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OBJECTIVE

The overall goal of this research program is to gain fundamental understanding of the important
chemistry and physics involved in mercury adsorption on carbonaceous surfaces.  This
knowledge will then be used to optimize adsorption processes and operating conditions to
maximize the uptake of mercury within the required contact time.  An additional long-term
benefit of this research is the basic understanding of the Hg adsorption process, which may
facilitate the design of new adsorbents for more efficient and cost-effective removal of Hg from
a variety of effluent streams.  Molecular modeling of the adsorption of Hg on carbonaceous
surfaces will greatly increase the insight into the physics of the adsorption process and combined
with in situ rate measurements of mercury adsorption and desorption (conventional and pulsed
laser) on graphite using linear and nonlinear optical probes with real time optical resolution have
the potential to provide fundamental insight into the process of mercury uptake by carbonaceous
surfaces.  Besides accurate assessment of key parameters influencing adsorption equilibrium,
fundamental understanding of the kinetics of mercury adsorption, desorption, and diffusion will
be developed in this study.  These key physical and chemical processes postulated through
molecular modeling efforts and verified by in situ measurements will be utilized to select (or
develop) promising sorbents for mercury control, which will be tested under dynamic conditions
using simulated flue gas.

ACCOMPLISHMENTS TO DATE

We are interested in studying the adsorption of mercury by activated carbon. In order to simulate
this procedure, we need accurate potentials for mercury-mercury and mercury-carbon
interactions. Recent studies of the adsorption of mercury on various materials have revealed a
deficit of knowledge about the interactions found between mercury atoms themselves and also
with the adsorbate. Pair interactions between the mercury atoms are most likely to dominate on
the surface of the adsorbate. Hg2 is a weakly bound molecule, which requires highly accurate



inclusion of both correlation and relativistic effects in order to reproduce the experimental
binding energy and equilibrium internuclear separation. Therefore, we have used a 20-valence
electron effective core potential (ECP) developed by the Stuttgart-Bonn group,1-3 which includes
both relativistic effects and spin-orbit coupling, in our ab initio calculations of Hg-Hg
interactions using Gaussian98.

We have extended the basis set to ensure that it is complete by adding diffuse and polarization
functions. We found that the critical test of convergence was the MP2 calculated dimer binding
energy corrected for basis set superposition error (BSSE) using the counterpoise correction
(CPC) method of Boys and Bernadi.5 As can be seen in Figure 1, the converged basis set is
(9s8p7d4f 3gh)/[6s6p4d4f 3gh]. Although the BSSE is shown to be large with these basis sets,
additional calculations with uncontracted basis sets indicate that the CPC binding energy is
accurate for this level of theory and that the source of the BSSE is the contraction of the s, p and
d shells. However, the calculated binding energy is almost three times as large as the
experimental value (0.043 eV). Therefore the inclusion of electron correlation effects in MP2
calculations is not sufficiently accurate to model the interaction of mercury atoms, and we have
used CCSD(T) methods to calculate the potential energy curve for the dimer.

We have explored the precision of a procedure in which the CCSD(T) calculations are carried
out with a small (9s8p7d3f )/[7s6p4d3f ] basis set and the effect of higher angular momentum
functions (f 3gh) is treated using Mφ ller-Plesset perturbation theory. (We refer to this as a ‘G2’-
type method.) The calculated binding energy (0.047 eV) and equilibrium separation (3.72 Å)
using this approach are in excellent agreement with experiment. We have fitted an interatomic
potential for two Hg atoms to CCSD(T) calculations of the dimer binding energy. A comparison
of our calculated potential with several potentials for Hg2 which are already in the literature is
shown in Figure 2. These potentials tend to overestimate the binding energy and underestimate
the equilibrium separation.

A variety of experimental properties, including the second virial coefficient, rotational and
vibrational spectroscopic constants, and vibrational energy levels, have been calculated using
this interatomic potential and overall agreement with experiment is good. The calculated
spectroscopic constants, in particular, show excellent agreement with experiment as shown in
Table 1.

We have also examined the importance of many-body effects between mercury atoms by
calculating the 3- and 4-body contributions to the energy for a 30 different geometries, including
equilateral triangle, linear and bent structures for Hg3 and tetrahedral structures for Hg4. These
indicate that the many-body contribution is increasingly significant. Figure 3 shows that the
three-body contribution to the binding for an equilateral triangle arrangement is strongly
attractive. We are currently in the process of fitting a functional form to these results for use in
our simulations of the mercury graphite system.

