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Abstract: For revealing the effect of calcium on heavy metal
in-furnace capture by kaolinite, gaseous PbCl, and CdCl,
adsorptions by calcium-doped kaolinite at high temperatures
and their mechanisms were investigated through experiments in
a fixed-bed furnace, where factors of temperatures and the
mixing proportion of limestone and kaolinite were considered.
The results show that the adsorption efficiency of cadmium by
the mixed sorbents is lower than that by single sorbents,
mainly due to the consumption of lime or limestone, whereas
that of lead varies at different reaction temperatures. Two
kinds of areas, named as Ca-rich zone and Ca-low zone, are
found in the sorbents of calcium-doped kaolinite. The Ca-rich
zone tends to lessen the capture efficiencies for the two
their
adsorption. The heterogeneous distributions of calcium have
multiple effects on metal sorption, including the diffusion

metals, whereas the Ca-low zone can enhance

enhancement through the eutectic effect by forming low-
melting-point substances, the inhibition by the competitive
occupation of reaction sites, and the block of pores caused by
sintering at a high temperature.
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ncineration of solid waste has a risk of heavy metal
Iemission to the atmosphere because some semi-volatile
metals, such as lead and cadmium, can escape from the
dust precipitator carried by ultrafine particulates' .
These metals vaporize as gaseous phase at a high tempera-
ture and then condense homogeneously and heterogene-
ously into a solid phase when flue gas is cooled”™ . Mo-
reover, municipal solid waste often contains a great

amount of chlorine from food waste (NaCl) and plastic
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(PVC), which enhances the volatility of metals and in-
tensifies their emission because lead and cadmium tend to
transform to their chlorides at low melting points with the

s 78]

presence of chlorine " .
Based on their transference natures, the in-situ adsorp-
tion in the furnace by minerals has been demonstrated as
an effective treatment for combustion pollutions caused by

semi-volatile metals”

. Layered silicates, including kao-
and bentonite,
cessfully adopted to solve this issue as they can adsorb
gaseous metals, such as K, Na, Pb, Cd, and Zn, and
fix them via eutectic melting'""*. Among these miner-
als, kaolinite is one of the most popular sorbents owing to
its favorable ability to control particulate matter emission
induced by semi-volatile metals'"™"' and considerable per-
formance on heavy metal adsorption''*"™ . Furthermore,
its adsorptions of metal chlorides are more difficult than
those of oxides, and due to the high formation probability

linite, montmorillonite, have been suc-

of heavy metal chlorides during waste incineration, the
improvement of chloride adsorption by silicates has attrac-
ted researchers’ attention'”™'""

Besides these silicates, some calcium-based sorbents,
such as lime (or limestone, converted to lime at a high
temperature), also show adsorption ability on heavy met-
als™ ™', Reactions between lime and gaseous metal chlo-
rides (600 to 900 C) have been demonstrated™', but
their equilibrium constants rapidly drop down with tem-
perature increase, so the adsorption ability of lime for
metal chlorides is reduced at high temperatures™ "

Several studies have investigated the effect of the com-
bined calcium—~kaolinite in-furnace sorbent, one purpose
of which was to utilize their different compounds for the
control of multiple gaseous pollutants. For example, kao-
linite can capture semi-volatile metals, such as Na, K,
Pb, and Cd, to prevent them from transforming to or
condensing onto ultrafine particles, and calcium can ad-
sorb Hg and acid gases, such as SO, and As,O,, which

17,2 . .
17271 The interaction between cal-

also have high toxicity
cium and kaolinite can generate glassy minerals with low
melting points that enhance the adsorption reaction
through the eutectic effect and liquid-gas capture, but the

sintering effect destroys the sorbent structure and decrea-
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. . . . . 28
ses its surface area, resulting in deactivation™ .

