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 Introduction

Mercury is a highly volatile and highly toxic heavy metal 
present in the environment. Inorganic mercury in water is 
mainly seen in the +2 oxidation state. Mercury is released into 
the atmosphere through a variety of natural and 
anthropogenic sources [1]. Natural sources include volcanic 
eruptions, mercury rich soil and forest fires. Mobilization of 
mercury from fossil fuels, incinerators, chlor-alkali industries, 
gold mining, processing and refining of mercury ores are few 
of the major anthropogenic sources [2]. Once released into 
the environment, it can undergo complex physical and 
chemical transformations. Released mercury vapour gets 
converted into soluble form and gets deposited in soil and 
water by rain. Due to microbial action, inorganic mercury 
gets converted into methyl mercury and enters the food 
chain of predatory species. Low dose mercury exposure can 
affect various organ systems of adults and children. In adults 
it can lead to memory loss, Alzheimer’s like dementia, 
decreased rate of fertility, birth of abnormal offspring, etc. In 
children the effects include autism, late walking and deficit in 
memory and language [3]. In the world the first mercury 
pollution reported in Minamata City located on the Yatsushiro 
Sea coast in Kumamoto Prefecture of Japan in 1956, was due 
to the poisoning of the central nervous system caused by 
methyl mercury which accumulated in fish and shellfish, as a 
result of mercury released into Minamata Bay [4, 5]. Due to 
the severe effects of mercury on mankind, World Health 
Organization (WHO) has set the limit for mercury in drinking 
water to be 0.001 mg/L [6]. Due to its diverse properties, 
mercury is still used in different areas like electrical industry, 
dentistry, mining, catalysis, etc. [7]. Studies show that mercury 
pollution is a threat to human beings in the developing 
countries even now [8]. Reports show that the concentrations 
of mercury in ground water in a few industrial areas of India 
are more than the standards set by WHO and the Bureau of 
Indian Standards [6, 9]. According to this, the concentration 
of mercury in a few industrial areas in the states of Gujarat, 
West Bengal, Orissa, Haryana and Andhra Pradesh are ten or 
twenty times higher than the maximum permissible limit. 
These alarming levels are mainly due to the discharge of 
mercury bearing effluents having concentrations ranging 
from 0.058 to 0.268 mg/L. It is against the permissible limit 
of mercury (0.01 mg/L) set by Indian standards for effluent 
discharge [8]. 

 Different technologies like adsorption, ion exchange, 
amalgamation and chemical precipitation are available for 
the removal of mercury from contaminated water [10-20]. 
Nanomaterials are highly promising in the water purification 
process due to their unique properties like higher surface 
area per unit volume, ease with which they can be anchored 
onto solid matrices and the ability to functionalize with 
different functional groups to enhance their affinity towards 
target molecules. There are many reports on the use of 
nanoparticles for water purification [21, 22]. The use of gold 
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nanoparticles in water purification is an emerging field. Our 
group has investigated the use of gold nanoparticles for the 
detection and removal of various organochlorine compounds 
(e.g. pesticides such as chlorpyrifos and halocarbons such as 
carbon tetrachloride) from drinking water [23-25]. Gold 
nanoparticles supported on silica and titania and bimetallic 
Au-Pd have been investigated for environmental remediation 
of various organic compounds [26-32]. There are reports on 
the removal of mercury from aqueous solution using 
nanoparticles of alumina and thiol functionalized 
superparamagnetic Fe

3
O

4
 [33, 34]. An alumina refinery 

aqueous stream was treated with nanoparticle systems like 
gold impregnated silica and silver impregnated silica for the 
removal of mercury [35]. 

In this paper we describe the complete removal of mercury 
from water using gold nanoparticles supported on alumina. 
Affinity of mercury to gold is well-known since ancient times. 
Nanomaterials, the product of contemporary science are 
well-known for their large surface area. We applied the 
amalgamation of these two for the effective removal of 
mercury from water. We have conducted batch and  
column experiments for finding the mercury removal  
capacity of supported gold nanoparticles. We have done 
various spectroscopic and microscopic examinations for 
understanding the interaction between gold and mercury. 
Mercury removal capacity of this material is very high and it 
can be applied for water purification economically. 

