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Abstract—Cne of the promising technologies for reducing metals emission from the waste thermal process is
the capture of vapor-phase metals through the use of solid sorbents. This study investigated the use of natural
kaolinite for the removal of several volatile metals. The capture of cadmium and lead using a packed bed with
porous kaolinite of the size range 300-400 pm was effective. The capturing efficiency increased as the bed tem-
perature increased. The ratio of the sorption reaction rate to the diffusion rate varied on the 107 order of magni-
tude. This suggests that the resistance of the diffusion within the pores of kaolinite particles is not significant in
the selection of sorbent particle size for practice. The capturing mechanism for cadmium chloride is different
from that for lead chloride. Cadmium can be reactively scavenged by CdO-Al,(0,2810, as well as metakaolinite,
suggesting that a unit mole of metakaclinite can ultimately capture two moles of cadmium.
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INTRODUCTION

Incineration is a proven, commercially available technology
for the treatment of most organically contaminated waste. If
hazardous metals are also present, there 1s a potential for these
metals to emit. During incineration the hazardous metals in the
feed stream are partiioned between the bottom ash stream and
an off-gas stream containing entrained fly ash and vapors of
volatile elements or compounds. A further partitioning of the
off-gas stream takes place in the particulate emission control
devices that efficiently remove larger fly ash particles but are
less efficient for vapors and finer particles [Vidic et al., 1995].
A gignificant fraction of volatile compounds of hazardous met-
als like arsenic, cadmium, lead and mercury is emitted as va-
pors or fine particles [Palmer et al., 1988; Yang et al., 1996].
These emitted hazardous metals are respirable and therefore
present potential health hazard [Davidson et al., 1974]. Non-
volatile hazardous metals are released with the ash, which also
has to be appropriately conditioned for safe disposal.

One promising technology for reducing metal emission from
the waste thermal process 1s in-situ capture of vapor-phase met-
als through the use of solid sorbents. It has been suggested that
many volatile hazardous metals such as arsenic, cadmium, lead
and selenium can be reactively scavenged by inorganic sor-
bents [Baochun et al,, 1995; Ho et al, 1991, 1992, 1996, Ma-
huli et al,, 1997, Uberoi et al., 1989, 1990, 1991]. Injection of
powdered sorbents may be effectively used even if the per-
tinent condition still remains to be determined [Linak et al,
1991]. Passing through a high-temperature fluidized bed or fix-
ed bed of inorganic sorbents can also capture vapor-phase met-
al species in the flue gas [Ho et al,, 1992]. This high-tempera-
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ture reactive scavenging process is intriguing, since it suggests
that high-temperatures can be used for an environmentally friend-
ly purpose to isolate toxic metals rather than emit only environ-
mentally hostile metals by enhancing metals vaporization.

Many studies in this field completed to date have focussed
on the investigation of relative effectiveness of various inor-
ganic sorbents. Wouterlood et al. compared the effectiveness of
various sorbents for arsenic capture [Wouterlood et al., 1979].
Their study indicated that physical sorption of arsenious oxide
(As,0,) by carbon offered the most promising basis for remov-
ing that arsenic compound from the industrial flue gases at a
temperature about 200°C. At higher temperatures, however,
the amount of arsenic capture may decrease since thermody-
namic equilibrium aids the dissociation of physically sorbed
arsenic compounds. To tackle this problem, Mahul et al. and
Ghosh-Dastidar et al. investigated the effectiveness of mineral
sorbent for reactive scavenging of arsenic vapors and selenium
vapors at higher temperatures up to 1,000 °C [Ghosh-Dastidar
etal, 1996, Mahuli et al., 1997]. Comparisons with three other
mineral sorbents (kaolinite, alumina, and silica) showed that Ca
(OH), 1s the most effective for arsenic compounds (As,0,) and
selenium compounds (SeO,). Baochun et al. investigated a multi-
functional sorbent for the simultanecus removal of alkali va-
pors (NaCl and KC), hazardous metal vapor (PbCl,) and sulfur
vapor (30,) [Baochun et al., 1995]. This multi-functional sor-
bent used was a mixture of naturally occurring aluminium sili-
cate sorbent with lime. The proposed sorbent was effective in
simultanecus removal of the tested contaminants.