Our re-
cent work has reported that the occurrence of calcium
might competitively occupy the reactive sites of aluminum
silicates to inhibit the fixing of heavy metals, and we also
found that in some conditions, the fixation of zinc could
be enhanced by calcium doping”™. In summary, ac-
cording to previous studies, inhibition and enhancement
impacts on metal fixation were found when blending cal-
cium and aluminum silicates during combustion, and kao-
linite and limestone are also common additives and miner-
als in solid fuels, including coal and sludge, which often
co-combust with other waste. However, the effect mech-
anisms of these mineral reactions have not been deeply in-
vestigated”™"' . In addition, limestone has a greater abili-
ty to capture cadmium than lead, whereas that for kaolin-
ite is the opposite!""’. Hence, can the mixture of the two
minerals perform well in capturing both metals in a fur-
nace?

Accordingly, this work studies the effect of mixed cal-
cium for heavy metal capture by kaolinite in a furnace. A
two-stage fixed-bed reactor was set up for the adsorption
tests, and PbCl, and CdCl, were selected as sorbates. Be-
sides adsorption efficiency, the characteristics of adsorp-
tion products were analyzed, including their morphologies
and crystal phases. Moreover, the forms of heavy metal
captured by the sorbents were classified to reveal the sorp-
tion process.

1 Materials and Experimental Methods
1.1 Materials

The sorbates were PbCl, and CdCl,, both in powder
with a purity of 99.9% . The main components of kaolin-
ite were SiO, (42. 8% ), AlO, (40. 8% ), and H,O
(14.2% ), and that of limestone was CaCO,(99.0%).
Initially, both minerals were present in powder, and two
kinds of mixed sorbents were made by blending kaolinite
and limestone in some fractions and then stirring. The
compositions of the sorbents are listed in Tab. 1.

Tab.1 Compositions of sorbents

No. Composition
KL Kaolinite
L1K2 1/3 Limestone + 2/3 Kaolinite
L1K5 1/6 Limestone + 5/6 Kaolinite
LS Limestone

To decrease the influence of heat transfer, each kind of
sorbent was compressed into a tablet, broken, and sieved
into particles of 0.2 to 0.3 mm diameter.

1.2 Vaporization and adsorption of heavy metal chlo-
rides

A lab-scale horizontal tube furnace with two heating
zones was used for the adsorption experiments, where

both heating zones could be controlled independently by
two temperature controllers. The adsorption temperatures
were set at 700, 800, and 900 C. Metal chlorides with a
weight of 0. 025 g were loaded in the upper chamber for
vaporization and carried by the N, flow to the lower
chamber to load the sorbent. The gas stream with the gas-
eous heavy metal passed over the sorbent layer for sorp-
tion, and the product was collected after the reaction for
further analysis. More details of the reaction and experi-

mental procedures previous
[26,34-35]

can be found in our

work
1.3 Analysis methods

To identify the species of adsorbed heavy metals, ad-
sorption products were digested by two methods. First,
the samples were leached in adequate aqua regia under
stirring at 25 C for 2 h to obtain the leached form of the
heavy metals, which could be regarded as the fraction of
metal on the sorbent surface or combined with the alumi-
num oxides. Secondly, the products were digested thor-
oughly by HCI-HNO,-HF to obtain the total amount of
the metals. An atomic absorption spectrometry was used
to measure the concentrations of the two metals in the two
solutions, and the partitions of the metal forms were cal-
culated as follows:

F= (1)
m,

E = (2)
my,

F.=E -F, (3)

where m,, m,, and m_ are the mass of the element input
(calculated by 0.025 g PbCl, and CdCl,) and masses of
the metal in the leachate liquid and total digestion solu-
tion, respectively; F,, F,, and E, are the fractions of the
leached and residual form in the adsorption product and
the adsorption efficiency, respectively. For each condi-
tion, three parallel tests were conducted, and their aver-
age values were used for data analysis.

X-ray diffraction (XRD) was used to detect the crystal
phases of the adsorption products, and their morphologies
were observed via scanning electron microscopy and elec-
tronic disperse spectrometry ( SEM-EDS).

