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for the decolourization of malachite green.

INTRODUCTION

Malachite green, a triphenylmethane dye, is extensively
used for the dyeing of textiles, silk, leather and paper, as well
as in the manufacturing of paints and printing inks'. However,
malachite green is a carcinogenic organic molecule and
difficult to remove from aqueous solutions. Malachite green
affects the aquatic life by causing detrimental effects in liver,
gill, intestine, kidney, gonads and pituitary gonadotrophic cells
when discharged into receiving streams™*. Therefore, there are
both environmental and health concerns in relation to the use
and proper disposal of this particular dye. Moreover, the
removal of malachite green in wastewater is especially impor-
tant. Among the many methods available for the removal of
malachite green, adsorption is the most versatile technique
for the removal of malachite green from aqueous solutions®.
Many adsorbents have been tested to determine their potential
to lower malachite green concentrations from aqueous solutions,
such as activated carbon™’, peat”®, chitin’, silica'® and others*"".
However, the adsorption method only transfers malachite green
to another material, but does not completely eliminate the
harmful molecule from the environment. The photocatalytic
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Sodium dodecyl benzene sulfonate modified layered double hydroxides (DBS-modified-LDHs) were prepared by low saturated state of |
coprecipitation with microwave assisted crystallization. The resulting samples were characterized by XRD, FT-IR, TEM and ICP-OES. |
The analytical results show that the as-produced DBS-modified-LDHs have good dispersibility while maintaining the structure of LDHs,
indicating the use of microwave irradiation to speed up catalyst preparation is feasible. The formula of the DBS-modified-LDHs was |
calculated to be Mg, ssAl(OH)7.60(CO3)o.46 (DBS)o.089-2.88H,0O, which is in agreement with the FT-IR results. After calcination, the result- |
ing sodium dodecyl benzene sulfonate modified layered double oxide (DBS-modified-LDO) was used for the decolourization of mala- |
chite green. The effects of malachite green concentration, catalyst loading and light intensity on decolourization efficiency were investi-
gated. The total time required to decolourize malachite green was found to be 7.5 min in the presence of DBS-modified-LDO (20 g L") |
at 70 °C and irradiated under a light source (8400 Lux). In addition, used DBS-modified-LDO can be regenerated and the photocatalytic |
efficiency was stable even after 5 cycles without significant loss in decolourization activity. An average decolourization time of 14.3 min |
can be obtained during the cyclic process. The results suggest that DBS-modified-LDO can be used as a novel and efficient photocatalyst |
|
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decomposition of various organic compounds in industrial
wastewater has been extensively studied, because pollutants
can be quickly eradicated using this technique"'*'°. However,
in spite of extensive research, most systems have shown
insufficient practical efficiency.

Layered double hydroxides (LDHs) have attracted incre-
asing attention from different fields in recent years due to their
peculiar configuration and properties'”?’. The chemical
structure of layered double hydroxides is

M}, M}'(OH), I*[X™"],,,,-nH,0
wherein M" and M" represent divalent and trivalent metal ions,
respectively, X™ represents the negative ions, n is the amount
of water in the crystal and x is the molar ratio of trivalent
metal ions to all metal ions*. At present, some pioneering
work®? using layered double hydroxides or layered double
oxide as photocatalysts have shown encouraging
results. Whereas ordinary layered double hydroxides are
chemically similar to water, printing dye pollutants are mostly
organic ions or molecules. Therefore, in order to achieve compa-
tibility, surface modification of layered double hydroxides is
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aworthy new field of research. Since dodecyl benzene sulfonate
(DBS) is a good surfactant, in this study, DBS-modified-layered
double hydroxides were prepared by a coprecipitation method
under microwave irradiation for the removal of malachite green
by photocatalytic degradation.