We have significantly advanced the experimental work in this project by completing the
construction of vacuum chamber for surface adsorption/desorption experiments with sample
manipulator that enables cooling to 90 K and heating to over 800 K at heating rates of up to 10
K/sec (Figure 4).  Additional features that were uniquely designed and constructed for this
experimental system include apertured temperature programmed desorption (TPD) spectrometer



and a differential reflectance (DR) spectrometer for real time monitoring of adsorption and
desorption.

We have demonstrated sub-monolayer sensitivity of TPD and DR to adsorption and desorption
on carbonaceous surface for a model system comprised of acetone and graphite.  Also, we have
successfully identified monolayer, bilayer and multilayer adsorption states from TPD and have
determined the heat of adsorption for the model system (Figure 5).  We have established linear
correlation between DR signal and TPD signal in sub-monolayer and multilyer regime (Figure 6)
and successfully used the in-situ, sub-monolayer sensitivity of DR to distinguish between
carbonaceous surface and sample support TPD spectral features.  We have recently initiated
mercury adsorption and desorption experiments that provide initial estimate of heat of adsorption
(Figure 7) and have established the sensitivity of DR to mercury adsorption on carbonaceous
surface.

PLANS FOR THE COMING YEAR

We plan to utilize the basis set we have developed for mercury in our cluster model calculations
of mercury with graphite. We will fit a mercury-graphite potential using a similar procedure to
the one we describe here. These potentials will then be used in simulations of the mercury-
graphite system and refined by comparison with experimental properties.

We will continue mercury adsorption/desorption experiments to establish complete correlation
between optical technique and temperature programmed desorption technique.  Efforts will be
made to determine adsorption energy of mercury on graphite, and whether different adsorbed
states, e.g., monolayer, bilayer and multilayer, exist.  We will establish the usefulness of optical
technique to probe adsorption/desorption of mercury under conditions where irreversible
adsorption does not occur i.e., at room temperature and above.  Final stages of the in-situ
microscopic investigations will focus on mercury adsorption/desorption experiments under
simulated flue gas conditions.

Following the convergence of the modeling efforts with in-situ microscopic measurements and
postulation of key surface properties of carbonaceous materials that are responsible for mercury
binding, we plan to examine the performance of virgin and surface modified graphite and
activated carbons as well as activated carbon fibers in a fixed-bed reactor to validate the
hypothesis established in the first part of the project.  Relative breakthrough profiles will be used
as basis to determine the suitability of particular surfaces to be used as effective mercury
scavangers.

STUDENTS: Seok-Joon Kwon, Ph.D. student in Environmental Engineering
Lindsey Munro, Post-Doctoral student in Chemical Engineering
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Table 1: Spectroscopic constants for the X0g
+ state of Hg2

Constant Hg potential Theory Experiment
De (cm-1) 379.15 430,9 37910 380 ± 15,11 350 ± 2012

re (Å) 3.72 3.84,13 3.7310 3.63 ± .0414

ωe (cm-1) 19.6446 1910 19.9 ± 0.5,11 19.7 ± 0.5,14 19 ± 212

ωexe (cm-1) 0.2265 0.26 ± 0.03,11 0.27,14 0.2512

ωeye (cm-1) -0.0023
ωeze (cm-1) 0.0000
Be (cm-1) 0.0122 0.0127 ± 0.000314

ae(cm-1) 0.0001

Figure 1: Effect of adding additional basis functions to the (8s8p7d)/[6s6p4d] basis set on
the MP2 binding energy of Hg2, where the atomic separation is 3.315Å. The SB basis set is
from the Stuttgart-Bonn group.4



Figure 2: Energy plots for some potentials from the literature: LJ potential6 is fitted to gas
viscosity data, (n,6) potential7 is fitted to gas viscosity, thermal conductivity and second virial
coefficient data, and Tang-Toennies form is fitted to spectroscopic and gas viscosity data.8 These
are compared with the potential we fitted to the results of CCSD(T) + G2 calculations.

Figure 3: Comparison of the two- and three-body contributions to the trimer binding energy of
three Hg atoms arranged in an equilateral triangle geometry. These energies were calculated
using the CCSD(T) + G2 method.



Figure 4. Vacuum Unit and Gas Line

Figure 5. TPD Spectrum of Acetone from Graphite at Low Exposure
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Figure 6. Correlation between DR Signal and TPD Signal

Figure 7 . TPD Spectrum of Mercury from Graphite
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