2 Results and Discussions

2.1 Mineral phases and morphologies of the adsorp-
tion products

The crystal phases in the sorbent after reactions are
shown in Fig. 1. Because of the low quantities of input
sorbates, no crystal with heavy metal was detected from
the XRD analysis, and it had little effect on the dominant
minerals of Ca-Si-Al. The mineral phase changes were
discussed only within the Ca-Si-Al system.
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Fig.1 XRD curves and detected crystal phases in the adsorp-
tion products. (a) 700 C; (b) 800 T; (c) 900 T

A part of limestone ( calcite phase) was decomposed
into lime at 700 C and then transformed completely after
800 C. For the products of kaolinite, there was only
amorphous phase and quartz, and mullite was found at
900 C.

More kinds of minerals were found in the products of
the mixed sorbents. At 700 C, mayenite was generated,
which might be due to the reaction between calcium and
activated aluminum from metakaolinite. Calcite was still
detected in products of both mixed sorbents, and no peak
of lime was found, indicating the lower reactivity of cal-

cite than that of lime, and all limes reacted with alumi-
num silicates. Anorthite and grossular appeared at 800
C, and calcite disappeared at the same time. Then, at
900 C, quartz was thoroughly consumed to react with
calcium minerals, and gehlenite was newly found in the
XRD curves. It should be noted that anorthite is the ulti-

35 .
™31 but in

mate product of the kaolinite—calcium reaction
this case, there were heterogeneous reactions between sili-
cates and calcium in the mixed sorbents, where the gener-
ation and crystallization of Ca-Si-Al minerals were pro-
moted at high temperatures, indicating a further interac-
tion between calcium and silicates.

Overall, both products of the mixed sorbents shared the
same species of crystal, which means a mineral found in
a product of a calcium-mixed sorbent could be detected in
another mixed sorbent product reacted at the same temper-
ature. The difference was that the peaks of the calcium
mineral of L1K2 were stronger than those of L1KS5 be-
cause of the higher percentage of blended calcium. Con-
sequently, under the experimental conditions of this
work, the calcium fraction did not decide the species of
calcium crystals but affected the quantity of the minerals.
However, amorphous silicates cannot be recognized by
XRD, which could also be generated at a high tempera-
ture™ ',

Fig. 2 displays the morphologies of the adsorption prod-
ucts by the mixed sorbents, of which the elemental analy-
sis is listed in Tab.2. The overall sample of L1K2 at 700
C (see Fig.2(a)) shows a slight sinter, whereas the typ-
ical layered structure of kaolinite was still clear, but that
at 900 C (see Fig.2(d)) was an almost molten surface.
For the samples of L1KS, two kinds of morphologies
were found, of which ones were similar to those of L1K2
when comparing Fig.2(a) with Fig 2(c) and Fig. 2(d)
with Fig.2(e). The EDS analysis also shows the areas
rich in calcium. However, areas in Fig. 2(b) and (f)
contained far less calcium and seem to maintain a layered
structure because of the few fractions of calcium blend-
ing. The reason for the phenomena was that calcium en-
hanced the molten effect to form low-melting-point sili-
cates, and its impact became greater with the temperature
increase. Here the Ca-rich zone has an atomic ratio of ( Si
+ Al): Ca is smaller than 2, whereas for the Ca-low
zone; the ratio is bigger than 2. Therefore, because the
sample of L1K2 shows only one single phase and that of
L1KS5 presents Ca-rich and Ca-low areas at 900 C, the
sorbent of L1K2 can be regarded as Ca saturated, whereas
L1KS5 is calcium unsaturated, which could lead to differ-
ent characteristics in their adsorption performance.