Uberoi et al. investigated the relative effectiveness of various
inorganic sorbents (silica, alumina, kaolinite, bauxite and em-
athlite) for cadmium and lead removal using a thermogravime-
tric reactor [Uberoi et al,, 1990, 1991]. Their investigation show-
ed that kachnmte was very effective for lead but less effective
for cadmium. After X-ray diffraction analyses of the metal-sorb-



Capture of Volatile Metals Using the Bed of Kaolinite 047

ed sorbents, they suggested the following overall reactions for
lead and cadmium capture on aluminum silicate sorbent:

ALO, 28i04PbCL+H,0 — PhO-ALO,2Si0,42HCL (1)
ALO,2810,4CdCLHLO — CdO-ALO,28I0,42HC1  (2)

This 1dea 1s useful for the control of lead and cadmium emission
due to the chlorinated waste combustion, since cadmium and
lead are the most typical hazardous metals of how chlorides are
more volatile than oxides of the same metal [U.S. EPA,, 1993;
Yang et al,, 1994, 1998].

Other approaches to exploiting the above 1deas are to inject
sorbent into a flow combustor and to use sorbent as a bed ma-
terial in fluidized combustor. Scotto et al. investigated the cap-
ture of vaporized lead by kaolinite injection in a 17 kW down-
flow combustor [Scotto et al., 1992]. In the absence of chlo-
rine, injection of kaolinite sorbents was extremely effective in
scavenging the lead vapor. Ho et al. studied fludized bed tech-
nology for metals emission control [Ho et al., 1991, 1992]. They
suggested the following three possible mechanisms for metal
capture when using inorganic sorbent as a bed material: vapor-
sorbent reaction, similar to that investigated by Uberoi et al ;
trapping of the metal by melted ash and subsequent coales-
cence of the liquid with sorbent particles, and particulate cap-
ture through coagulation of condensed metal aerosol with sor-
bent particles [Ho et al., 1992; Uberoi et al., 1990].

This study tried to apply the above ideas for entrained flow
systems. Using the sorbent bed connected with a metal-vapor-
1zing furnace, we nvestigated the sorption characteristics of
calcined natural kaolinite for vapor-phase chlorides of lead, cad-
mium, copper and sodium vapors. The objectives of this study
were to gain information on the interaction between metal va-
por and sorbent and to mvestigate the extent to which diffusion
reduces the sorption reaction within the porous sorbent.

THEORETICAL

From the experimental data, the extent to which diffusion re-
duces the sorption reaction rate within the porous kaolinite
particle is determined as follows. Considering that the sorption
reaction is a simple irreversible surface reaction involving a
single metal vapor and the sorbent particle is in the form of a
porous spherical particle of radius ,, a metal vapor balance on
a differential shell at radius r leads to the following differential
equation [Sherwood et al., 1975].
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where the reaction rate is expressed as k.c” gram moles per sec-
ond per square centimeter of surface and S, represents the pore
surface per unit volume of the bead. This can be solved to give
the reaction rate as gram moles per second for the single particle
of radius r

1 1
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where ¢, 1s the concentration of metal vapor at the surface of
sorbent particle, and
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Hgs. (4) and (5) express the sorption rate as gram moles per sec-
ond for the single sorbent particle of radius r,, where k, is the
intringic rate constant based on the pore surface area and k, 1s
per unit of gross volume of the bead. The quantity y is known
as Thiele modulus. If the metal vapor concentration were c,
throughout the particle, the rate would be (47 /3)rikc. The
actual rate is known as effectiveness factor, represented by:
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The effectiveness factor 1 1s a measure of the extent to which
diffusion reduces the reaction rate within the porous particle
[Chang, 1983; Park et al, 1984]. Since molar reaction rate per
unit bed volume 1s Mk, (1-¢)¢;, effectiveness factor 1 is given

by
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where —M,, 1s the molar conversion rate in the bed volume V,,
and ¢ is the void volume fraction in the bed.

EXPERIMENTAL

1. Experimental Set-Up

The experimental system that is used in this study, which is
shown in Fig 1, mainly consists of a thermogravimetric fur-
nace, sorption reactor assembly and particulate sampling train.

The metal-vaporizing thermogravimetric furnace is a com-
mercial multi-sample thermogravimetnc fumnace (MAC-500, LE-
CO Inc.). The details of the thermogravimetric furnace system
are described elsewhere [Yang et al., 1994]. The cover of the
furnace 1s modified to allow feeding of filtered ambient air with
controlled volumetric flow rate. The off-gas draft system of the
thermogravimetric fumace has been modified to allow connect-
ing with a high-temperature sorption reactor. The connection
tube is a 1-m long and 1-in ID stainless steel flexible tube.

