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Abstract: Discharge of heavy metals released from industries has adverse effects on the environment.
The development of a method that can safely remove heavy metals is still challenging. Therefore, the
aim of this study is to propose catalytic chelation technique for the removal of mercury (Hg). Removal
of Hg was carried out using the sodium acetate (CH3COONa) as the chelating agent and catalyzed by
the heterogeneous alumina supported calcium oxide (CaO/Al>Os). The optimization was performed by
applying the Response Surface Methodology (RSM) with the pH ranging from 7 to 10, a dosage of
chelating agent from 400 ppm to 600 ppm, temperature from 33.5 to 37.5 °C, and time of reaction from
1to 5 h. Hg content analysis was carried out using Flow Injection Mercury System based on cold vapor
atomic absorption spectroscopy. X-ray diffraction (XRD) analysis revealed the presence of active sites
on the catalyst. Field Emission Scanning Electron Microscopy (FESEM) analysis represented the
formation of homogeneous particles on the catalyst surface. The Brunauer-Emmett-Teller (BET),
Energy Dispersive X-Ray (EDX), and Fourier-transform Infrared Spectroscopy (FTIR) confirmed the
surface area, the elemental composition, and functional groups of the catalyst, respectively. Moreover,
the proposed method successfully achieved +99 % of Hg removal.
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1. Introduction

Currently, the contaminated water becomes a major problem since Malaysia have
concerned about industrial development [1-7]. A large amount of industrial pollutions
containing poisonous chemicals especially heavy metals is released into water systems and are
the main reason for seafood contamination by heavy metals [8-10]. The dosage of trace heavy
metals in marine ecosystem is very low. However, some marine bivalves are capable of
concentrating heavy metals in their tissues more than a million times compared to their
concentration in the habitat [11]. Cockles are one of the marine mollusks which are widely
consumed in Malaysia because it is easy to trap, a high biological value source of protein,
vitamins, and minerals. They can be easily polluted by effluents coming from anthropogenic
activities, sewage discharge, shipping activities, agricultural activities, and other contamination
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sources. It is a big concern for humans because the heavy metals coming from industrial
effluents or by natural means are harmful and even can be carcinogenic to human.

The cockles are exposed to heavy metals such as cadmium, lead, arsenin, and mercury.
The metals are toxic even in small amounts and can affect the immune system, nervous system,
and reproductive system. There are three categories of heavy metals, namely, potentially toxic
(arsenic, cadmium, lead, and mercury), probably essential (nickel, vanadium, and cobalt) and
essential (copper, zinc, iron, and manganese). Since cockles are filter feeder organisms, so there
is a high possibility of contamination by heavy metals, which are potentially poisonous,
especially mercury which is one of the most toxic heavy metals and classified as potentially
toxic heavy metals [12].

Furthermore, mercury is considered as a major environmental pollutant, since mercury
mainly exists as Hg® in the atmosphere which can stay there for a long period of time and can
travel over a large geographical distance and can be absorbed by land or water [13]. As long as
most of the accumulated mercury in trophic levels comes from dietary sources rather than from
direct water intake, thus cockles as a filter feeder, consume phytoplankton at the bottom of the
food chain which accumulates and transforms mercury from the environment [14].
Biotransformation of mercury species by marine phytoplankton is more important than the
bioavailability of mercury in marine phytoplankton, in addition phytoplankton and other
bacteria are able to reduce Hg(ll) to volatile Hg® which makes a global health concern [15,16].

A number of methods and materials have been suggested for the removal of mercury
from different environments [17-22]. For instance, high removal of mercury from chloralkali
wastewater can be achieved by a biofilm of mercury-resistant bacteria [23]. Alternatively, the
porous organic polymer-based mercury can effectively reduce the mercury (I1) concentration
from 10 ppm to a fairly low concentration of 0.4 ppm within a short period of time [24]. Of all
the treatment techniques for the removal of heavy metals, the chelation technique is widely
used as a treatment technique for the removal of heavy metals such as lead, mercury, and
arsenic. Chelating agents such as ethylene diamine tetraacetic acid (EDTA), 2,3-dimercapto
succinic acid (DMSA), and 2,3-dimercapto propansulfuric acid (DMPS) are used to bind heavy
metals and excrete from the blood to urine. Moreover, chelation technique has been found to
be a likely method for the removal of heavy metals to levels permissible by Malaysian food
regulations.

