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Removal of Methyl Orange from Aqueous Solutions by Using Zn-Al
Layered Double Hydroxide as Photocatalyst
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Abstract: The Zn-Al layered double hydroxide (LDH) was prepared using co-precipitation method at constant pH and
characterized from structural point of view. Due to the high concentration of ZnO obtained after LDH calcinations, the
material can be used as photocatalyst in removal of organic persistent compounds from water. The photocatalytic activity
of the as-synthesized and calcined materials was evaluated for the degradation of Methyl Orange dye under UV
irradiation. The influence of calcination temperature, solid: liquid ratio and initial dye concentration on photocatalytic
activity of LDH was studied. The increase of calcination temperature and solid: liquid ratio and the decrease of initial dye

concentration leads to increasing degradation efficiency.
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1. INTRODUCTION

The layered double hydroxides, also called
hydrotalcite-like compounds or anionic clays, have
similar ~ structure as  hydrotalcite. = Hydrotalcite,
MgsAl,(OH)6CO3. 4H,0, first discovered in Sweden
around 1842, is a hydroxycarbonate of magnesium and
aluminum and it occurs in nature in forms of foliated
and contorted plates and/or fibrous masses [1].

The general formula of layered double hydroxides is
M M"(OH) T [A"wn = mH,O], where M" is a
divalent cation (Mg**, Mn**, Zn*, Ni**, Fe**, Co*", Cd*",
cu® etc.), M" a trivalent cation (A”**, Fe**, Ga**, In*",
cr¥ etc.) and A" charge compensating anions (NO3,
CI, S04, ClOy4 etc.).

The decomposition of layered double hydroxides
when heated at around 500 °C leads to mixed metal
oxides, which are characterized by a high specific
surface area and homogeneous dispersion of the metal
cations [2]. The mixed metal oxides can take up anions
from aqueous solution, resulting in a concomitant
reconstruction of the original layered structure, the so-
called “memory effect” [3]. Also, the resulting metal
oxides have been used as catalysts or catalyst
precursors in many processes, such as hydrogenation
[1], condensation [4], oxidation reactions [5,6] or
polymerization [7,8]. By using this proprieties of layered
double hydroxides, a large number of water
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contaminants can be removed: metal ions (as Cr(Vl),
Cu® and Pb2+)[9—‘|2], halogenates compounds [13],
humic and fulvic acids [14,15], phenolic compounds
[16,17], dyes [18-20], resins from pulp industry [21],
bacteria and viruses [22].

Azo-dyes constitute the largest dye class being
common aquatic pollutants. Normally they are difficult
to be removed due to their enhanced non-
biodegradability and their presence in aqueous
medium. Methyl Orange (MO) is a well known acid-
base indicator and can be considered as a model of a
series of common azo-dyes used in textile industry.

In this study, a Zn-Al layered double hydroxide was
synthesized by co-precipitation under low saturation
method and was characterized in order to be used as
photocatalyst in removal of persistent organic
compounds from water. Due to the high concentration
of ZnO obtained after calcinations, the semiconductor
property of this oxide has been exploited as catalyst in
MO dye removal.

2. EXPERIMENTAL

2.1. Synthesis and Characterization of LDH

The Zn-Al layered double hydroxide was prepared
by using a classic procedure, i.e. the co-precipitation
method [1]. All used nitrates were commercially
purchased from Sigma-Aldrich. A solution of NaOH
was slowly added to a 1 mol/L solution of zinc nitrate
(Zn(NO3),6H,0), and aluminum nitrate (AI(NO3);9H,0)
in distilled water, under magnetic stirring, and that the
pH was kept constant by a Hanna HI 991003 pH-meter.
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The mixing step was carried out for 1 h, at room
temperature, under stirring conditions, and then for 18
h on an oil bath at 80°C, under reflux and magnetic
stirring conditions. The obtained powder was separated
by centrifugation and washed several times with
demineralized water until pH = 7. This step was
followed by drying at 80°C overnight. Then, the dried
sample was crushed and sieved and fractions lower
than 90 um were used in experiments. The product
was divided in three parts: one was used as-
synthesized (Zn-Al-LDH) and the other two were
calcined at 300 and 500 °C (Zn-Al-LDH-300 and Zn-Al-
LDH-500), with a rate of 5 °C/min for 4 hours.

TG-DSC was performed under an inert atmosphere
(nitrogen), from 20 to 500 °C, with a heating rate of 5
°C/min by using a Netzsch analyzer.

Powder X-ray diffraction patterns were recorded on
a Bruker D8 Advance diffractometer using MoKa
radiation (0.70930 nm).