The sorption reactor assembly consists of a 1,100 °C ceramic
tube furmnace and a stainless steel sorbent bed holder. The ce-
ramic tube furnace is a 2-in ID custom-fabricated single-zone
fummace. The sorbent bed holder with a 1-in ID and a 1.2-in
length is made of stainless steel tube and 300-mesh stainless
steel screens. The capacity of the sorbent bed 1s about 10-g for
tested calcined kaclimite particles. The gas passing through the
sorbent bed is cooled to low temperatures below the dew point
of metal vapors by mixing with filtered ambient air in order to
condense residual metal vapors out into particles. EPA’s multi-
ple metal sampling train was installed after the sorption bed.

2. Sorbent Preparation

Kaolinite mineral is selected as an investigating inorganic
sorbent, based on the most promising results from other research-
ers. Natural kaolinite was supplied by Dae-Myoung Mining
Co. at San-Chung Kun in Kyungnam province in Korea. The
supplied natural kaclinte was calcined at 900 °C for 2h n air,
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Fig. 1. Schematic diagram of experimental system.
1. Mass flow controller 7. Filter

. Thermogravimetric fumace (TGF) 8. Impingers
. High-temperature tube furnace 9. Flow regulator
. Sorbent bed 10. Silicagel bed
. TGF control and data 11. Vacuum pump

acquisition system 12. Dry gasmeter
6. HTF controller
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Heating of natural kaolinite involves the following series of
dehvdration reaction and lattice rearrangement [U.S. DOE,
1979]: pore water is lost with lattice changes at 100-150 °C;
any organic material is oxidized at 200-300 °C, oxidation of py-
rites begins at 400 °C; and hydroxyl water is drniven away from
the mineral at 500-900 °C, converting kaolimte {(ALLO,- 2510,
xH,0) into metakaolinite (Al,O,-2510,) that is suggested chemi-
cal sorbent by in Rxns. 1 and 2.

The calcined kaolinite was classified into several particle size

Table 1. Physical and chemical properties of calcined natural
kaolinite in the size range 300-400 Lm

Physical properties Apparent density [g/cc) 0.82
BET surface area [m®/g] 407

Chemical composition, ALO,; 32.83

wit% (EPMA) Si0, 50.78

CaO 14.80

Fe, O, 1.59

groups. Calcined particles with 300-400 um size range were
selected for sorbent bed materials. Specific surface area, parti-
cle density, and the chemical composition of this size range of
calcined kaolinite are shown in Table 1.

3. Experimental Procedure

The retention of the following three volatile hazardous met-
als and one alkali metal was evaluated in the experiment: lead,
cadmium, copper and sodium. The chemical forms of metal so-
urces used are stable chlorides: PhCl,, CdCl,, CuCl, and NaCl.
All powdered metal chlorides used in this study were high-
purity commercial reagents (Aldrich Co., >99.9%).

Experimental conditions that are divided into single metal
sorption and multi-component metal sorption are shown in
Table 2. Each experiment was initiated by the heating of the
sorption bed furnace to the investigating sorption temperature
(T;). Weighed amounts of sample metal powder were then
loaded onto alumina crucibles in the metal vaporizing thermo-
gravimetric furnace. The metal vaponzing furnace was heated
with a maximum heating rate of 99 °C/min and it was main-
tained at the vaporizing temperature (T,). The set gas flow
rates (V) that are shown in Table 3 were not varied with time
during each experiment. No pore plugging was thus expected

Table 2. Conditions for single and multi-component metal sorption experiments

Metal-vaporizing condition Sorbent bed condition

System Tr W Ry Tz Vg Cn t
°C) () (g/min) °C) (L/mim) (ppm) (min)
Single vapor 800 PbCl,: 3.0 0040 700 653 170 67
800 PbCl;: 3.0 0.045 800 72.0 194 61
800 PbCl,: 3.0 0.040 200 78.7 175 62
700 CdCl,: 3.0 0.016 700 653 104 144
700 CdCl,: 3.0 0.015 800 72.0 100 149
700 CdCl,: 3.0 0.016 200 78.7 107 144
Multicomponent 700 PbCl;: 0.5 0.034 700 91.4 17.2 80
CdCl,: 0.6 0.007 339 80
NaCl : 2.0 0.011 46.7 160
CuCl;: 2.0 0.004 27.5 160
700 PbCl;: 2.0 0.017 800 100.8 327 170
CdCl,: 2.0 0.013 424 180
NaCl : 2.0 0.006 49.8 240
CuCl,: 2.0 0.005 324 280
800 PbCl,: 0.5 0.054 200 1102 273 50
CdCl;: 0.6 0.011 52.6 50
NaCl : 2.0 0.015 723 80
CuCl;: 1.0 0.010 66.8 80
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during each experiment since there was no significant pressure
drop increase. The metal vapor concentrations in Table 2 are
calculated values based on weight loss of each sample metal.
The gas drafted into the sorbent bed from the metal-vaporizing
furnace was maintained at a temperature above the furnace tem-
perature by external heating of the connecting stainless steel
tube.

