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Abstract

The Hg® vapor adsorption experimental results on a novel sorbent obtained by impregnating a commercially available activated
carbon (Darco G60 from BDH) with silver nitrate were reported. The study was performed by using a fundamental approach, in an
apparatus at laboratory scale in which a synthetic flue gas, formed by Hg® vapors in a nitrogen gas stream, at a given temperature
and mercury concentration, was flowed through a fixed bed of adsorbent material. Breakthrough curves and adsorption isotherms were
obtained for bed temperatures of 90, 120 and 150°C and for Hg® concentrations in the gas varying in the range of 0.8-5.0 mg/m?3. The
experimental gas-solid equilibrium data were used to evaluate the Langmuir parameters and the heat of adsorption. The experimental
results showed that silver impregnated carbon was very effective to capture elemental mercury and the amount of mercury adsorbed by
the carbon decreased as the bed temperature increased. In addition, to evaluate the possibility of adsorbent recovery, desorption was
also studied. Desorption runs showed that both the adsorbing material and the mercury could be easily recovered, since at the end of
desorption the residue on solid was almost negligible. The material balance on mercury and the constitutive equations of the adsorption
phenomenon were integrated, leading to the evaluation of only one kinetic parameter which fits well both the experimentally determined

breakthrough and desorption curves.

Key words: mercury; carbon; MSW incinerators; adsorption; desorption; silver nitrate

DOI: 10.1016/S1001-0742(10)60528-1

Citation: Karatza D, Prisciandaro M, Lancia A, Musmarra D, 2011. Silver impregnated carbon for adsorption and desorption of
elemental mercury vapors. Journal of Environmental Sciences, 23(9): 1578-1584

Introduction

Mercury is present in the combustion flue gas either
as elemental mercury (Hg®), or in the oxidized form as
mercuric oxide (HgO), mercuric chloride (HgCl,) and
mercurous chloride (Hg,Cl,) (Ghorishi and Gullett, 1998).
In flue gas from municipal solid waste (MSW) incinerators
mercury is mainly found as HgCl, (Pacyna et al., 2006)
since there is a relatively high concentration of HCI; while
elemental mercury is the prevailing form in emissions from
coal combustion processes, due to the reducing properties
of SO, (Pacyna et al., 2006; Schager, 1990).

Among mercury removal treatments, the advantage of
dry adsorption processes is that they do not bring about
the problem of treatment and stabilization of the waste
liquid streams; therefore they seem very attractive for coal
combustors and hazardous/municipal waste incinerators.
Moreover, mercury control devices must account for dif-
ferences in system specific concentration and speciation
(Hg or Hg?"). The best available technology (BAT) to
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reduce these emissions is considered to be fabric filters
in combination with dry or wet adsorption methods (Eu-
ropean Commission, 2003). Particularly, activated carbon
adsorption is a technology that offers a great potential for
the control of gas-phase mercury emissions (Yan et al.,
2004). However dry adsorption, although being considered
more environmental friendly than the wet process, has
the disadvantage of the need for exhaust solid disposal.
Therefore, the possibility of realizing an adsorption pro-
cess followed by a desorption unit with the consequent
sorbent recovery, appears to be very interesting.

In the last two decades, the need to develop effective
mercury control technologies and the attractive features of
adsorption processes led researchers to focus their efforts

on the evaluation of the adsorption kinetics and sorbent
capacity of many different solid sorbents, particularly acti-
vated carbons (ACs). It has been demorstrated that several
factors potentially affect the efficiency ¢f these sorbents in
mercury removal from flue gas; these ificlude the mercury
speciation in flue gas; the flue gas comppsition and process
conditions (e.g., flue gas temperature, |particulate~eontrol
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equipment). These studies showed that: the elemental
mercury is more difficult to beadsorbed than the oxidized
form (Schager, 1990; Chang and Offen, 1995; Karatza et
al., 1996a,1996b); the sorbent adsorption capacity spans
over a wide range by changing the ACs (Ghorishi and
Gullett, 1998; Yan et al., 2004; Karatza et al., 1996a,
1996b), and in general, the lower the temperature and SO,
concentration the higher the adsorption capacity (Gullett
and Jozewicz, 1993; Krishnan et al., 1994; Karatza et al.,
2000; Presto and Granite, 2007).

