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ABSTRACT
Release of mercury (Hg) from many industrial facilities, including oil and gas
processing industries, is a serious environmental concern for many countries including
Qatar. Conventional adsorbents are widely used to remove Hg from solution, but it can
be released when conditions change (e.g., pH, ORP, competing ions). An alternative is
to employ reactive adsorbents that not only remove Hg, but react with it to produce
stable forms of Hg that will not be released. Iron sulfides such as iron disulfide
(mackinawite, FeS) and iron monosulfide (pyrite, FeS2) are used as reactive
adsorbents. X-ray photoelectron spectroscopy (XPS) shows that after contact with Hg(II)
for 30 days, there is little evidence that Hg(II) was being reduced by interaction with the
pyrite surface, while mackinawite exhibits the presence of Hg(I) in addition to Hg(II).
This indicates possible formation of precipitates such as HgS or Hg2S. In addition, this
study evaluates two configurations of RAM: a reactive adsorbent-coated sand (RACS)
system and a reactive adsorbent layer (RAL) system. For RACS, nano-particulate iron
sulfides (FeS and FeS2) were coated onto sand particles through a polymer-based
interlayer or by electrostatic attraction. For RAL, the nanoparticles formed a reactive
layer on an ultrafiltration membrane.
1. INTRODUCTION
Mercury has been considered to be a global contaminant of significant concern for
centuries due to its high toxicity and bioaccumulation via the aquatic food chain, which
seriously affects natural ecosystems and human health.
Mercury released to the environment via wastewater discharges is a major concern in
Qatar and worldwide. Of significant concern in oil and gas producing countries like
Qatar are wastewaters containing mercury that are discharged from oil and gas
processing. Fuel oils contain trace amounts of mercury which occurs naturally in crude
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oils at levels that are highly variable and can depend on the specific source of the oil.
These concentrations range from 0.007 to 30 ppm, with a typical value being 3.5 ppm
(EPA 1989, EPA 1993). When crude oil comes into contact with water, much of the
mercury in the oil will be transferred into the water phase. Production of crude and
natural gas also produces water and this “produced” water will have a variety of
contaminates including mercury. Therefore, produced water should be purified before
being discharged into the environment. For oil production and refinery applications,
mercury is very problematic metal to remove in the purification of industrial wastewater.
According to Pearson’s hard and soft acid-base theory, it is generally known that
Hg(II) has a high affinity for ligands containing reduced sulfur, because Hg(II) is a soft
Lewis acid that will react strongly with a soft Lewis base, such as thiol functional groups
(Stumm et al. 1995). So, the formation of an insoluble solid phase (HgS) with sulfide
has been the basis for the most common treatment method for removing mercury from
industrial wastewaters. However, it is hard to remove HgS particles formed in
wastewater containing NOM and sulfur ions. If soluble Hg(II) were to react with
preformed iron sulfide particles, then the formation of HgS on the surface could lead to
much lower mercury concentrations in solution (Behra et al. 2001, Brown et al. 1979,
Watson et al. 2001, Watson et al. 1995) and particles that can be removed by filtration.
Bower et al (2008) used XPS analysis to show that an ordered monolayer of monodentate Hg-Cl complexes was formed on the surface of pyrite contacted with Hg(II) in
batch and column systems (Bower et al. 2008). Columns packed with mixtures of
macro-scale pyrite and pure quartz sand showed a great retardation of Hg(II) (Bower
2008). Safe disposal of final residuals from these treatment processes requires further
study to evaluate the long-term ability of the iron sulfides (FeS and FeS2) to bind
mercury. Also, using iron sulfide nanoparticles as reactive adsorbents would further
maximize Hg removal efficiency because of the increased surface area of the smaller
particles. To use such small particles in water treatment, methods must be developed
that allow good contact with the water being treated, but do not allow the particles to be
released after becoming loaded with mercury.

2. Results
2.1. Previous relevant work
Research on removal of Hg(II) using nano-scaled reactive adsorbents (FeS and
FeS2) began in our laboratories in the past. Laboratory experiments were conducted to
develop synthesis methods for reactive adsorbents, to evaluate their ability to remove
Hg(II), and to retain it as pH was changed. The results of these batch experiments
showed that the nano-scaled reactive adsorbents (FeS and FeS2) were successfully
synthesized, had high sorption capacity, and exhibited a high tendency to retain
contaminants in the solid phase.
Figure 1 shows that the pyrite synthesized by the hydrothermal method has a
highly regular rectangular morphology with particle sizes between 100 and 1000 nm.
XRD analysis (not presented) showed a diffraction pattern that identified the particles
as crystalline pyrite. Figure 2 shows a SEM image (left-hand side), which indicates that
the FeS (mackinawite) synthesized by natural aging has particle sizes below 100 nm.
The middle picture shows the TEM images and the right-hand side picture shows the

diffraction pattern for a selected area on the mackinawite surface. The TEM results
show particle sizes generally below about 100 nm and that mackinawite is composed of
a mixture of poorly-crystalline and well-crystalline particles. The presence of a mixture
is indicated by regions without rings and regions with diffuse and weak rings, including
distinct spots.

