence of our catalyst was compiled in Table 3.

Table 3
The comparison of ‘k’ for the reduction p-nitroaniline at different

concentration
p-nitroaniline concentration (µM) Rate constant ‘k’ (min−1)

100 2.77 × 10−1

200 2.19 × 10−1

300 1.64 × 10−1
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Catalytic activity of present catalyst with other literature reports have been complied in Table 4.

Table 4
The comparison of ‘k’ for the reduction of p-nitroaniline with various other catalyst

Catalyst Concentration of p-nitroaniline
(M)

Rate constant ‘k’
(min−1)

Ref.

CuO 1.0 × 10−3 7.50 × 10−3 [40]

Ag porous glass hybrid
composite

1.0 × 10−3 1.23 × 10−1 [41]

Au Nanoparticles 3.0 × 10−4 0.87 × 101 [42]

Gold Nanoparticles 1.0 × 10−3 4.50 × 10−2 [43]

EG-Intercalated Fe2+/Fe3+ LDH 1.0 × 10−4 1.57 × 10−1 [26]

EG-Intercalated Fe:Cu (2:1)
LDH

1.0 × 10−4 2.77 × 10−1 Our
work

EG-Intercalated Fe:Cu (2:1)
LDH

2.0 × 10−4 2.19 × 10−1 Our
work

EG-Intercalated Fe:Cu (2:1)
LDH

3.0 × 10−4 1.64 × 10−1 Our
work

Up to three cycles of reuse, the catalyst maintained its e�ciency and further use could reduce the
catalytic rate of conversion. The rate constant for the conversion of nitro compound to amino compound
in cyclic experiment in the presence of our catalyst is compiled in Table 5.

Table 5
Comparative rate constant for cyclic

experiment of p-nitroaniline
Cycle Rate constant (min−1)

1st cycle 2.77 × 10−1

2nd cycle 2.47 × 10−1

3rd cycle 1.65 × 10−1

4th cycle 1.30 × 10−1

The results concluded that the, catalytic conversion e�ciency was faster for the 1st cycle and it was
decreased as the number of cyclic increased. The PXRD pattern results con�rmed the stability and refuse
the major structure change after reuse.



Page 8/15

In Fig. 5(a), magnetization as a function of magnetic �eld at 300 K for ethylene glycol intercalated Fe:Cu
(2:1) LDH has been plotted. The S shape curve of magnetization with narrow hysteresis loop suggested
the antiferromagnetic ordering in the sample at room temperature [43]. This could be due to the
overlapping of one unpaired spin in the copper. For further magnetic study in the layered double
hydroxide sample, low temperature magnetism has been carried out. Magnetic susceptibility of ethylene
glycol intercalated Fe:Cu (2:1) LDH in zero �eld cooled (ZFC) and �eld cooled (FC) at 1000 Oe have been
plotted in Fig. 5(b). Antiferromagnetic ordering was observed in ZFC with Neel temperature of TN = 41.95
K. Typical antiferromagnetic behavior of our sample was shown below Neel temperature and above TN, it
showed paramagnetic ordering. In case of �eld cooled (FC), typical ferromagnetic behavior was observed
below curie temperature (Tc = 91.58 K), which suggested the existence of large domain in the same
direction, afterward paramagnetic ordering was seen [44, 45]. An inhomogeneous mixture of
ferromagnetic and antiferromagnetic ordering in ZFC and FC curve suggested the frustration in the
ethylene glycol intercalated Fe:Cu (2:1) LDH.

Conclusions
An ethylene glycol intercalated Fe:Cu (2:1) layered double hydroxide was synthesized by the reaction
between FeCl3, CuCl2.2H2O and urea using solvothermal method. The observed re�ection peaks in
powder X-ray diffraction pattern indicated the layered structure of sample where ethylene glycol is
intercalated in the inter-layer gallery. Three step weight loss in the thermogravimetric analysis spectrum
suggested the decomposition and combustion of surface adsorbed and intercalated ethylene glycol
molecule. The observed bands in FTIR and Raman spectra suggested the vibrational stretching and
bending modes of ethylene glycol molecule. Layered type morphology was clearly observed in the
FESEM. High surface area (125 g/m2) and pore volume (0.38 cc/g) was observed in the BET
measurement. This layered sample was found to be an e�cient catalyst for the oxidation of methylene
blue dye as well as for the reduction of carcinogenic nitroaromatic compounds to biologically active
amino compounds. The layered material showed antiferromagnetic property below TN and ferromagnetic
property below Tc Inhomogeneous behaviour was also observed in the ZFC and FC plots.
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Figure 1

(a) PXRD pattern, (b) thermogravimetric and differential scanning calorimetric traces, (c) FTIR spectra, (d)
Raman spectra, (e) FESEM image and (f) UV-visible spectra of ethylene glycol intercalated Fe:Cu (2:1)
LDH. 
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Figure 2

BET absorption-desorption isotherm of ethylene glycol intercalated Fe:Cu (2:1) LDH. 
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Figure 3

(a)-(c) Absorbance plot of MB dye in presence of H2O2 and 30 mg ethylene glycol intercalated Fe:Cu (2:1)
LDH, (d) % dye removal versus time plot and (e) cyclic experiment of MB dye (50 µM). 
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Figure 4

(a)-(c) UV-visible spectra of p-nitroaniline in presence of NaBH4 and ethylene glycol intercalated Fe:Cu
(2:1) LDH, (b) C/Co versus time plot, (d) recyclability plot and (f) powder x-ray diffraction pattern after it
catalytic usage. 
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Figure 5

(a) M-H plot at 300 K and (b) variation of magnetic susceptibility with temperature under zero magnetic
�eld and at an applied magnetic �eld at 1000 Oe for ethylene glycol intercalated Fe:Cu (2:1) LDH. 