Moreover, studies devoted to reach a deeper insight
of adsorption phenomena onto different ACs, often op-
portunely modified to increase their adsorption capacity,
suggest the following: the higher the specific surface the
higher the adsorption capacity (Yan et al., 2004), oxygen
surface complexes, lactone and carbonyl groups, are the
favourite active sites for Hg® capture (Li et al., 2003), some
additives e.g., Na,S, CuCl,, Co304, MnO, and CuCoOy,
added to the carbon by impregnation process, may have a
positive effect on the metal mercury capture (Karatza et al.,
2003; Lee et al., 2008; Mei et al., 2008).

Despite the large amount of work has been conducted
to evaluate the best operating conditions to capture the
mercury present in the flue gas, the kinetic and thermo-
dynamic values which characterize adsorption are scarce,
and the studies on mercury desorption by exhaust sorbents
are lacking. It is worth noticing that mercury desorption is
relevant either to recover the mercury and to detoxify the
adsorbing material in order to avoid its stabilization before
landfilling or to allow its reuse.

The main goal of the present article is then to inves-
tigate the elemental mercury adsorption and desorption
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behaviors by using a silver nitrate impregnated carbon,
with the aim of determining the adsorption and desorption
mechanism with kinetic and thermodynamic parameter
estimation.

1 Materials and methods

Experiments were performed using the laboratory scale
apparatus shown in Fig. 1. In this apparatus the gas stream
at the required temperature and Hg® concentration was
produced, and the capture of mercury vapors, on a fixed
bed of adsorbent material, was performed.

The gas stream was obtained by evaporating liquid
mercury contained in a thermo stated glass saturator into
a stream of pure nitrogen. The saturator was made of a
horizontally placed string of 10 empty glass spheres with
30 mm ID, connected by short and narrow glass tubes
(about 1 mm ID, 5 mm in length), into which about
350 g of liquid mercury (reagent grade Hg from BDH
Inc., Canada) were deposited. This device allowed both a
relatively large gas-liquid contact area (over the spheres)
and a good mixing of the gas (in the tubes). The mass flow
rate of nitrogen into the saturator was kept constant by a
hot wire flow rate controller, and the Hgo concentration
in the gas stream fed to the reactor was controlled by
varying the temperature of the saturator and by diluting
the saturated stream in the junction with a stream of pure
nitrogen, the flow rate of which was controlled by another
hot wire flow rate controller. The diluted stream was fed
to a glass reactor containing sorbent. The reactor was 35
mm ID and 60 mm high, and was kept in a thermostated
oven equipped with a PID temperature controller. The
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Fig.1 Sketch of the experimental apparatus.
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adsorbing bed was made of 0.015 g of adsorbing particles
mixed with 3.0 g of 100 um glass beads as inert, and its
length was 4 mm. This arrangement was chosen with the
aim of avoiding channeling while keeping a small reactive
surface. Furthermore, to avoid losses of powder in the gas
stream, a downward flow was used in the reactor. Activated
carbon impregnated with silver nitrate was used as sorbent.
Mercury adsorption results obtained with this untreated
carbon are exhaustively reported elsewhere (Karatzaet al.,
1996a). The impregnation of the carbon was obtained by
sinking the raw activated carbon into 30% (W/W) aqueous
solutions of AgNO3 and then by drying the filtered solid.
The resulting AgNO; concentration over the solids was
40% (W/W). The bed material properties prior and after
the impregnation are reported in Table 1. Preliminary tests
(absorbing the outlet gas in aqueous solution with diluted
nitric acid) have shown that oxidized mercury is absent,
therefore mercury oxidizing reactions do not occur and the
mercury is present in the elemental form (Hg®) only.

Table 1 Darco G60 bed material properties

Darco G60 with
AgNOj3 impregnation

Darco G60 without
impregnation*

Bulk density (kg/m?) 450 728
Average diameter (m) 3.50 3.93
BET surface area (m%/g) 230 183

* Karatza et al., 1996a.