Fig. 1 Surface Characterization of synthetic nanoparticulate FeS2 (pyrite) using
hydrothermal method. Figure on left is SEM, figure in middle is TEM, figure on right is
diffraction pattern.

Fig. 2 Surface characterization of synthetic nanoparticulate FeS (mackinawite) using
natural aging method. Figure on left is SEM, figure in middle is TEM, Figure on right is
diffraction pattern.
2.2 Preparation contact system for Hg(II) removal
Configuration of RACS system:
Figure 3 shows schematic diagram of RACS using two different coating methods
(polymer-based coating and electrostatic interaction-based coating) for RAM process. If
the RACS system is employed as a treatment process, these contaminants can be
removed by adsorption to nRA and then converted by surface reaction to stable forms,
so that the solid-phase residuals can be safely disposed to landfills. While treating Hg
by RACS, however, Hg-loaded nRA could detach from solid support media. To
overcome this problem, the RACS system is combined with a UF membrane system.

Fig. 3 Schematic diagram of reactive adsorbent coated support (RACS) using
polymer-based coating and electrostatic interaction-based coating.
Configuration of RAL system:
Figures 4 and 5 show schematics for different types of RAL. RAL-DF uses dead-end
filtration and RAL-CF uses cross-flow filtration.

Fig. 4 Schematic diagram of reactive adsorbent layer (RAL) system using stirred deadend filtration (DF): 1. Ultrafiltrate, 2. RAL-DF, 3. Pressure supply, 4.Selector valve, 5.
Inlet, 6. Outlet, 7. Feed liquid, 8. Reservoir (Millipore Co).

Fig. 5 Schematic diagram of reactive adsorbent layer crossflow filtration system
(RAL-CF) using cogent μScale tangential flow filtration (TFF) device (Millipore Co.):
Red arrow indicates flow of circulation (Millipore Co).

Previous results using batch experiments demonstrated the feasibility of using nRA to
remove Hg, but did not examine how they could be applied in continuous flow systems.
For such systems to become practical water treatment processes, they must be able to
provide good contact between nRA and the water being treated, while avoiding loss of
nRA with the treated effluent.
Experiments were conducted to evaluate one potential method of contacting nRA with
wastewater, i.e. the reactive adsorbent-coated support (RACS) system. The type of
RACS system investigated was one in which pyrite particles would be attached to the
surface of sand support media using electrostatic forces. The resulting nRA-sand
particles would be used in a packed bed. Figure 6 shows the results for zeta potential
measurements of DI-washed sand, acid-washed sand and synthetic pyrite. These
results indicate that if the pH of mixtures of pyrite and sand is adjusted to below pHzpc
(~7.7), the pyrite will be attracted to the surface of sand particles by electrostatic forces.
Similar results with FeS have been reported by other researchers (Han et al.).
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Fig. 6 Measurements for zeta potentials of distilled water (DI)-washed sand, acid (6Nacid)-washed sand and pyrite

Fig. 7 SEM images of (1) acid-washed sands (2 mm scale), (b) one granule of acidwashed sands (100 µm scale), (c) pyrite-coated sands (2 mm scale), (d) one granule of
pyrite-coated sands (30 µm scale)
An experiment was conducted to evaluate the ability of sand to attract pyrite particles
by electrostatic attraction. The experimental conditions employed were pH 7, 5 g of
pyrite, 100 g of sand, 2 L of water, and 3 days aging time. The choice of pH 7 is based

on the result of zeta potential measurements for sand and pyrite (Figure 6). Figure 7
shows that parts, but not all, of the sand surface were covered by pyrite, which
indicates that electrostatic forces can bind pyrite to sand, but that the process is
sensitive to experimental conditions such as pH, weight ratio of pyrite and sand, aging
time. This result shows that the approach of using electrostatic attraction can result in
surface binding of pyrite on sand, but that experimental conditions need to be optimized
to effectively use the sand surface.
CONCLUSION
Our laboratory has developed the concept that particulate iron sulfides (FeS and FeS2)
can successfully remove mercury through reacting with them to form stable residuals
such as solid precipitates. This study showed one of contact systems using
electrostatic-attraction method between desert sand and pyrite. Although this study is
just starting to conduct the experiment, the results provide the evidence of potential
application in the engineered contact system for Hg removal.
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