 Experimental section

Chemicals used
Tetrachloroauric acid trihydrate (HAuCl

4
.3H

2
O) was purchased 

from CDH India. Trisodium citrate and sodium borohydride 
(NaBH

4
) were purchased from SRL India and Aldrich, 

respectively. A stock solution of 500 mg/L Hg(II) was prepared 
from HgCl

2
 (Glaxo Laboratories Limited) and required 

concentrations were made by serial dilution. Rhodamine 6G 
was purchased from Fluka and azomethine-H-monosodium 
salt, monohydrate was from HiMedia Laboratories Pvt. 
Limited, India. Magnesium oxide was purchased from Thomas 
Baker and neutral activated alumina (140 mesh, 150 m2/g) 
was from a local source and used as received. Triple distilled 
water was used throughout the experiment. 

Instrumentation
UV-vis absorption spectra were performed on a Perkin-Elmer 
Lambda 25 spectrometer. Low mercury concentrations (<0.2 
mg/L) in the solutions were detected by a Mercury Analyzer 
MA 5840. Mercury analyses in the concentration range of 0.2 
to 2.0 mg/L were done using colourimetry. High resolution 
transmission electron microscopy (HRTEM) was carried out 
using a JEOL 3011, 300 kV instrument with a UHR polepiece. 
Scanning electron microscopic (SEM) images and energy 
dispersive analysis of X-ray (EDAX) studies were done in a FEI 

QUANTA-200 SEM. X-ray diffraction (XRD) data were collected 
with a Bruker AXS, D8 Discover, U.S.A., diffractometer using 
Cu-Kα radiation (λ=1.54 Å). The samples were scanned in the 
2θ range of 10-90 degrees.

Synthesis of supported gold nanoparticles
Gold nanoparticles with an average diameter of 10-20 nm 
were synthesized by the reduction of HAuCl

4
.3H

2
O with 

trisodium citrate [36]. Supported gold nanoparticles were 
prepared by the following procedure. 10 g of neutral activated 
alumina were soaked in 25 mL of gold nanoparticle suspension 
for 30 minutes. Once the supernatant became colourless, it 
was replaced with another fresh 25 mL suspension. This 
procedure was repeated until there was no colour change for 
the supernatant. After decanting the supernatant, gold 
nanoparticle-coated alumina were washed thoroughly with 
distilled water and dried under ambient condition. The intake 
of gold nanoparticle was about 738 mg per 1 kg alumina.
 
Uptake of mercury  
The interaction between supported gold nanoparticles and 
Hg(II) ions was studied using a column set-up. 2 g of gold 
nanoparticle-coated alumina was taken in the column and 
1.0 mg/L Hg(II) solution was passed through it at a flow rate 
of 5 mL/minute. 5 mL of the treated water was collected at 
an interval of 100 mL and analysed for residual mercury using 
UV-vis spectroscopy [37]. The experiment was continued till 
mercury was detected in the treated sample. A calibration 
graph was drawn using known concentrations and the 
absorbance at 570 nm due to the complex formed between 
tetraiodomercurate and rhodamine 6G.

 For studying the interaction of supported gold 
nanoparticles with Hg(0), 1.0 mg/L Hg(II) was reduced with 
dilute aqueous NaBH

4
 (10 times the mercury concentration) 

and allowed to stand for 1 h. Afterwards, the solution  
was passed through a column containing 2 g of gold  
nanoparticle-coated alumina. 5 mL of the treated water was 
collected at an interval of 100 mL. Before analysis, the sample 
collected was treated with concentrated HCl for the oxidation 
of Hg. The experiment was continued till mercury was 
detected in the sample. Same experiment was repeated  
with 2.0 mg/L Hg(II) also. In order to find the interaction  
of Hg(0) with alumina, the experiment was repeated with  
2 g of alumina. 

A study was done with 0.2 mg/L mercury for  
understanding the interaction of low concentrations of 
mercury with supported gold nanoparticles. 4 g of gold 
nanoparticle-coated alumina was taken in the column and 
mercury solution was passed at a rate of 5 mL/minute. 50 mL 
of the treated water was collected at an interval of 1 L. 
Mercury concentration in the sample was detected using a 
mercury analyzer at 253.7 nm. 