After passing the sorbent bed the gas was diluted and cooled
by supplying filtered air at the room temperature with a flow
rate of about 5L/min. EPA’s multiple metal sampling train
collected the residual metal species in the gas after passing the
sorbent bed.

In order to gain information on the sorption mechanisms,
single metal sorption expenments at 700 °C shown in Table 2
were conducted for a much longer time. After each experiment
was finished by the complete volatilization of 5-g sample metal
compounds in the metal-vaporizing furnace, the weight of met-
al-sorbed sorbent was measured. About 1-g sample of the met-
al-sorbed sorbent was then taken for powder X-ray diffraction
(XRD) analysis. The residual sorbent particle was reused for
further weight gain. The experiment in this manner continued
until the additional weight gain did not appear. Also, part of the
metal-sorbed samples were heated to 1,000 °C in an inert atmo-
sphere (99.9% N,) to observe the fraction physically sorbed.

4. Analysis and Data Collection

After each experiment, the quantity of metal sorbed was first
observed by the weight increase of sorbent. Another two analy-
sis techniques were used to support the sorbed quantity deter-
mined by the weight measurement. The chemical compositions
of metal-sorbed sorbent were analyzed by EPMA (JEOL, JXA
8600). The liquids collected from the vapor collection train
were analyzed using ICP-AES (JOVIN, YVON JP 50P). The
structures of metal-sorbed sorbents were nvestigated by pow-
der XRD analysis (Philips, X’ pert MFD) using Ko, in the 20
range 10-50.

The following data were collected: the weight loss of metals
in the thermogravimetric fumace (W,), the quantity of metal
sorbed on sorbent particles analyzed by EPMA (W), the quan-
tity of metal sorbed determined by weight difference of sorbent
before and after each experiment (W), the quantity of metals
collected on sampling filter (W), and the quantity of metal
collected in vapor-collecting impingers (W,). These primary
data values can be used to determine the fraction sorbed (F).
Egs. (6) and (7) were used to calculate the fraction sorbed (F)
for single and multi-component sorption experiments, respec-
tively:

Fs =W AW AW +W;) (8)
Fe=W; W 4 (9)

RESULTS AND DISCUSSION

The fraction sorbed (F;) from single metal (FbCl, or CdCl,)
sorption experiments based on the weight gain of sorbent is
plotted as a function of temperature in Fig. 2. For both cadmium
and lead, more than 80% of the vapor was sorbed at the tem-
peratures of 800 °C and 900 °C. At a temperature of 700 *C, about
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Fig. 2. Fraction sorbed for single vapor at 700, 300 and 900 °C
sorption temperatures.

66% of lead vapor and 55% of cadmium vapor were sorbed. The
increasing effect of sorbent bed temperature on sorption reaction
rate was found for both cadmium and lead vapors. Capturing
efficiencies for cadmium and lead vapors were similar at the
sorption temperatures of 800 *C and 900 °C.

The sorption of metals on the sorbent is a combination of
three processes: (1) physical adsorption or condensation; (2)
transport to the reaction site; and (3) reaction with sorbent [Wu
et al, 1995] The rate of process (1) decreases as the tempera-
ture increases, while the rates of processes (2) and (3) increase
with the temperature. The overall capturing efficiencies shown
in Fig. 2 suggest that the temperature effect on process (2) and/
or (3) is greater than that on process {1). However, the tempera-
ture effect on the overall capturing efficiency becomes smaller
as the temperature increases. The rate of physical adsorption or
condensation process becomes greatly reduced as the tempera-
ture increases. Also, the resistance of the transport process in-
creases as the sorption reaction progresses, since the reaction
product acts as the resistance of the transport of metal to the
unreacted sorbent. This explains the reason for the relatively
small increase of overall captunng efficiency from 800 °C to
900 °C, compared to the significant increase of overall capturing
efficiency from 700 °C and 800 °C.