2.2 Distributions of heavy metals

The distributions of heavy metals after the adsorption
process are presented in Fig. 3, where the experimental da-
ta are drawn as bars with error bars ( standard deviation),
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Tab.2 Atomic percentages of the displayed areas %

= N AR . O3
_.‘ o v . A
P & e | : > Displayed area Si Al Ca C C Pb
v A Je 7\ - /
8 O8R & \

. ; Fig. 2(a) 4 12 19 6 2 1

- LR 9 IR m o Fig. 2(b) 18 20 6 1 2 <1
W g S o ; Fig.2(¢) 4 13 18 4 2 <1
= jk%‘ - RS . Fig.2(d) 17 15 25 0 1 1
(3..\ 5 um Fig.2(e) 14 17 18 0 1 <1
Fig.2(f) 26 21 10 0 <1 <1

and the calculated data of element distributions for the
mixed sorbents are drawn as scatters. The calculated val-
ues were determined by the performances of kaolinite and
limestone. Here, kaolinite and limestone in the same
masses were performed separately; no interaction oc-
R curred between the two minerals in the mixed sorbents,

5 um ; ~ 5 pum so the effect of blending on the fixation behaviors can be
‘ evaluated. Their expression is defined as

(¢) (d)
C=W Vi + WV (4)

where C is the calculated value; W, and W, are the
weight proportions of kaolinite and limestone, respective-
ly; and V,, and V|, are the experimental values of kaolin-
ite and limestone, respectively.

; Limestone had a high cadmium adsorption efficiency of
— up to 0. 95 at 700 C but a much lower one of approxi-
mately 0. 45 for lead. Then, the adsorption efficiencies
both rapidly declined at higher temperatures caused by the

Fig.2 SEM images of the adsorption products. (a) L1K2 at 700
C; (b) LIKS at 700 °C, layered surface; (c) L1KS at 700 C, molten ~ Negative movement of the equilibrium, and the capture
surface; (d) L1K2 at 900 C; (e) L1K5 at 900 C, molten surface; (f)  ability for lead was almost even lost, but limestone still

LIKS at 900 C, layered surface exceeded other sorbents in the cadmium capture”™ . The
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Fig.3 Adsorption efficiencies and form fractions for Cd and Pb. (a) Cd adsorption efficiency; (b) Cd leachable fraction; (c) Cd residual
fraction; (d) Pb adsorption efficiency; (e) Pb leachable fraction; (f) Pb residual fraction
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capture rates by kaolinite were ranged between 0. 24 and
0. 35 for cadmium and 0. 50 and 0. 70 for lead, which al-
so decreased with temperature increase due to the high
saturated vapor pressure'™*’ .

For the cadmium capture by the mixed sorbents, their
efficiencies were lower than the two single sorbents and
the calculated values. This finding indicates that the inter-
action between kaolinite and calcium hindered the cadmi-
um sorption because of the calcium consumption via the
reaction with kaolinite, and lime or limestone has a great
ability to capture cadmium. Comparing the two mixed
sorbents, L1K2 had a little higher efficiency than L1KS,
while the total amounts of adsorbed cadmium by L1K2
were much lower than L1K5 at 800 and 900 C.

As for lead, the mixed sorbents differed from cadmium
adsorption. At 700 C, L1K2 and L1K5 even performed
slightly better than single kaolinite, and their experimen-
tal efficiencies were higher than the calculated ones,
which means that the interaction between two kinds of
minerals promoted lead sorption. However,
temperatures reached 800 and 900 C, the efficiencies of
L1K2 dramatically decreased and became much lower
than the calculated values, indicating a heavy deactiva-

when the

tion. Sorbent L1K5 showed close efficiency values to the
calculated ones but was lower than those of KL. There-
fore, calcium doping seems to slightly affect the total
capture quantity of lead over 800 C. However, there
were still potentially overlapped influences from the reac-
tion between major minerals.