Batch experiments were done for finding the interaction 
of supported gold nanoparticles with mercury. For the study, 
1 g of gold nanoparticle-coated alumina was transferred to 
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NaBH
4
 treated 500 mL of 1.5 mg/L Hg(II) and stirred 

continuously. 5 mL of the sample was collected at different 
time intervals and centrifuged, supernatant was collected for 
mercury measurement. 

Characterisation of gold-mercury system
A solution phase experiment was done with the as  
prepared gold nanoparticles for understanding the interaction 
between gold nanoparticles and mercury. 2.5 mL of 2.0 mg/
L Hg(II) was mixed with NaBH

4
 and added to 2.5 mL gold 

nanoparticle suspension and UV-vis spectra were recorded. 
For understanding the changes in morphology, TEM analysis 
of the sample before and after mercury addition was done.  
The change in the morphology of gold nanoparticle was 
studied using SEM analysis of the mercury-treated gold 
nanoparticle solution. EDAX spectra and images were 
measured for finding the elemental composition and 
distribution in the nanoparticles after mercury addition.  
XRD analyses of the gold nanoparticles and mercury  
treated gold nanoparticles were carried out for understanding 
the structural changes. 

Detection and removal of boron
For testing the presence of boron in the treated water, 10 mL 
of the sample was collected from the column outlet and 
analysed for boron by a simple procedure proposed by Lopez 
et al. [38]. In order to have a larger boron concentration in 
the treated water, a column study was done with 2.0 mg/L 
Hg(II) reduced with 20 times NaBH

4
. Performance of 

magnesium oxide as a boron adsorbent was tested [39].  
250 mg of magnesium oxide was transferred to 50 mL of the 

polluted water and stirred continuously. The samples 
collected at different time intervals were centrifuged and the 
supernatant was analysed for boron.

 Results and discussion 

Uptake of mercury  
Figure 1A is a schematic diagram of the down-flow column 
apparatus used for mercury removal studies. The column 
used was 1.5 cm in diameter and 30 cm in height. Inset of 
Figure 1A shows a photograph of the adsorbent, gold 
nanoparticle-supported alumina. The adsorbent was packed 
in the column and the flow rate through the column was 
controlled by a peristaltic pump. Figure 1B shows the UV-vis 
absorption spectra for the elution of 1.0 mg/L Hg(II) passed 
through the column containing 2 g of gold nanoparticle-
coated alumina. Traces ‘a-d’ are the absorption spectra after 
flowing 0.10, 0.20, 0.30 and 0.40 L, respectively. The 
absorption spectra for these samples are the same as that of 
rhodamine 6G. It is a clear indication of the absence of 
mercury in the treated water.  Trace ‘e’ is for 0.50 L and it 
showed the absorbance at 570 nm. The intensity of the peak 
at 570 nm indicated Hg(II) concentration of 0.31 mg/L. Trace 
‘f’ is for 0.60 L and the concentration of Hg(II) is 0.83 mg/L. 
The loading of Hg(II) on gold nanoparticle-coated alumina is 
200 mg/kg, in terms of gold it is 200 mg of Hg(II) per 738 mg 
gold. This uptake capacity is relatively low. It may be due to 
the poor physical interaction between gold nanoparticle and 
Hg(II) ions. The inset of Figure 1B shows the concentration 
versus bed volume. 
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(A) Schematic representation of the down-flow column apparatus. Inset is a photograph of gold nanoparticle-supported alumina. (B) UV-vis absorption 
spectra of the solution as 1.0 mg/L Hg(II) was flown through the column. Traces ‘a-d’ are the absorption spectra corresponding to the passage of 0.10, 
0.20, 0.30 and 0.40 L, respectively. Trace ‘e’ is for 0.5 L and trace ‘f’ is for 0.6 L, respectively. Inset is the plot of concentration versus bed volume

Figure 1
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To improve the mercury uptake by supported  
nanoparticles, we studied the interaction of Hg(0) with gold 
nanoparticles after reducing Hg(II) with NaBH

4
. Figure 2A 

shows the UV-vis absorption spectra for the elution of 1 mg/L 
Hg(0) through a column containing 2 g of gold nanoparticle-
supported alumina as the adsorbent. Traces ‘a-f’ are the 
absorption spectra for the first 6 L. There is no absorbance at 
570 nm in these spectra indicating the absence of mercury 
in the treated samples. Trace ‘g’ and trace ‘h’ are the 
absorption spectra for 7 and 8 L, respectively. The absorbance 
at 570 nm in these spectra is due to mercury and the 
concentration is 0.356 and 0.419 mg/L, respectively. The 
loading capacity of Hg(0) is 4.065 gm per gm of gold 
nanoparticle. The loading capacity of Hg(0) expressed in 
terms of gold nanoparticle-coated alumina is 3000 mg/kg. 