Surface area and pore volume of the calcined
sample (Zn-Al-LDH-500) were determined by N
adsorption-desorption at 77 K, using the BET analysis
method, with a Micromeritics ASAP 2020 instrument.

2.2. Photocatalytic Experiments

The experiments regarding photocatalysis process
were carried out under magnetic stirring at 20 °C into a
RS-1 Heraeus photo-catalytic reactor, having a
submerged lamp surrounded by a quartz shield.
Solutions of 400 mL MO dye at different concentrations
containing different catalyst dose were placed in the

(003)

(101)
012)

photoreactor and irradiated with an UV light between
280 and 360 nm. Prior to irradiation, the suspension
was stirred in the dark for 30 min to reach the
equilibrium. Samples were collected periodically from
the reactor, filtered through Milipore filter (pore size of
0.45 um) and the resulting solutions were analyzed at
460 nm using a Varian Cary 100 UV-Vis
Spectrophotometer. A decrease of dye solution
absorbance at 460 nm corresponds to degradation of
MO polyaromatic rings to create mono substituted
aromatics [23]. The pH of all samples was the natural
pH of dye solutions (pH = 5 — 6).

3. RESULTS AND DISCUSSION

3.1. Characterization of Zn-Al-LDH Samples

Figure 1 illustrates the XRD pattern for the as-
synthesized sample (Zn-Al-LDH) and the calcination
products (Zn-Al-300 and Zn-Al-500). The diffractogram
shown ZngAl,(OH)16.4H,O as the main compound of
the synthesized material. Besides the layered double
hydroxide, impurities coming from the side reactions
(ZnO - zincite) were identified. The basal peaks
corresponding to (003) and (006) planes, which are
typical for layered double hydroxides, were present at
low 26 angle values. In addition, (110) and (113)
reflexions occurred at 26 angles ranging from 25 to 30
°, which is also characteristic of the layered double
hydroxides. The diffractogram allowed the calculation
of a and ¢, rhombohedric lattice parameters, where: a =
2d(1109) = 3.08 A is cation - cation gap within brucite
layer, ¢ = 3dgosy = 3¢’ = 23.68 A, ¢’ thickness
corresponding to one brucite-like layer and one
interlayer. By performing calcination at 300 and 500 °C,
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Figure 1: The XRD pattern of the as-synthesized (Zn-Al-LDH) and the calcined samples (Zn-Al-300 and Zn-Al-500).
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only a small amount of LDH-like phase remains in the
samples, the main compound being ZnO (zincite),
crystallised in hexagonal system. The presence of
zincite confirms the destroying of the layered structure
[17].

During thermal treatment of the material under non-
isothermal conditions at a constant rate of 5 °C/min up
to 500 °C, two mass loss processes were identified
(Figure 2). The first process occurred within
temperatures of 21-200 °C, with maximum rate at 194
°C and mass loss of 20%. The mass loss occurred due
to the loss of material humidity and loss of water within
the sheets of the layered double hydroxide. The
following processes took place at within temperatures
of 231 and 500 °C, the mass loss was 10 % and they
corresponded to the decarbonatation and dehydroxy-
lation of the material and to the conversion of the
double layer into ZnO lattice. Accordingly to the XRD
pattern of the calcined products, the ZnO phase has
been identified (Figure 1).
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Figure 2: Thermoanalytical curves of the Zn-Al-LDH sample.

The BET surface area of the Zn-Al-500 sample was
32 m2/g and the pore volume 0.14 cm3/g. The value of
BET surface area are lower that those reported in
literature for similar products (mixed metal oxides)
obtained by calcination of layered double hydroxides
[24], revealing that the calcined products consist mostly
of ZnO phase.

3.2. Photocatalytic Degradation

3.2.1. Effect of the LDH Calcination Temperature

The calcination temperature of the layered double
hydroxide used as catalyst influences both, the type of
process responsible for removing dye from water and
process efficiency (Figure 3).

By applying the as-synthesized (Zn-Al-LDH)
material for removing the MO dye from water the main
process was adsorption, with 81.9 % efficiency and
photocatalysis was inefficient. By using the calcined
materials, the adsorption efficiencies were 45.4 % for
Zn-Al-300 and 42.0 % for Zn-Al-500 sample, while the
photocatalysis efficiencies were 22.1 % for Zn-Al-300
and 37.1 % for Zn-Al-500 sample, respective.