In this work, we propose a catalytic chelation technique for the removal of mercury.
This study provided an important opportunity to advance the understanding of the use of this
technique for the removal of various heavy metals from the environment.

2. Materials and Methods
2.1. Materials.

Chemical and reagents of analytical grade have been used for this study and no
purification has been done before using the chemicals. The chemicals were 65% Nitric acid,
HNOs (QREC™) and 30% Hydrogen peroxide, H202 (QREC™) used for digestion, sodium
acetate trihydrate, CHsCOONa.3H.0 (MERCK) as a chelating agent, calcium oxide on
alumina support (CaO/Al203) as a catalyst, 0.05% Sodium hydroxide + Sodium borohydride
as a reductant, NaOH+NaBHs (QREC™), 3% HCl (QREC™) as a carrier, 5% KMnOa,
potassium permanganate for mercury samples, 10% HCI for preparation of solutions, 1000 ppm
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mercury (Hg) stock solution (MERCK) for preparing mercury standard solutions. Ultra-pure
water from a NANO pure water system has been used for all dilution purposes.

2.2. Sample preparation.

The Anadara granosa was purchased from a fisherman at Pontian, Johor Bahru,
Malaysia and then transported to the analytical laboratory of Universiti Technologi Malaysia
inside the ice boxes at a temperature of 4° C to avoid thermal degradation and microbial activity
and acidified with concentrated nitric acid to pH <2. Prior to removing the soft tissues of the
cockles from its outer shell, the shell surface was washed with tap water to remove the specks
of dirt and other contaminating organisms such as barnacles and bryzoa, then the samples were
grounded and homogenized using a mixer and refrigerated at -10° C for further treatment.
Sample preparation was done according to the nitric acid digestion method adopted from
Association of Official Agricultural Chemists (AOAC 999.10). In the preparation, a 0.5g of the
cockles was weighed into a digestion vessel and 5 mL of analytical grade 65% HNO3 (w/w)
and 2 mL of 30% H202 (w/w) was added into the sample and then the digestion was conducted
by the aid of a Microwave digester (Perkin Elmer Titan MPS™) until a clear solution of the
sample was produced. The sample was allowed to cool and then volumized with 25 mL of
ultrapure water, 1-2 drops of KMnO4 was added to the samples in order to convert organically
bound mercury to inorganic mercury ions at room temperature [25].

2.3. Preparation of catalyst.

Calcium nitrate tetrahydrate powder was prepared by mixing 5 g of it into the 5 mL of
deionized water in a beaker (250 mL), then the mixture was heated and stirred until the
complete dissolve of the powder and the mixture was allowed to cool to room temperature. The
alumina pellets were immersed into the solution and left for an hour at room temperature before
calcined in a muffle furnace at 900 °C, 1000 °C, and 1100 °C. Next, the pellets were aged at
80°C for 24 hours, and then calcined for 5 hours to prepare the proposed catalyst.

2.4. Mercury removal.

The flesh of the cockles was washed with deionized water after removing from its shell
and then exposed to treatment with the chelating agent inside a 250 mL beaker, where the flesh
was held inside the beaker with the aid of a string, and the solution was stirred using IKA HS-
7 magnetic stirrer during the treatment process. The treatment was done using different dosage
of chelating agent (200 to 600 pL/L), with the treatment temperature of (32.50+0.50 °C to
37.50+0.50 °C), treatment time ranging from 1 hour to 5 hours and pH ranging from acidic (pH
= 4) to basic (pH = 10) in order to obtain the optimized condition for the highest percentage
removal of mercury from cockles. CaO/Al20s was used as a catalyst during the treatment
process and a 0.25 g of it was left in the beaker containing the chelating agent solution and was
stirred throughout the treatment process. Each experiment was done with a replicate of three
times in order to get the mean value and standard deviation concentration of the mercury inside
the cockles.

2.5. Fourier transforms infrared spectroscopy analysis.

A Perkin Elmer flow-injection mercury system (FIMS-100) was used for the analysis
of mercury content in the treated cockles, which is based on the cold vapor atomic absorption
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spectroscopy and contains a single peristaltic pump, elevated optics, low-pressure mercury
lamp, and a solar-blind detector for high sensitivity. An auto-sampler injected the sample into
the system and an acid carrier was used for transporting the sample to the mixing section. Next,
the sample was mixed with the reductant and a vapor hydride of mercury was produced during
the reaction which was purged by the aid of argon with a regulate pressure to the gas-liquid
separator and was then carried to the FIMS cell for detection by the help of mercury lamp.