The extremely high uptake capacity on gold nanoparticle 
surface may be due to the gold mercury amalgam and the 
formation of amorphous mercury layer formation over gold 
nanoparticle surface. The inset of Figure 2A is the plot of 
mercury concentration versus the bed volume.

Adsorption study with 2.0 mg/L Hg(0) was tried on 2.0 g 
of gold nanoparticle-supported alumina. Figure 2B shows the 
UV-vis absorption spectra corresponding to the treated water. 
Traces ‘a-e’ are the absorption spectra of 0.5, 1.0, 1.5, 2.0 
and 2.5 L, respectively. There is no 570 nm absorbance in 
these spectra. Traces f, g, h are for 3.0, 3.5, 4L, respectively 
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(A) UV-vis absorption spectra of the solution as 1.0 mg/L Hg(0) was 
passed through the column. Traces ‘a-f’ are the absorption spectra for 
the first 6 L, at an interval of 1 L. Trace ‘g’ and trace ‘h’ are the absorp-
tion spectra for 7 and 8 L, respectively. (B) Corresponding data for 2.0 
mg/L Hg(0). Traces ‘a-e’ are the absorption spectra of 0.5, 1.0, 1.5, 2.0 
and 2.5 L, respectively. Traces f, g, h are for 3.0, 3.5, 4.0 L, respectively. 
Insets are plots of concentration versus bed volume for each case

Figure 2
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intervals in a batch reaction using 1.5 mg/L Hg(0). Trace ‘a’ shows the 
absorption spectrum of the supernatant collected after 30 minutes. 
Traces ‘b-f’ are the absorption spectra collected at 1, 2, 3, 4 and 5 h, 
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The UV-vis absorption spectra of gold nanoparticles (a) before and (b) 
after mercury treatment. Inset is the photograph of gold nanoparticles 
and mercury treated gold nanoparticles

Figure 4
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and the absorbance at 570 nm is very clear. Inset of Figure 2B 
is the plot of mercury concentration versus bed volume.

The treated water collected after passing 10 L of 0.2 mg/L 
Hg(0) through 4 g gold nanoparticle-supported alumina, in a 
similar column, showed complete removal.     

The interaction between Hg(0) and the pure substrate 
(alumina) was also studied. By passing 0.25 L of 1.0 mg/L 
Hg(0), alumina (2 g) got exhausted.

Figure 3 shows the absorption spectra collected at 
different time intervals in a batch reaction of gold nanoparticle-
supported alumina with 1.5 mg/L Hg(0). Trace ‘a’ is the 
absorption spectrum of the supernatant collected after 30 
minutes. It shows intense absorption at 570 nm. Traces ‘b-f’ 

are the absorption spectra collected at 1, 2, 3, 4 and 5 h, 
respectively. Inset in the figure shows a plot of absorbance 
versus time. It shows a gradual reduction in the absorption at 
570 nm and by the fifth hour, complete disappearance 
occurs. It may be due to the slow adsorption of mercury on 
gold nanoparticles under vigorous stirring. 

Characterisation of gold-mercury system
The nature of Hg(0) interaction with gold nanoparticle was 
investigated with a variety of tools. UV-vis spectroscopy was 
used to characterise the gold colloid before and after mercury 
treatment. Figure 4 shows the UV-vis absorption spectra of 
gold nanoparticles before and after mercury treatment. 