EXPERIMENTAL

Synthesis of DBS-modified-LDHs: An aqueous solution
containing metal nitrates (such as Mg(NOs), and AI(NO;),,
the ratio of Mg®* to AI** being 3) and a solution containing
1 M NaOH and saturated dodecyl benzene sulfonate were
simultaneously titrated into a three necked round-bottom flask
under vigorous stirring at 80 °C. The titration rates of the solutions
were controlled in order to maintain the pH value of the mixture
solution at about 9. After the titration, stirring was continued
for 1 h, at which time a heavy precursor gel was obtained and
then crystallized at 70 °C for 10 min under microwave irradiation
in a domestic microwave oven (Midea KD23B-DA, the input
and output power of 1300 W and 800 W and a frequency of
2.45 GHz). The precipitate was filtered, washed and dried to
obtain DBS-modified-LDHs. All the chemicals used in the ex-
perimental work were analytical grade reagents.

Characterization of DBS-modified-LDHs: X-ray pow-
der diffraction (XRD) data were recorded on a Japan Rigaku
D/MAX 2200VPC X-ray diffractometer with CuK,, radiation
in the range of 5° <20 <75°. The FT-IR spectra were recorded
on the AVATAR360 FT-IR (Nicolet Corporation, USA) in the
range of 4000-500 cm™ using the KBr pellet techniques. Trans-
mission electron microscopy was performed on Hitachi-7650
electron microscope (H-7650) with the acceleration voltage
of 100 kV and amplifying multiple of ten thousand. Elemental
chemical analyses for Mg, Al and S were carried out in Perkin-
Elmer Optima 5300 Dual-View ICP-OES plasm transmit spectro-
photometer with an Elementar Vario EL III Cube.

Photocatalytic experiments: The photocatalytic experi-
ments were carried out in a 100 mL beaker equipped with a
magnetic stirrer as the reactor and a simulated solar lamp (LZG,
China) was used as the irradiation source; the light intensity
was measured with a digital LUX Meter (LX-1010B, China).
The photocatalytic system was prepared by adding 3.0-30 mg
L solution of malachite green and catalyst in water at the
desired concentration. The total volume of the solution for the
reaction was adjusted to 50 mL.

RESULTS AND DISCUSSION

Effect of light intensity on decolourization of malachite
green: The influence of light intensity on malachite green
decolourization was examined at a constant initial malachite
green concentration of 30 mg L™ and catalyst loading of 20 g
L. The relationship between the total decolourization time
and light intensity is illustrated in Fig. 1. The light intensity
was varied from 0 to 8400 Lux by changing the power of the
lamps. It can be seen that the decolourization time gradually
decreases with increasing light intensity, which indicates that
light intensity plays a significant role in malachite green
decolourization. This can be explained by the effect of photo-
excitation, which produces mobility of charges in the lamellar
structure and induces the formation of photoactive defects”.

Effect of malachite green concentration: The influence
of malachite green initial concentration on the photocatalytic
colour removal is important. As shown in Fig. 2, the effect
of malachite green concentration on the decolourization
efficiency was studied by varying the initial malachite green
concentration (3.0-30 mg L™). All the other operating para-
meters were kept constant as follows: the DBS-modified-LDO
concentration was 20 g L, the light intensity was 8400 Lux
and the reaction temperature was 70 °C. The results show that
the decolourization time during the first stage increased sharply
with increasing initial malachite green concentrations up to
30 mg L. In other words, the photocatalytic degradation effi-
ciency of DBS-modified-LDO under simulated solar light was
found to decrease with increasing concentration of malachite
green from 3 to 30 mg L. This may be because as more mala-
chite green molecules are adsorbed on the surface of DBS-
modified-LDO, the electron acceptor in the photocatalysis will
be reduced'**?. In addition, more malachite green will absorb
much of the light required during the photocatalysis process
and consequently lower the photodegradation efficiency®.
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Fig. 1. Effect of light intensity on decolourization
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Fig. 2. Effect of initial concentration of malachite green on decolourization