Sodium borohydride (NaBH4) was used as a reductant which was prepared from a
0.05% solution of sodium hydroxide (NaOH) and 0.2% sodium borohydride (NaBHa).
Hydrochloric acid, (3% HCI) was used as the carrier and prepared by diluting the concentrated
HCI. A solution of 5% KMnO4 was added to the digested samples. In order to prepare the
standard solutions to plot the calibration curve, the 1000 ppm mercury stock solution
(MERCK) was used to make a 10 ppm mercury as an intermediate stock solution then the
standard series was made with the concentration of 1 ppb, 2 ppb, 5 ppb, and 10 ppb with quality
control of 6 ppb into a 25 mL volumetric flask.

2.6. Optimization of mercury removal.

For the optimization purpose, the Box-Behnken design of Response Surface
Methodology (RSM) was employed by multiple regression analysis [26-28]. The independent
variables of this study were, the dosage of chelating agent (A), time of treatment (B),
temperature (C), and pH of the solution (D). Table 1 shows the levels of each factor based on
RSM approach. In the Design Expert, an equation is used in order to approximate the optimum
value and determine the interaction between the variables, and a quadratic equation model was
employed in this work.

Table 1. Experimental design for the mercury removal.

Factors Symbols Units Range and levels
-1 0 +1
Dosage A mg/L 400 500 600
Time B h 1 3 5
Temperature C °C 29.5 32.5 375
pH D 4 7 10

2.7. Characterization.

In order to determine the active site of catalyst for enhancement of mercury depuration
from cockles, the characterization was performed utilizing analytical techniques such as X-Ray
Diffraction (XRD) using A Bru-ker AXS D8 automatic powder diffractometer, Field Emission
Scanning Electron Microscopy (FESEM) using Zeiss Supra 35VP model, Energy Dispersion
X-Ray (EDX), Nitrogen Absorption (BET surface area) using a Micromeritics 3flex
instrument, and Fourier Transform Infrared Spectroscopy (FTIR) using a Thermo Nicolet-iS10
spectrometer. The characterizations were presented for the next section.

3. Results and Discussion
3.1. Mercury removal.

The regression model obtained from RSM study is graphically displayed by 3-
dimensional contour plots to illustrate the interactive effect of factors on the removal
percentage of mercury from cockles. The 3-dimensional contour plots are displayed in Figure
1. The time of treatment combined with concentration has a significant interactive effect on
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percentage removal of mercury by a removal percentage of (+95%), at a concentration of 500
mg/L and 1 hour of treatment. The increasing of time of treatment from 1 hour to 5 hours does
not influence the removal of mercury as the increase of concentration.
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Figure 1. Three-dimensional contour plots for removal of mercury for (a) AB (b) AC (c) AD (d) BC (e) BD
(f) CD. Itis noted that A, B, C, and D are dosage of chelating agent, time of treatment, temperature, and pH of
the solution, respectively.

The time of treatment combined with the temperature is another significant interaction
with a percentage removal of (£99%). The increase in both variables did not influence the
removal percentage of mercury and was maximum at temperature 29.5 °C and treatment time
of 1 hour. Furthermore, the combination of pH and time of treatment also has a remarkable role
on the removal of mercury with a percentage of (£94%) at pH of 7 and 1 hours of treatment.
The removal percentage increases with increment of pH of the solution from acidic (pH 4) to
neutral media (pH 7), meanwhile, the increasing time of treatment has not a significant role in
percentage removal of mercury compared to the pH of the solution. The present study revealed
an improved performance compared to previous studies in terms of percentage removal. For
instance, the removal of mercury using activated carbons derived from organic sewage sludge
can only be achieved by up to 83% [29]. Alternatively, the maximum mercury removal by
nonviable biomass of an estuarine Bacillus sp. was by 92% [30].