TEM images of gold nanoparticles before and after mercury treatment. (A) Large area image of gold nanoparticles before the reaction. (B) The  
corresponding lattice resolved image of a single nanoparticle. (C) Large area image of mercury treated gold nanoparticles. (D) The corresponding 
lattice resolved image of a single nanoparticle

Figure 5
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SEM images of mercury treated gold nanoparticles. (A) Large area image, (B) magnified image of few particles, (C) elemental map of Au, (D) elemental 
map of Hg and (E) EDAX spectrum of mercury treated gold nanoparticles. Inset is the composition table

Figure 6
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Trace ‘a’ is the absorption spectrum of the as prepared gold 
nanoparticles and it exhibits a characteristic absorption at 
520 nm due to the surface plasmon resonance. Trace ‘b’ is 
the absorption spectrum of the NaBH

4
 treated Hg(II) solution 

in gold colloid showing a maximum absorbance at 490 nm. 
Although the peak shift is small, the peak shape has got 
modified significantly. The shift in the peak position is an 
indication of Au/Hg particles with different morphology [40]. 
Inset shows the photographs of the as prepared gold 
nanoparticles (A) and mercury treated gold nanoparticles (B). 
The wine red colour of the gold nanoparticle solution changes 
into brownish orange after the addition of mercury solution.

Figure 5A shows the large area TEM image of the as 
prepared gold nanoparticles. The nanoparticles are spherical 
in shape and are uniformly distributed as typical of citrate 
synthesis. Their size distribution is remarkably narrow and is 
within 16±2 nm. Lattice resolved image of an individual gold 
nanoparticle is given in Figure 5B. A lattice spacing of 2.35 Å 
is seen, which corresponds to the (111) plane of gold. Multiple 
twinning is evident. Figure 5C shows a large area image of 
mercury treated gold nanoparticles. The nanoparticles are of 
varying sizes and there is a large distribution. The image 
shows several larger particles being surrounded by smaller 
particles. It appears that the larger particles are undergoing 
Ostwald ripening. Figure 5D shows the lattice resolved image 
of an individual mercury treated gold nanoparticle. The 
nanoparticle exhibits a lattice spacing of 2.24 Å, which 
corresponds to the (101) plane of Au

3
Hg alloy. No core-shell 

morphology is seen and it appears that the product formed 
is a continuous phase. It is clear that the ionic shell formed by 
the protecting group is disturbed due to Hg uptake, which 
contributes to the fusion of the particles. 

SEM images of mercury treated gold nanoparticles were 
taken for understanding the morphology. Figure 6A and 
Figure 6B are the large area SEM images of mercury treated 
gold nanoparticles. The image shows that some particles are 
very large in size and are distributed randomly. The 
morphology of the particles is different and they possess a 
thin surface layer which may be due to the presence of 
mercury. Elemental maps of Au and Hg overlaid on Si (from 
glass substrate) are shown in Figures 6C and 6D, respectively. 
From the elemental analysis it is clear that gold and mercury 
are equally distributed in the particles. The uniform 
distribution of gold and mercury may be due to the amalgam 
formation. This is supported by the TEM measurements as 
well. Figure 6E shows the EDAX spectrum of the particles in 
Figure 6B. Inset gives the composition. From the figure it is 
clear that the nanoparticles formed are gold-mercury 
bimetallic alloys and their distribution is nearly uniform. Si 
and Sn are due to the substrate used. 

XRD analysis shows the existence of Hg and Au
3
Hg in the 

treated sample. The XRD pattern of gold nanoparticles  
which exhibits all the peaks expected for gold [41] at 38.17°, 
44.38°, 64.57°, 77.56° and 81.72° in 2θ. The peaks 
correspond to gold (111), (200), (220), (311) and (222)  

planes, respectively. The XRD pattern of mercury treated gold 
nanoparticles show peaks at 35.62°, 37.47°, 40.44°, 52.59°, 
63.74°, 69.64°, 76.51°, 78.37° and 79.94° in 2θ. The peaks 
correspond to (100), (002), (101), (102), (110), (103), (112), 
(201) and (004) planes of Au

3
Hg [42]. The peaks observed at 

31.64°, 39.01°, 66.09° and 83.81° in 2θ correspond to the 
(110), (101), (220) and (202) planes of Hg-tetragonal [43]. 
The inconsistency between the EDAX and XRD data appear to 
be because XRD samples a much larger area. 

From the XRD pattern and HRTEM analyses of gold 
nanoparticles and mercury treated gold nanoparticles the 
mechanism of mercury removal by gold nanoparticles can be 
attributed to amalgamation between mercury and gold. This 
can be modeled as follows:

The addition of sodium borohydride to mercury 
contaminated water results in the formation of elemental 
mercury:

HgCl
2
(aq) + 2NaBH

4
(aq) + 6H

2
O(l) ➝ Hg(l) + 7H

2
(g) 

+ 2B(OH)
3
(aq) + 2NaCl(aq)   (1)

The elemental mercury combines with gold to form 
amalgam as per the Eq. 2.