The increased adsorption of the dye on the Zn-Al-
LDH surface can be explained by the excellent
adsorption properties of layered double hydroxides.
The presence of small quantities of ZnO crystals on the
surface of the brucite-like layers do not improved the
photocatalytic behaviour of the material. By calcination,
the efficiency of adsorption process decrease and the
efficiency of photocatalysis increase due to the
increasing of the quantities of ZnO crystals on the
surface of the materials, which have smaller adsorption
capacities due to the small surface area. These
findings are in contradiction with the literature data [20],
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Figure 3: The effect of calcination temperature on dye removal efficiency. Initial dye concentration: 10 mg/L; catalyst dose: 0.5
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Figure 4: Influence of catalyst dose on MO removal efficiency. Initial MO dye concentration: 10 mg/L.

but are in good agreement with the surface character-
istics of the materials used in this study.

3.2.2. Effect of the Catalyst Dose

In order to study the effect of catalyst dose, the
degradation of MO was investigated using different
catalyst concentration: 0.2 g/L, 0.5 g/L and 1 g/L. The
results are presented in Figure 4. It can be observed
that increasing the catalyst concentration from 0.2 to
0.5 g/L, the efficiency of dye removal increased from
44.7 % to 79.1 %. This increasing of efficiency may be
attributed to the enhancement of active sites on LDH
surface based on increasing of catalyst amount in the
dye solution. But doubling the catalyst dose from 0.5
g/L to 1 g/L, after 120 minutes of irradiation, the same
efficiency was reached. This behavior may be due to
the enhancement of light reflectance by the catalyst
and degreasing the light penetration. Other studies
reporting similar results under the condition of catalyst
excess [25]. Therefore, the catalyst dose of 0.5 g/L was

chosen as optimum for an efficient MO removal from
water.

3.2.3. Effect of Initial Dye Concentration

The effect of initial dye concentration on dye
removal efficiency is presented in Figure 5. The
discoloration efficiency decrease with the increasing of
initial dye concentration from 5 mg/L to 50 mg/L.

The photocatalytic efficiency depends on the initial
dye concentration based on two aspects: the amount of
dye adsorbed on the catalytic surface and the UV light
penetrability in the dye solution. The amount of the dye
adsorbed on catalyst surface increases with the
increasing in dye concentration in relation with the
available surface. This behavior enhances the catalytic
activity of the photocatalyst. On the other hand, higher
concentration of the dye affects negatively the UV light
penetrability in the dye solution and the dye molecules
may absorb a large amount of light required for the
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Figure 5: Effect of initial dye concentration on MO removal efficiency.
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Figure 6: Kinetics of MO dye removal by Zn-Al-500 photocatalyst. Inset: linearization of Eq. (2).

Table 1: Apparent Rate Constants for Different Initial Dye Concentrations
MO Initial Concentration (mg/L) Kapp (Min™") R’
5 0.0172 0.9664
10 0.0097 0.9511
25 0.0065 0.9375
50 0.0024 0.9117

surface of the catalyst irradiation, which reflects in
decreasing of dye removal efficiency.

3.2.4. Photodegradation Kinetics

Langmuir—Hinshelwood kinetics is the most
commonly used Kkinetic expression to explain the
kinetics of the heterogeneous catalytic processes. The
Langmuir—-Hinshelwood expression that explains the
kinetics of heterogeneous catalytic systems is
described by Eq. (1), which can be simplified to a
pseudo-first-order equation (Eq. (2)):

r=-dC/dt=k K C/(1+K" C) (1)
IN(Co/C) =k K t=Kapp t (2)

where r is the rate of dye degradation (mg/L'min), k is
the limiting rate constant of reaction at maximum
coverage under the given experimental conditions, K is
the equilibrium constant for adsorption of the substrate
onto catalyst, Cy is the initial dye concentration (mg/L),
C. is the concentration of the dye at time t (mg/L), t is
the time of irradiation (min) and kg is the apparent
rate constant (min™").

The apparent rate constant for dye removal, Kapp,
was calculated by linearization the plot of In(Cy/Cy)

versus time, t, for different initial dye concentration
(Figure 6).

The kinetics results presented in Table 1 shown that
the rate of MO dye removal process was better for low
initial dye concentration than for higher dye concen-
trations.

4. CONCLUSIONS

In the present study, a Zn-Al layered double
hydroxide was prepared by the co-precipitation method
at constant pH and characterized from structural point
of view. The structural analysis by X-ray diffraction
pointed out that the synthesised material was a layered
double hydroxide. By performing calcination at 300 and
500 °C, although the main compound is ZnO (zincite),
a small amount of LDH-like phase remains in the
samples. The presence of large amounts of zincite
allows to use the calcined material as photocatalyst for
removal of Methyl Orange dye from water. The
photocatalist dose of 0.5 g/L was established as
optimal condition for application of the obtained
photocatalyst in the MO removal. It has been observed
that by decreasing of initial dye concentration,
increases the efficiency of the dye removal. The rate of
MO dye removal process was better for low initial dye
concentration than for higher dye concentrations.
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