3.2. XRD analysis.

In order to investigate the crystallinity of CaO/Al20s, XRD analysis was performed and
the data obtained from the analysis is presented in Figure 2. It is noted from the figure that the
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catalyst calcined at 900 °C has a broad amorphous pattern which represents a low degree of
crystallinity in the catalyst. According to the diffractogram, Al2.6604 is the only alumina support
species which is present in cubic phase at 20 = 67.181°, 45.832° and 37.435°, while none of
the active metal species are present at this calcination temperature. The CaO/Al2Os3 calcined at
1000 °C represents a high degree of crystallinity based on the sharp peaks in diffractograms,
furthermore, orthorhombic Al203, monoclinic CaAl407/Ca0.2Al203, and cubic Cai2Al14033
are three new species which were present at this calcination temperature which was revealed at
20 = 67.354°, 66.767°, 45.881°, 45.407°, 34.554° and 36.568° for orthorhombic Al20s.
However, due to the solid state reaction, there are another two phases which noticed at 20 =
25.494°,34.554°,19.990°, 28.989°, 30.528° and 33.032° for monoclinic CaAl407/Ca0.2Al203
while at 20 = 18.412°, 33.427° and 36.568° for cubic Ca12Al14033.
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Figure 2. XRD Diffractograms of CaO/Al,O3 at different temperatures at (a) 900°C, (b) 1000°C, and (c) 1100
°C.

At the calcination temperature of 1100 °C, the peaks were observed to be even more
intense compared to the calcination temperature at 1000 °C. The dominated phase by alumina
support was increased into two phases which were different from those in 1000 °C calcination
temperature and presented as monoclinic and hexagonal Al2O3 that happened at 20 = 67.411°,
31.119°, 32.980°, 36.841°, 38.858° and 20 = 35.134°, 43.353°, 57.583°, 25.466°, 37.837°,
52.577°, 68.192°, and 66.480° respectively, as listed in Table 2. Similarly, monoclinic
CaAl407/Ca0.2Al1203 and cubic Cai2Al14033 species also occurred at 26 = 18.316°, 33.419°,
36.625° and 26 = 18.316°, 33.419°, and 36.625°, respectively.

The data obtained from the experiment involving CaO/Al2Os catalyst at different
calcination temperatures are presented in Table 2. It demonstrates that the higher catalytic
activity occurred at 1000 °C calcination temperature. It could be determined from the
orthorhombic Al203 support which has the best alumina phase for the active species and there
are other active site species in monoclinic CaAls07/Ca0.2Al203 and cubic Cai2Al14033 phases
as well. Furthermore, when the calcination temperature increased from 900 °C to 1000 °C, the
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presence of active species also increased which was proven by the high crystallinity of the
catalyst.

Table 2. Peaks assignment in the X-ray diffraction patterns of CaO/Al,O3 calcined at different temperatures.

Catalyst 20 d (A) d (A)ret
Calcined at 900°C 67.181 1.392 1.400
45.832 1.978 1.980
Al2.6604 (C) 37.435 2.400 2.390
Calcined at 1000°C 67.354 1.389 1.391
66.767 1.400 1.405
Al0s (or) 45.407 1.996 1.990
45,881 1.976 1.983
34.554 2.594 2.596
36.568 2.455 2.457
CaAl407/Ca0.2A1203 (m) 25.494 3.491 3.500
34.554 2.594 2.599
19.990 4.815 4.440
28.989 3.078 3.080
32.528 2.750 2.753
33.032 2.710 2.712
18.412 4.815 4.891
Ca12Al14033 (€) 33.427 2.678 2.679
36.568 2.455 2.445
Calcined at 1100°C 25.466 3.495 3.500
34.536 2.595 2.599
CaAl:07/Ca0.2A1:05 (m) 19.990 4.438 4.440
18.316 4.840 4.891
CawAl103 (¢) 33.419 2.679 2.679
36.841 2.437 2.445
67.411 1.388 1.380
Al203 (m) 31.119 2.872 2.801
32.980 2.714 2.713
36.841 2.438 2.441
38.858 2.316 2.310
35.134 2.552 2.552
Al20s3 (h) 43.353 2.085 2.086
57.583 1.599 1.602
25.466 3.494 3.481
37.837 2.376 2.380
52.577 1.739 1.741
68.192 1.374 1.374
66.480 1.405 1.405

3.3. Surface morphology.

The morphology of the catalyst (CaO/Al203) was observed by FESEM, where the
active area of the catalyst was determined by the formation of morphology on the surface of
the catalyst which is contributed to the enhancement of mercury depuration from cockles. The
FESEM micrographs of CaO/Al20s3 catalyst calcined at 900 °C, 1000°C, 1100°C were
presented in Figure 3. It is demonstrated that the catalyst has aggregation and agglomeration
on the surface. The particles are not dispersed on the catalyst surface and have unspecific shape.
In addition, the formation of particles with undefined shape, aggregation and agglomeration on
its surface can be observed for the catalyst calcined at 1000 °C calcination temperature. At
1100 °C calcination temperature, the particles have large aggregation and agglomeration but
less dense and dispersed.