The fraction sorbed of each metal vapor (PbCl,, CdCl,, NaCl
and CuCl,) from multi-component metal sorption experiments
1s plotted as a function of temperature in Fig. 3. With an ex-
ception 1n the case of copper, the fraction sorbed of other three
metal vapors increased as sorption temperature increased. In
the presence of other metal vapors, lead captuning efficiency at
the sorption temperature of 900 °C was higher than 80% and
this was similar to that for single lead vapor sorption. The cad-
mium capturing efficiency in the presence of other vapors also
increased with sorption temperature, but the efficiencies at three
tested temperatures were much lower than those of single met-
al sorption, respectively. Capturing efficiencies of sodium and
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Fig. 3. Fraction sorbed for multi-component vapor at 700, 800
and 900 °C sorption temperatures.

copper were not much varied with sorbent bed temperature and
the efficiencies were relatively lower than those of lead and
cadmium.

The captunng efficiency of lead was significantly higher than
that of any other metal vapor in multi-component sorption ex-
periments. The concentration of lead m mixed vapor is smaller
than that of any other metal vapor as shown in Table 2. There-
fore, the rate of physical adsorption or condensation process of
lead at given temperatures must be smaller since lead has the
lowest vapor pressure. Also, the resistance of the transfort pro-
cess of lead must be greater than that of any other metal vapor
in mixed vapor, since the lead vapor has the largest molecular
weight. This suggests that the reaction process of lead with
sorbent 1s much faster than any other metal. The resistance of
the transport process of mixed metal vapors increases as rela-
tively fast lead sorption progresses, since the lead-sorbed prod-
uct (lead aluminum silicate: PbO-AlO;2810,) acts as the re-
sistance of the transport of other metals to the unreacted sor-
bent. This suggestion can partially explain the reason for the
difference of cadmium captunng efficiencies between single and
multi-component sorption experiments as well as relatively low
capturing efficiencies for copper and sodium. The present study 1s
only the first phase of a multi-component metal sorption study
that is underway. Further comprehensive investigations of the

interaction of various metals with sorbent is required to com-
pletely understand the different capturing efficiencies of metal
vapors that is shown in Fig. 3.

Uberoi et al. showed the efficiency of lead capturing by
packed bed of calcined kaolinite with a size range 60-80 mesh
(177-250 um) was slightly over 80% [Uberoi et al., 1990]. Cur
experimental results showed lead captuning efficiency at 700 °C
was 66%. Uberoi et al. used a two-zone furnace: one for the
vaporization of 100-mg lead chloride and the other for 100-mg
sorbent bed [Uberai et al., 1990]. Their investigation was per-
formed with lead chloride source at 495 °C. This relatively low
temperature of vaporizing zone suggests that their experiments
were performed at much lower concentrations of lead chlonde
vapor than those in our experiments. This comparison implies
that lowering metal vapor concentration may ncrease the cap-
turing efficiency. However, the {ollowing discussions suggested
that reducing the sorbent particle size have no significant effect
on increasing capturing efficiency.

Application of a packed sorbent bed for entrained flue gas
requires knowledge about the effectiveness factor, 1 in Eq. (4),
which represents the extent to which diffusion reduces the sorp-
tion reaction rate within porous sorbent [Moon et al., 1984].
Determined effectiveness factors of porous kaolinite particle bed
(300-400 um) for cadmium chloride and lead chloride are shown
in Table 3. Also included in Table 3 are the used parameter
values for calculating effectiveness factors. All the quantities of
parameters in Table 3 with an exception of D, were obtained
from single vapor sorption experiments. Effective diffusion co-
efficients D, in Table 3 were estimated from the definition D=
Do /z, where D the ordinary diftusion coefficient, T the tortuo-
sity factor, and 8 the void fraction of spherical bead, respec-
tively [Satterfield, 1993]. The values of D, 0 and © were ob-
tained from available data books and previously applied data
by other investigators™ [Lee et al., 1995, Perry, 1984; Satter-
field, 1993].