Adsorption and desorption experiments were conducted
at different temperatures (7)) of the fixed bed and at
different Hg® concentrations in the inlet stream fed to the
bed (Cp), while the gas-solid relative velocity was fixed in
all runs. In particular, Cy ranged from 0.8 to 5.0 mg/m?
and three temperatures were investigated: 90, 120, and
150°C, while the gas flow rate was kept at about 7.22
%1075 Nm?/sec, which corresponds to a gas superficial
velocity of 7.52x1072 m/sec. The adsorption experiments
were performed using fresh solids and were protracted
until the outlet mercury concentration became equal to
the inlet concentration. At this time the bed material is
at thermodynamic equilibrium with the gas phase and no
more mercury is transferred from gas to solid phase. These
conditions were kept constant for about an hour, then the
inlet mercury concentration was set to zero and desorption
of the mercury adsorbed on the bed began. Desorption
conditions were continued until the outlet mercury concen-
tration approached zero. Additional runs were performed
to evaluate the gas-solid adsorption isotherms; these runs
were performed in the same way as adsorption runs but
they were stopped before starting desorption, i.e. when gas
and solids reach the thermodynamic equilibrium.

The Hg® concentration in the outlet gas stream from
the reactor was determined as a function of time, by
using the mercury continuous analyzer MONITOR 2000
by Seefelder Messtechnik (Germany). After each run the
mercury on the bed material was measured by leaching the
solids with aqua regia (HNO3 + 3HCI) and then analyzing
the solution by means of Cold Vapor Atomic Absorption
(CVAA, Quantitech Ltd., England), using NaBH, as re-

ducing agent. A difference not larger than 8% was found
in the mercury material balance.

2 Results

Figure 2 presents the adsorption and desorption ex-
perimental results at 90, 120, and 150°C. The mercury
outlet concentration, experimentally measured, in the ad-
sorption and desorption runs versus time is shown in
Fig. 2. For the sake of clarity, 7, stands for adsorption
time and 74 stands for desorption time. The outlet mercury
concentration, referred to the adsorption run, is reported
in dimensionless form (C.y/Cp) as the ratio between the
outlet and the inlet mercury concentration (breakthrough
curves). Similarly the outlet mercury concentration, re-
ferred to the desorption run, is reported as Coy/Cp, in
this case Cy is the gas concentration used to saturate the
bed. Data in Fig. 2a refer to runs performed keeping the
bed temperature constant at 90°C and using two different
values of inlet gas concentration: 0.78 and 4.73 mg/m?.
The mercury outlet concentration continuously increases
with time approaching the saturation (Cqy/Co = 0.95) in a
time (¢,) which depends on Hg® concentration in the gas
phase. In particular, with increasing Hg® concentration in
the gas phase from 0.78 to 4.73 mg/m?, ¢, varies from 0.46
to 0.10 hr. The amount of mercury adsorbed per unit of
carbon (wy) calculated at #;, is very large in comparison
with other sorbents (Seigneur et al., 2004; Karatza et al.,
2000) and with the same untreated carbon (Karatza et al.,
19964a), and it also depends on Cj being ws = 0.0019 for
Cy=0.78 mg/m3, and w = 0.0032 for Cy = 4.73 mg/m3.
The desorption experimental results reported in Fig. 2a,
for the corresponding adsorption runs, show that the Hg°
concentration in the gas phase continuously decreases
approaching zero (Cou/Co = 0.05) at a time () equal to
0.4 hr for Cy = 0.78 mg/m?® and 0.14 hr for Cy = 4.73
ug/m?, these time is shorter than ;. The amount of mercury
remaining over the sorbent, at ¢, is close to zero suggesting
that all the adsorbed mercury can be easily desorbed.