Hg(l) + 3Au(s) ➝ Au
3
Hg(s)  (2)      

Detection and removal of boron
The concentrations of boron detected in the treated water 
collected from columns tested with 1.0 and 2.0 mg/L mercury 
are below 0.5 mg/L, the permissible limit set by WHO [6].  
Figure 7A shows the absorption spectra of samples collected 
from column outlets tested with 1.0 and 2.0 mg/L mercury. 
Trace ‘a’ and ‘b’ are for 1.0 mg/L and 2.0 mg/L samples, 
respectively. These spectra do not have the absorbance of 
boron complex at 425 nm and it exactly matches with the 
blank spectrum. This is a clear indication of the absence of 
boron in the sample. Figure 7B shows the absorption spectra 
of the supernatant collected using magnesia as an adsorbent 
for boron removal. Trace ‘a’ is the absorption spectrum of the 
sample taken for the experiment and it shows a concentration 
of 3.5 mg/L. Trace ‘b’ is the absorption spectrum of the 
supernatant collected after one hour treatment with 
magnesia. It shows a drastic fall in concentration to 0.5 mg/L. 
Traces ‘c-g’ are collected after each one hour and they show 
a concentration below 0.25 mg/L. Traces ‘h’ and ‘i’ are 
collected after 12 and 24 hour, these also lack 425 nm 
absorbance and it indicates that there is no leakage of boron 
from the adsorbent. The inset of the figure shows the plot of 
absorbance versus time.

Inorganic mercury contamination in water is a crucial 
problem that people in the developing countries are facing. 
The proposed method is very effective for the complete 
removal of inorganic mercury from water. Hg(II) does not 
work with our adsorbent and has to be converted to Hg(0) 
before the treatment. Introduction of an additional reagent 
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into water for the removal of a pollutant is a limitation of the 
study, but we have found that the concentration of boron in 
the treated water is below the permissible limit set by WHO 
and Indian standards [6, 8]. We have also studied the 
effectiveness of magnesia as an adsorbent for boron. We see 
that 3500 L of 1 mg/L mercury can be treated with 1 kg 
adsorbent, amount of gold required in it is only 738 mg. The 
cost of production of the adsorbent is low and it can be 
applied economically for the development of water 
purification systems. The expected cost for removal of 1 mg 
mercury is around 2.5 cents (major cost component is the 
cost of gold salt), which can be significantly brought down 
through careful gold recycling. The adsorbed mercury is 
mainly in the form of amalgam, and thus it is stable. The gold 
used can be recovered efficiently and the mercury can be 
disposed off without recontamination. 

 Conclusions

Gold nanoparticle supported on alumina is an excellent 
system for the removal of Hg(0) from water. Adsorption 
capacity was studied using a column experiment and was 
monitored using UV-vis spectroscopy. The time dependent 
removal was also studied. TEM and SEM analyses were used 
for understanding the morphology of the Au-Hg system. 
EDAX analysis and XRD confirmed the Au-Hg alloy formation. 
It was confirmed by control experiments that pure alumina 
alone is unable to remove mercury from water. Experiments 
revealed that the concentration of boron in the treated water 
is below the maximum permissible limit set by the WHO. The 
chemistry of metal-alloying presents a novel approach for 

sequestration of heavy metals. While we have studied the 
removal of mercury from drinking water, this study can be 
extended to the extraction of mercury from other sources 
such as industrial waste water. 
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(A) UV-vis absorption spectra for the detection of boron in treated water collected from columns tested with 1.0 and 2.0 mg/L mercury 
concentrations. Trace ‘a’ is for 1.0 mg/L and trace ‘b’ is for 2.0 mg/L, respectively. (B)UV-vis absorption spectra of the supernatant collected from 
magnesia as an adsorbent. Trace ‘a’ is the absorption spectrum of the sample taken for the experiment. Trace ‘b’ is the absorption spectrum of the 
supernatant collected after one hour, traces ‘c-g’ are the spectra collected at 2, 3, 4, 5 and 6 h, respectively. Traces ‘h’ and ‘i’ are collected after  
12 and 24 h, respectively. Inset is the plot of absorbance versus time

Figure 7
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