Calculated values of y'm using Eq. (7), which represent the
ratio of chemical reaction rate to molecular diffusion rate, are
in the 107 order of magnitude. Determined effectiveness fac-
tors of 300-400 um kaohinite sorbent bed are nearly unity, regard-
less of sorption temperature tested. It can, therefore, be posi-
tively said that the resistance of diffusion of cadmium and lead
vapors in the pores of caleined kaolinite is not significant in the
design of high-temperature sorbent bed. Little increase of lead
and cadmium uptake can be accomplished by reducing the
sorbent particle size, but this has the practical disadvantage of
increasing the pressure drop for flue gas flow in packed beds of

Table 3. Parameters for calculating effectiveness factor (1) and reaction constant (k,), and calculated results

G,

M,/ Vs k

Metal species T, D D, (x1 679) 10%) fib) e n (x 169)

PbCl, F00 0.78 0.09 222 1.42 0.034 0.186 0.9977 1.58
800 0.88 0.11 221 2.09 0.045 0.207 0.9972 2.05
200 0.99 0.12 1.82 3.56 0.083 0.288 0.9945 4.69

Cdcl, F00 0.97 0.12 132 1.48 0.049 0.222 0.9967 4.54
800 1.09 0.14 1.15 1.73 0.059 0.242 0.9961 6.29
200 1.22 0.15 1.12 4.03 0.124 0.354 0.9917 14.0
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sorbent particles. The sorbent particles used in this study were
in the size range between 300 um and 400 um. The pressure
drop across sorbent bed with 1-in 1D and 1.2-in length slightly
exceeded 200 mmH,O dunng each expenment. The problems
associated with this significant pressure drop must be solved
for practical application in a real thermal process, considenng
the presence of other particulate contaminants.

There was no weight loss of each metal-sorbed sorbent ob-
tained from expenments when it was heated at 1,000 °C for 2 h
in an inert atmosphere (>999% N,). This suggests that no
physical sorption occurred, since the chloride, oxide and ele-
mental forms of cadmium and lead are volatile at 1,000 °C mn
an inert atmosphere. Since the reaction between metakaolinite
and cadmium or lead chlondes is known as irreversible and
y'n <0.3, the second order reaction was considered in calculat-
ing the reaction constant k, using Eq. (5) [Satterfield, 1993].
The determined reaction constants (k,) based on pore surface
area varied in the order of 107 and the values are slightly in-
creasing as the sorption temperature increases.

The typical powder XRD patterns of metal-sorbed sorbent
obtained from long time sorption experiments are shown in
Figs. 4 and 5. The XRD patterns of lead-sorbed sorbent in this
study is identical to that Uberoi et al. suggested [Uberoi et al.,
1990]. The lead-sorbed sorbent has a chemical formula of PbO-
AlLO;2810,. This 1s a product of reaction between metakaolin-
ite and lead chloride. Fig. 4 also shows that the peak intensity
of the product increases as the lead uptake increases. The XRD
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Fig. 4. Powder XRD patterns of lead-sorbed kaolinite.
(weight gain: (a) 20.0%, (b) 32.6%, (c¢) 42.5%, and (d)
493%). A PbO-ALO, 2810,

patterns of cadmium-sorbed sorbent 1n Fig. 5 are quite different
from that Uberoi et al. suggested [Uberoi et al, 1991]. The
chemical formula is assigned to CdO-Al,0,2510,, when the
weight gain becomes 8%. 2CdO-ALO, 2510, 1s found in the
XRD patterns after the further weight gain. Two kinds of cad-
mium aluminum silicate are present. Therefore, the following
reaction is suggested in this study, in addition to the reaction
that Uberoi et al. proposed as Rxn. 2 [Uberoi et al., 1991].

CdO-ALO, 28i0,4+CACLAH,0 —
2Cd0O-ALO, 28i042HCI (10)

These results are also proven by the weight gain of sorbent.
From the chemical compaosition in Table 1, the maximum quan-
tity of metakaolinite can be estimated as 0.715-g/g sorbent.
Based on stoichiometry of Rxn. 1, the sorbent of this study
should have an ultimate sorption capacity of 0.718-g PbO/g
kaolinite. The maxamum uptake obtained 1s 0.491-g PbO/kao-
linite, which corresponds to about 70% of sorption capacity.
Above additional reaction (Rxn 9) for cadmium sorption can
be supported by maximum weight gain. If the cadmium sorp-
tion reaction follows only Rxn. 2 and no physical sorption oc-
curs, the sorbent used should have maximum sorption capacity
of 0.413-g CdO/g kaolinite. However, the maximum weight gain
obtained in this study showed an uptake of 0.440-g CdO/kao-
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Fig. 5. Powder XRD patterns of cadmium-sorbed kaolinite.
(weight gain: () 8.5%, (b) 19.1%, (c) 35.0, and (d) 44.1%).
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linite, showing that 2CdO-Al,O,-2510, as well as CdO-ALO,
2510, must be present in the cadmium-sorbed sorbent.

CONCLUSION

From the results of laboratory high-temperature sorption ex-
periments using the bed of porous kaclinite particles in the size
range 300-400 pum, the following conclusions were denived.