At 1000 °C calcination temperature, highly dispersed particles were formed on
CaO/Al2Os3 catalyst. The catalyst surface was not homogenized at 900 °C due to a low degree
of crystallinity according to the XRD results, meanwhile, the catalyst has a disordered structure
at 1100 °C calcination temperature which is due to the presence of two alumina support species
on the catalyst surface according to the XRD results. Thus, it can be observed from the FESEM
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results that the CaO/Al2O3 catalyst calcined at 1000 °C has the characteristics which are the
reason for the high catalytic activity of CaO/Al2Os catalyst.

@) o o 0
Figure 3. FESEM images of CaO/Al,O; catalyst calcined at (a) 900°C, (b) 1000°C, and (c) 1100°C with
magnification of 10000X.

3.4. Nitrogen adsorption analysis.

BET surface area analysis was performed to determine the surface area of the catalyst
at different calcination temperatures as presented in Table 3 which demonstrates that the
surface area of the catalyst is inversely proportional to the calcination temperature. It is in
accordance with the XRD analysis representing an increase in the degree of crystallinity of
catalyst decreased the surface area. The catalyst calcined at 1100 °C gave a low surface area
(11.54 m?/g) which is probably due to the large agglomeration and aggregation as described in
FESEM analysis but regarding the catalytic activity results, catalyst calcined at 1000 °C
showed the highest mercury removal which represents that the surface area parameter is not
the only main factor for the mercury removal.

Table 3. BET surface area of CaO/Al,O; catalyst calcined at different temperatures

Catalyst Calcination temperature Surface area (m?%g)

CaO/Al203 900°C 68.16
1000°C 33.22
1100°C 11.54

3.5. EDX analysis.

The composition of the element which has distributed and coated on the alumina
support was analysed by EDX and the results are shown in Table 4. This study found that the
presence of O, Al, and Ca was confirmed by the EDX analysis and the weight percentage of
Al and O is higher than the Ca due to the presence of Al20s support for the catalyst.

Table 4. EDX Analysis of CaO/Al,O; catalyst calcined at different temperatures

Catalyst Percentage (%)

0] Al Ca
900 °C 61.52 32.45 6.03
1000 °C 57.43 35.93 6.64
1100 °C 49.76 43.04 7.20

3.6. FTIR analysis.

The FTIR spectra of CaO/Al20s catalyst calcined at different calcination temperatures
are represented in Figure 4. The absorption bands between 579.02 to 811.18 cm™ for
CaO/Al:03 catalysts were due to the stretching mode of metal oxide (M=O) groups.
Accordingly, the wavelength at 1420.97 cm™ for the catalysts calcined at 1000°C and 1100°C
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indicates that the nitrate group in the catalyst had been completely removed, while the
wavelength at 3436.38 cm™ demonstrates the presence of H20 stretching group.
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Figure 4. FTIR spectra of CaO/Al,Os3 catalyst calcined at (a) 900°C, (b) 1000°C and (c) 1100°C.
4. Conclusions

The present study aimed to propose a chelation technique for the removal of Hg. RSM
study revealed that the combined variables show a significant influence on percentage removal
of mercury, which time of treatment and concentration had a significant interactive effect on
percentage removal of mercury by a removal percentage of (+95%), at a concentration of 500
mg/L and 1 hour of treatment. Time of treatment combined with the temperature was another
significant interaction with a percentage removal of (x99%) and the combination of pH and
time of treatment also had a remarkable role on the removal of mercury with a percentage of
(x94%) at pH of 7 and 1 hour of treatment. CaO/Al2Os3 catalyst calcined at 1000 °C has
remarkable performance because of its large surface area and presence of actives sites on
catalyst confirmed by the XRD, FESEM, BET surface area, and EDX analyses.
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