Effect of DBS-modified-LDO loading: Catalyst loading
is an important factor that can significantly influence the photo-
catalytic decolourization performance. To optimize catalyst
loading, a series of experiments were carried out in which the
DBS-modified-LDO concentration was varied from 0.2 to 20
g L', while all other operating parameters were kept constant
as follows: the malachite green concentration was 30 g L™
and the reaction temperature was 70 °C. The results are
presented in Fig. 3. The entire decolourization time in the first
stage decreased rapidly as the loading of DBS-modified-LDO
was increased for ¢ < 2 g L. However, at higher loadings
above 10 g L™, the entire decolourization time approaches a
constant value, suggesting that an optimal level for catalyst
effectiveness exists. The results also indicate that the photo-
catalytic efficiency increases up to a maximum catalyst loading
and tends to decrease upon further loading. The increase
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in malachite green degradation as the catalyst loading was
increased from 0 to 2 g L was due to the increase in the avail-
ability of active sites on the catalyst surface at which malachite
green can be adsorbed. However, as the optimal catalyst loading
was reached, the degradation efficiency remained almost
constant with increased catalyst loading from 2 to 20 g L™.
Hence, loading above 2 g L' did not markedly increase the
degradation efficiency any further. This phenomenon may be
due to the aggregation of a high concentration of catalyst,
which can reduce the total active surface area available for
adsorbing malachite green®*'. Therefore, the optimal amount
of catalyst is 2 g L' for the decolourization of malachite green
at a concentration of 30 mg L.
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Fig. 3. Effect of catalyst loading on decolourization

Cycle lifetime of DBS-modified-LDO: The cycle life-
time of catalysts is always a concern in many industrial catalytic
processes. The cycle lifetime of DBS-modified-LDO in the
malachite green decolourization process was investigated
under the following conditions. The DBS-modified-LDO
concentration was Cc, = 20 g L™, light intensity was 8400
Lux and the reaction temperature was 70 °C. The results shows
that the entire decolourization time exhibited little change in
the reaction catalyzed by DBS-modified-LDO (Fig. 4). Further-
more, the fifth cycle took only 25 min. The photocatalytic
efficiency is stable after 5 usages without significant loss of
decolourization activity and the average total decolourization
time of 14.3 min can be obtained, implying that DBS-modified-
LDO is effectively reusable. This may be because the DBS-
modified-LDO has a high specific surface area which can
recover its layered structure by simple contact with the aqueous
solution of malachite green. The ability of the layered double
hydroxides' memory effect to regenerate after moderate heating
is thought to be one of its most interesting and useful proper-
ties™. Therefore, DBS-modified-LDO would be a promising
and reusable photocatalyst for malachite green decolourization.
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Fig. 4. Cycle lifetime of DBS-modified-LDO in the decolourization of
malachite green

Characterization: The raw material ratio of n(Mg”):
n(AP**) is 3:1 for DBS-modified-LDHs. The elemental analysis
was carried out using a plasma transmit spectrophotometer
and the results are as follows: Mg 23.28 %, A19.02 %, S 0.97 %.
According to the general formula® and charge conservation
for the layered double hydroxides, the content of other elements
can be calculated. Therefore, we can obtain the structure
formula of the prepared DBS-modified-LDHs as being
MgZ.RSAl(OH)7.69(CO3)0.46 (DBS)0.089'2.88H20.

The structures of the prepared samples were characterized
by XRD technique. As shown in Fig. 5, the XRD patterns of
samples A and C exhibited the typical reflection at 26 = 11.3,
22.6, 34.5, 60.7°, which are almost identical to the typical
pattern characteristic of layered double hydroxides phase as
previously reported**. These reflection peaks are ascribed to
the diffraction by basal planes (003), (006), (009), (110),
respectively. Moreover, the XRDs of samples B and D are
very similar, which indicates that the DBS-modified-LDOs
can regenerate the layered structure by simple contact with
the aqueous malachite green solution®®. Although LDOs are
not semiconducting materials, their high photo-assist activity
was surprising. This degradation may be caused by the
adsorption by LDO or reconstruction effect as shown in Fig. 5
(sample C).
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Fig. 5. XRD patterns of the prepared samples; A: Freshly prepared DBS-
modified-LDHs; B: Fresh DBS-modified-LDO (DBS-modified—
LDHs calcined at 400 °C for 4 h); C: Used DBS-modified-LDO