1. The capturing efficiency for cadmium and lead by the
high-temperature bed with porous kaclinite increases with the
bed temperature, regardless of the presence of other metal va-
pors such as copper chloride and sodium chloride.

2. The resistance of the diffusion of cadmium and lead vapors
within the pores of calcined kaolinite may not be significant in
the selection of sorbent particle size for practical application.
The ratio of the sorption reaction rate to the diffusion rate was
found to be in the 107 order of magnitude for both of cadmium
and lead vapors.

3. Powder XRD patterns of metal-sorbed kaolinite revealed
that the capturing mechanism for cadmium is quite different
from that for lead. Cadmium chloride reacts with CdO-ALO.
2510, as well as metakaolinite, suggesting that a unit mole of
metakaolinmite can ultimately capture two moles of cadmium.
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NOMENCLATURE
¢ concentration of metal within the spherical bead [gmol/
cm’]
¢, concentration of metal vapor at outside spherical bead
[ppm]
¢, :concentration of metal vapor at the surface of sorbent par-
ticle [gmol/em’]

D :molecular diffusion coefficient [cm*s]

D, :effective diffusion coefficient of reactants in the pores of
the bead [cm*s]

F; :fraction sorbed [-]

s intrinsic rate constant based on the pore surface area [cm*/

gmol-s]

k, :volume reaction rate constant [em®/gmol-s]

M, : total reaction rate [gmol/s]

m :order of reaction with respect to bulk gas-phase concen-
tration [-]

n :molar quantity of sorbed metal on sorbent particle [mol]

R, :metal vaporizing rate [g/min]

1, radius of a porous spherical bead [cm]

v distance from the center of sphere [cm]

S, :pore surface area per unit volume of the bead [1/cm]

t  :reaction time [s]

Ty :temperature of sorption bed [°C]

T, :temperature of metal vaporizing fumace [°C]

V; :bed volume [cm’]

Vg :volumetric reactant gas flow rate [L/min]

September, 1999

W, : weight loss of metals in the thermogravimetric furnace [g]

W; : quantity of metal sorbed on sorbent particles analyzed by
EPMA [g]

W, : quantity of metal sorbed, based on weight gain [g]

W, : quantity of collected metals on filter [g]

W, : quantity of metal collected in vapor-scrubbing impingers

[e]
W, - quantity of loaded metal [g]

Greek Letters

- effectiveness factor [-]

: Thiele modulus defined by Eq. (5)
- factor defined by Eq. (7) [-]

:void volume fraction in the bed [-]
: tortuosity factor [-]

:void fraction of spherical bead [-]

CDt-lme_e_j

REFERENCES

Chang, H. N., “Effectiveness Factor for Two-step Consecutive Bio-
chemical Reactions with Immobilized Biocatalysts!” Korem: J.
Chemn. HEng., 1, 43 (1994).

Davison, R. L., Natusch, D. F. S. and Wallace, I. R., “Trace Ele-
ments in Fly Ash Dependence of Concentration on Particle Size.”
Environ. Sci. Technol, 8, 1107 (1974).

Ghosh-Dastidar, A., Mahuli, 3., Agmbotri, R. and Fan, L. S., “Sele-
nium Capture Using Sorbent Powders: Mechanism of Sorption
by Hydrated Lime,” Environ. Sci. Technol., 30, 447 (1996).

Ho, T.C., Tan, L., Chen, C. and Hopper, J. R., “Characteristics of
Metal Capture during Fluidized Bed Incineration,” 4I1ChE Sym-
posium Series, 87, 118 (1991).

Ho, T.C., Chen, C., Hopper, J.R. and Oberacker, D. A., “Metal
Capture during Fluidized Bed Incineration of Waste Contami-
nated with Lead Chlonide)” Combust Sci. & Technol., 85, 101
(1992).

Ho, T. C., Wang, 3. K. and Hopper, J. R., “Effects of Chlorine and
Sulfur on Metal Capture by Sorbents during Fluidized Bed
Incineration)” Proc. of 1996 International Conf. on IT3, Savan-
nah, Georgia, USA, 415 (1996).

Lee, H. T, Ho, T. C, Hsiao, C. C. and Bostick, W. D., “Study of
Metal Volatilization from Contaminated Soil in a Fluidized Bed
Incinerator;” Proc. of 1996 International Conf. on IT3, Savan-
nah, Georgia, USA, 561 (1995).