Results in Fig. 2b, ¢ at 120°C and 150°C are similar
to those in Fig. 2a. In particular, at 120°C, #; is 0.26 hr
when Cj is 0.79 mg/m3 and it decreases to 0.09 hr as Cy
increases to 4.60 mg/m3; while at 150°C and ¢ is 0.14
hr when Cy is 0.77 mg/m3, and it decreases to 0.05 hr
as Cy increases to 4.95 mg/m3. The amount of mercury
adsorbed by the solids when it approaches the saturation
significantly decreases as the temperature increases, in
particular at 120°C, wj is equal to 0.0009 and to 0.0018 for
the two Hg® concentrations in the gas phase and it further
decreases at 150°C, reaching the values of w; = 0.0003
and of wg= 0.0009. The behavior of the material during
the desorption runs at 120 and 150°C is similar to that

observed at 90°C; in particular, at 12(02C——is—0-2-hrfor—

Co = 0.79 mg/m? and 0.12 hr for Cy = 4.6 mg/m?; while at
150°C ¢, is 0.1 hr for Cy= 0.77 mg/m?> apd 0.05 hr for Cy =
4.95 mg/m>. In the both runs the residfial mercury on the
solids is practically zero.

As regards for sorbent recovery, thede are very encour=
aging results: the use of an expensive adsorbent material
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Fig.2 Adsorption and desorption experimental runs performed at 90°C (a), 120°C (b), and 150°C (c). t,: adsorption time; #4: desorption time; fs:
time for approaching saturation in adsorption runs; #: time for approaching zero concentration in desorption runs; Cy: initial concentration, Coy: outlet

concentration.

such as activated carbon impregnated with silver nitrate,
is cost-effective because the sorbent can be re-utilised,
since at the end of desorption the residue on solid is
almost negligible. It is worth noticing that the desorption
mechanism is also very fast if compared to other sorbents.
In detail, previous experiments carried out with sulfur
impregnated activated carbon at 120°C (Karatza et al.,
2000) showed that the Hg® concentration in the gas phase
continuously decreased approaching zero (Coyu/Co = 0.05)
at a time (#;) equal to about 0.4 hr for two different
values of inlet gas concentration (2.24 and 3.93 mg/m?),
so from two to four times higher than with respect to the
t, values obtained in the present work with silver nitrate
impregnation.

The amount of mercury found on the solid at saturation
(w") represents the adsorbate loading in thermodynamic
equilibrium with the gas phase at concentration C*. For

each temperature, values of w* obtained for different con-
centrations of the gas stream give the adsorption isotherms.

Figure 3 reports the adsorption isotherms for the three
temperatures of 90, 120, and 150°C. These isotherms are
of the favorable kind, and they show that the higher the
temperature the lower the adsorption capacity, confirming
the exothermic nature of the adsorption process under
consideration.

By using the well known Langmuir isotherm, the rate of
the process can be expressed as the difference between the
adsorption rate and the desorption rate therefore the overall

rate is expressed by the following Eq. (]):
r = ki(Wmax — W) — kw ey

where, ¢ (mol/m?) is the Hg” concerjtration in the gas
phase, w (dimensionless) is its concentfation as adsorbate
on the solid, wmax is the asymptotic jadsorbate((concen-



http://www.jesc.ac.cn

1582 Journal of Environmental Sciences 2011, 23(9) 1578-1584 / Despina Karatza et al. Vol. 23
5.0F following Eq. (3) (Rhee et al., 1986):
i o 9cC
O 120C
4.0 AH
<& 150C K = Kpexp (_Wad%) 3)
) 8
) _——
S where, K is the pre-exponential factor and H g4 is the heat
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Fig.3 Adsorption isotherms for activated carbon impregnated with
AgNO:s.

tration, and k; and k, are the kinetic constants of the
adsorption and of the desorption reaction, respectively. At
equilibrium (r = 0) this rate equation leads to the Langmuir
isotherm:

Kc*
1+ Kc*

W' = Wmax 2
where, K = k /k, is the equilibrium constant.

The equilibrium data of Fig. 4 were used to evaluate
the Langmuir parameters as a function of the temperature.
Using a nonlinear regression technique these parameters
were estimated; all the experimental runs were replicated,
so that the experimental error variance could be estimated;
the average values are reported in Table 2.