(used once); D: Sample C regenerated by calcination at 400 °C
for4 h

FT-IR spectra were collected to determine the structure
of the DBS-modified-LDHs and whether dodecyl benzene
sulfonate was doped into the layered double hydroxides. As
shown in Fig. 6, the band centered at around 3510 cm™ is
attributed to the von-stretching mode of hydroxyl groups from
water molecules in the layers and interlayer of layered double
hydroxides. The band at 1638 cm™ is attributed to the combi-
nation stretch vibration of C-C and C=C, while the band at
644 cm™ can be ascribed to the out plane bound vibration of
C-H. The bands at 1116 cm™ are attributed to the S=O stretch
vibration characteristic of dodecyl benzene sulfonate”. In
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addition, the sharp band at 1373 cm™' demonstrates the
presence of a certain amount of interlayer carbonate ions.
This is due to contamination resulted from the absorption of
atmospheric CO, under unavoidable conditions of microwave
crystallization and washing®. Namely, the dodecyl benzene
sulfonate anions and a portion of carbonate are intercalated
into the layered double hydroxides, which is in agreement with
the elemental analysis. The FT-IR spectrum of sample C shows
characteristic absorption peaks at 3510 cm™ and 1373 cm™,
which are almost identical to the carbonate intercalated
layered double hydroxides. This implies that DBS-modified-
LDO is able to recover the layered structure by simple contact
with aqueous solution of malachite green. However, the
exchange of anions is not with malachite green but rather with
the carbonate as illustrated by the FT-IR comparison between
samples B and C. Interestingly, after the decolourization was
complete, malachite green was not observed on the DBS-
modified-LDO catalyst surface nor was it detected in the water
solution by IR characterization. It is possible that malachite
green has been degraded by the DBS-modified-LDO under
simulated sunlight conditions.
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Fig. 6. IR spectra overlay of the prepared samples; A: Fresh DBS-modified-
LDHs; B: malachite green; C: Used DBS-modified-LDO (used once)

TEM images of treated samples are shown in Fig. 7. It
can be seen that ideal nano-DBS-modified-LDHs particles can
be synthesized under microwave conditions to give hexagonal
particles with good dispersion and a narrow particle size
ranging from 30 to 60 nm (Fig. 7, image A). Furthermore, the
microwave assisted synthesis requires a short crystallization
time of 10 min in comparison with the conventional crystalli-
zation time of 15 h. The microwave irradiation method saves
time and energy, making it an ideal method for synthesizing
nano-materials. As shown in image B, DBS-modified-LDHs
calcined at 400 °C for 4 h (DBS-modified-LDOs) are spherical
particles. From the TEM image, it is obvious that the dispersion
of sample C (DBS-modified-LDO used once) is much worse
than that of A (the fresh sample), indicating that C has been
fouled to a certain degree after the treatment, which weakened
the hexagonal structure of the layered double hydroxides.
However, spherical particles can be seen (image D) after heating

at 400 °C for 4 h, which indicates that the spent DBS-modi-
fied-LDO can be regenerated to give high quantities of active
surface species and be reused®.
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Fig. 7. TEM images of the prepared samples

Conclusion

We have investigated the use of sodiumdodecyl benzene
sulfonate-modified-layered double oxide as a photocatalyst
for the removal and decolourization of malachite green in aque-
ous solutions. Present results showed that almost complete
decolourization can be achieved over a short period of irradia-
tion. The total decolourization time was only 7.5 min in the
presence of DBS-modified-LDO photocatalyst when the
reaction was carried out at 70 °C, catalyst loading of 20 g L"!
and a light intensity of 8400 Lux. As the malachite green
concentration was increased from 3 to 30 mg L™, the decolouri-
zation time was increased from 3 to 7.5 min. In addition to the
easy preparation by microwave irradiation, the catalyst can be
separated from the reaction mixture and recycled by heating
at 400 °C for 4 h. The XRD, FT-IR and TEM results showed
that the as-produced DBS-modified-LDH samples have good
dispersibility and retained the structure of layered double
hydroxides, while the DBS-modified-LDO are able to recover
the layered structure and generate a high quantity of photo-
catalytic decolourization activity. Therefore, DBS-modified-
LDO have great potential to be promising photocatalyst
candidates that offer environmentally benign photocatalytic
decolourization of malachite green.
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