Linak, W. P. and Wendt, I. O. L., “Toxic Metal Emissions from
Incineration: Mechanisms and Control” Progr Energy Com-
bust. Sci., 19, 145 (1993).

Matuli, S., Agnihotri, R., Chauk, 3., Ghosh-Dastidar, A. and Fan,
L. 8., “Mechanisms of Arsenic Sorption by Hydrated Lime.
Environ. Sci. Technol., 31,3226 (1997).

Moon, 8. K. and Wor, Y. 3., “Isothermal Interphase Diffusion with
Consecutive Reactions,” Korear: J. Chem. Eng., 2, 45 (1985).
Palmer, 8. A. K., Breton, M. N., Nunno, T. J.,, Sulivan and Supre-
ant, N. F., Thermal Destruction/Recovery Process, Metal/Cya-

nide Containing Wastes: Treatment Technologies, 532 (1998).

Park, H. C. and Moorn, H., “Effect of Adsorptive Gaseous Reaction
on Non-isothermal Behavior for Gas-Solid Reactions?” Korean
J. Chem. Eng., 1, 165 (1994).,



Capture of Volatile Metals Using the Bed of Kaolinite 653

Perry, R.H. and Green, D., “Perry’s Chemical Engineers, Hand-
book?” McGraw-Hill, INC., 6, 3/285 (1984).

Satterfield, C. N., “Heterogeneous Catalysis in Industrial Practice.”
MeGraw-Hill, INC., 2, 471 (1993).

Scotto, M. A., Peterson, T. W. and Wendt, J. O. L., “Hazardous Was-
te Incineration: in Situ Capture of Lead by Sorbent in a Labora-
tory Down-Flow Combustor;” 24" International Symposium on
Combustion, The Combustion Institute, Pittsburgh, 1109 (1992).

Sherwood, T. K., Pigford, R. L. and Wilke, C. R., “Mass Transfer)’
MecGraw-Hill Chemical Engineering Series, 319 (1975).

U. 3. DOE, “Simultaneous High-Temperature Removal of Alkali
and Particulates in a Pressurized Gasification System,” FE-3245-
9, 115 (1978-1979).

Uberoi, M. and Shadman, F., “Sorbents for Removal of Lead Com-
pounds from Hot Flue Gases,” A/ChE .J., 36, 306 (1990).

Uberoi, M., Punjak, W. A. and Shadman, F, “High Temperature
Adsorption of Alkali Vapors on Solid Sorbents)” AICKE J., 35,
1186 (1989).

Uberoi, M., Purjak, W. A. and Shadman, F, “The Kinetics and
Mechanism of Alklali Removal from Flue Gas by Solid Sor-
bents)” Progr: Energy Combust. Sci., 16, 205 (1990).

Uberoi, M. and Shadman, F.,, “High-Temperature Removal of Cad-
mium Compounds Using Sorbents]” Ervirosn. Sci. Teckmol., 25,

1285 (1991).

U. 8. EPA, “Operational Parameters for Hazardous Waste Combus-
tion Devices.” EPA/625/R-93/008, 62-63 (1993).

Vidic, R. D., “Removal of Mercury from the Stack Gases by Active
Carbon,’21th Annual RREL Research Symposium, EPA/GO0/R-
95/012, 103 (1995).

Wouterlood, H. I. and Bowling, K. M., “Removal and Recovery of
Arsenious Oxide from Flue Gases.” dmerican Chemical Society,
13,93 (1979).

W, B., Jaanu, K. K. and Shadman, F., “Multi Functional Sorbents
for the Removal of Sulfur and Metallic Contaminants from High
Temperature Gases,” Environ. Sci. Technol , 29, 1660 (1995).

Yang, H.C., Kim, J. H,, Oh, W. ], Park, H. 8. and Seo, Y.C,,
“Behavior of Hazardous and Radioactive Metals in a Laboratory
Fumnace and a Demonstration-Scale Incinerator]’ Envirosn. Hnug.
Sci., 15, 299 (1998).

Yang, H. C,, Kim, J. H,, Seo, Y. C. and Kang, Y., “Gas-phase Resist-
ance to the Vaporization of Mercuric Halides in High-Tempera-
ture Atmospheric Gaseous Condition.” Korean J. Chem. Eng.,
13,261 (1996).

Yang, H. C., Kim, I. H,, Seo, Y. C. and Kang, Y., “Vaporization
Characteristics of Heavy Metal Compounds at Elevated Tempera-
tures” Korearn J. Chem. Eng., 11, 232 (1994).

Korean J. Chem. Eng.(Vol. 16, No. 5)