The Langmuir isotherms obtained on the basis of the
values of Table 2 are also included in Fig. 3 (continuous
lines). The values reported in Table 1 show that both K and
wmax decrease when temperature increases. In particular,
in agreement with the physical meaning of the equilibrium
constant K, it is possible to hypothesize a dependence on
the temperature of the Arrhenius type, according to the

Table 2 Langmuir (K, wmax) and kinetic constants (k1, k) for Darco
G60 activated carbon impregnated with AgNO3

TK) Km/®)  omx ki m*/(gsec)) ko (sec™!)
363 2470 346x 1073 45 6.00 x 1073
393 1230 207%x1073 32 2.60 x 1073
423 750 1.34 x 1073 3.0 1.21 x 1073
100k
| O k g—E —&
sof €k
o
E
-«: — —O— —
= 00
5.0 o— o
I—
I
ST X ) A R SR | P I
2.0 22 2.4 2.6 2.8 3.0
1T (x 10°K™)

Fig. 4 Values of thermodynamic and kinetic constants as a function of
temperature.

obtained using Eq. (5) with Ky = 0.531 m3/g and AH,q
= —25.4 kJ/mol, are reported in Fig. 4 in the form of an
“Arrhenius” plot.

The values of the kinetic constants k; and k, can be eval-

uated from the experimental breakthrough and desorption
data, considering a balance on Hg’ adsorbed in the bed.
Indicating the axial coordinate in the bed as x and the time
as t, it is:
V% +8%+pb66_c;):0 )
where, V is the superficial velocity of the gas, € is the
external void fraction of the bed, and py, is the bulk
density of the adsorbent particles. This balance equation
must be associated to a constitutive equation for the rate
of accumulation on the solid: neglecting the diffusional
resistances (see Appendix) and considering Eq. (1), the
constitutive equation can be expressed as follows:

o

i ki (Wmax — w) ¢ = kow (5)

Equations (4) and (5) describe both adsorption and
desorption and they have to be integrated subject to the
following boundary conditions for the adsorption:

t,=0; 0<x<L; ¢c=0;, w=0 ©)
t,>20;, x=0;, c=c¢g

while for the desorption the boundary conditions are:
ta=0;, 0<x<L; ¢c=0;, w=0 7
t3>0; x=0;, c=cp

The system of Eqs. (4) and (5) with the boundary
conditions (Egs. (6)-(7)) was solved by using the analyt-
ical method proposed by Rhee et al. (1986). Using the
experimentally determined values of K and wy,y for the
different temperatures, the Hg® concentration profiles both
in the gas and on the solid phase could be obtained as a
function of time. A comparison between the model and
the experimental results was possible in terms of Coy,
which can easily be obtained from the solution of Eqgs.

(4) and (5). It is important to undertine that the onty
parameter in these equations is kj, wllich was estimated
by fitting model calculations to experjmental adsorption
and desorption values. Values of k;, togg¢ther with values of
k», are reported in Table 2. These valuds are in agreement
with the physical meaning of such paragneters, indeed they
must be independent on the Hg? inlet cpncentration to'the
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adsorbing bed, while they have to increase (Arrhenius law)
with the temperature, and considering the exothermicity of
adsorption their ratio have to decrease with temperature.
Furthermore, in order to highlight the comparison between
model and experimental results adsorption and desorption
curves calculated using the values reported in Table 2 are
also included in Fig. 2 (continuous lines). This comparison
shows that both adsorption and desorption curves well fit
the experimental data, this is worth of note considering that
a single-parameter model is able to describe adsorption and
desorption data.

3 Conclusions

The research results presented in this article have been
obtained by using a fundamental approach to study the
adsorption and desorption of elementary mercury vapors
on a commercially available activated carbon (Darco G60
by BDH), impregnated with 40% silver nitrate. Laboratory
scale experiments were performed on a fixed bed of ad-
sorbent material; test conditions included variation of Hgo
concentration and of bed temperature. The experimental
results showed that such a carbon is very effective to
capture elemental mercury and the amount of mercury
adsorbed by the carbon decreases as the bed temperature
increases. Desorption runs showed that both the adsorbing
material and the mercury can be easily recovered, since at
the end of the desorption the residue on solid is almost neg-
ligible. As to sorbent recovery, these are very encouraging
results: the use of an expensive adsorbent material such as
activated carbon impregnated with silver nitrate, is cost-
effective because the sorbent can be re-used. The study
also highlighted that the desorption mechanism is very fast
if compared to other sorbents. Eventually, adsorption and
desorption curves are properly described by a model based
on kinetic control (see Appendix), that has one parameter
whose physical meaning is the adsorption kinetic constant.

In conclusion, in this work kinetic and thermodynamic
parameters have been obtained. These parameters are es-
sential for the design of a full scale adsorption-desorption
unit. It is worth noticing that adsorption and desorption
runs have been carried out at the same temperature in
order to gain the kinetic constants, but the desorption
temperature could be opportunely modified for carbon
recovery optimization.
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Appendix

Relative rates of internal diffusion, external diffusion
and adsorption itself can be calculated by comparing the
experimentally observed relaxation time with the estimated
values for the internal and external diffusion time. While
from the analysis of the breakthrough curves (Figs. 2—4),
it can be derived that the relaxation time is in the order of
103 sec, the two diffusion times can be evaluated as:

tp = d/D? (AD)

where, tp is the internal or external diffusion time, d is a
characteristic length and D is the appropriate value of the
diffusivity. The external diffusion time (zp_ ) is:

ext

Ip., = 6%/Dugci, (A2)

where, Dygcy, i the gas phase diffusivity of HgCl, in
N, and 0 is the thickness of the external mass transfer
boundary layer. As to Dygcl,, Perry and Chilton (1973)
reported that the value of Hg? diffusivity in Ny is 1.3x1073
m?/sec at T = 273 K. Considering an exponent of 1.75 for
the dependence on temperature, this corresponds to Dy =
2.8x107> m?/sec at T = 473 K, a value that can be taken as
a fair approximation of the order of magnitude of Dygcy, .
In turn d can be estimated from the Sherwood number (Sh)
once he Reynolds number (Re) is known. In the present:

Re = GMd, /S (A3)

where, M is the molar weight of the gas, d; is the reactor
internal diameter, S is the reactor section area and G is the
gas viscosity (G= 2.3x107> kg/(m-sec) at T = 150°C and
p = 1 atm), so that it is Re = 3.33. Given this low value
of Re, it is reasonable to expect Sh = 2, and therefore
§ = d/2 = 1.97 um, which leads to 1p_, = 7x107° sec.

As far as the estimation of the internal diffusion time (p,,)
is concerned, the particle diameter d and the effective

intraparticle diffusivity D.g should be used. According to
Satterfield and Sherwood the order of magnitude of Deg
may be estimated by means of the following equation:

Defr = = (m) (A4)
where, g, is the internal porosity, defined as the ratio be-
tween pore volume and particle volume, 7 is the tortuosity
factor and the so called Knudsen diffusivity Dk, (expressed
in cm?/sec) can be estimated by means of the following
dimensional equation:

DKn = 9.700rp ﬁT/MHgCIZ

where, Mygc), is the HgCl, molecular weight (271.6
g/mol) and r, (cm)is the effective pore diameter. In turn
7p can be estimated as:

(AS)

=2 (A6)

rp = PpS

where, py, is the particle density.

The particle density of impregnated Darco G60 can be
estimated from its bulk density (o= 728 kg/m?): assuming
an external voidage of about 0.5 it is pp, = 1456 kg/m?;
furthermore, taking the true density of impregnated Darco
G60 p, as equal to 3600 kg/m?, it is obtained £,=0.60.
These two values give r, = 2.9x1077cm. In turn from r, it
is obtained Dy, = 3.7x1073 cm?/sec, and eventually, taking
a conservative estimate of 7 = 10, Deg = 2.2x10™* cm?/sec
is obtained which gives fp,, = > x107* sec.

The comparison between the experimentally evaluated
relaxation time (= 10 sec) and the two estimated diffusion
times (2107 sec and =10"* sec for the external and
the internal diffusion time, respectively) indicates that
the rate of the diffusional processes is much bigger than
the adsorption rate, and therefore the overall process is
controlled by the kinetics of adsorption itself.
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