To explain this phenomenon, the adsorbed metals were
divided into leached and residual forms. Of note, lime-
stone or lime can be thoroughly leached by acids in the
first step. Therefore, the fraction values of both metals in
the leached form were equal to the total values, whereas
those for the residual form were not detected at all for the
sorbent LS. Generally, for sorbent with silicates, the ad-
sorbed metal is first adsorbed onto the surface and then
diffused inside the mineral lattice. This part of metal can
almost be extracted by strong acid and is defined as the
leached form here. Conversely, metals in the sintering
material can be diffused and trapped in the cages of sili-
cates, which can only be digested by hydrofluoric acid.
Thus, the conversion from the leached form to the residu-
al form was stimulated with the temperature increase for
sorbents with silicates because of intensive melting. Con-
sequently, as drawn in Fig. 3, the reasons for the decrea-
sing fractions of the leached form were the lower conden-
sing capacity of metal vapors and the increasing conver-
sion to the residual form induced by high temperatures.

Fractions of the cadmium leached form for both mixed
sorbents were far less than the calculated values because
LS contributed a significant part to the calculation. How-
ever, in the mixed sorbents, lime as an effective cadmi-
um sorbent was reacted with silicates, according to the

XRD analysis. As a result, only at 700 C, under the
presence of calcite, the leached form of L1K2 was higher
than that of L1KS5, and the KL had the least amount of
leached form. These values were then low at high temper-
atures due to the conversion to the residual form and the
disappearance of lime or limestone.

The residual form was correlated with the proportions
of kaolinite because of its silicon. The experimental val-
ues of L1K2 at all temperatures were lower than the cal-
culated ones because an excessive amount of calcium
could occupy the sites or vacancies inside the cage of sili-
cates, which also inhibited the diffusion of heavy metals
in the sorbent material and lessened the total adsorption
efficiency. On the contrary, for L1K5 at 800 and 900
T, the experimental fraction values of the residual form
were slightly beyond the calculated ones, indicating that
the interaction between calcium and silicates helped the
fixation of the metal. Its reason can be attributed to the
Ca-low zones as was the only difference from the sorbent
L1K2, where there was moderate melting induced by the
doped calcium and metal diffusion could be enhanced.
Moreover, there are still enough vacancies left for the fix-
ation of heavy metals.

The form distributions of lead had very similar features
with that of cadmium as shown in the right four pictures
of Fig. 3, except for the experimental condition of 700 C
for its leached form, whose fractions for the mixed sor-
bents were surprisingly over two single sorbents. It might
be due to the reaction between kaolinite and calcium,
which enhanced eutectic melting and helped the adsorp-
tion. However, the melting effect was not strong enough
at that temperature to diffuse lead ions into the silicate ca-
ges for generating residual form, so the fractions of the
residual form for both mixed sorbents were lower than the

28,30
calculated ones™ >

. By contrast, lead may be more ad-
herent to silicates than cadmium because its adsorption ef-
ficiency by kaolinite was much higher than that by cadmi-
um, resulting in different performances between the two

metals.
2.3 Discussion

Doping calcium into kaolinite caused multiple effects
on the heavy metal chloride adsorption at a high tempera-
ture, where the uneven distribution of calcium generated
different phases of silicates, i.e., Ca-rich zone and Ca-
low zone. The mechanism scheme is drawn in Fig. 4.

At a relatively low temperature, some calcium minerals
were found in the Ca-rich zone and competitively occu-
pied the inner position of silicates, which inhibited the
conversion of the adsorbed heavy metals to their residual
form. However, for lead, the reaction between calcium
and silicates to form a low-melting-point matter, leading
to a little eutectic melting and helping diffusion of lead
into the sorbent, which consequently promoted the adsor-
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ption. If the amount of calcium doping was not suffi-
cient, such as sorbent L1KS5, then there was a meta-kao-
linite-like matter left as the Ca-low zone because the tem-
perature was not high enough for calcium diffusion to
cover whole silicates. When the reaction temperature be-
came higher, serious sintering in Ca-rich zones directly
blocked the sorption ability,
heavy metals to residual form also decreased. However,
eutectic melting in the Ca-low zones enhanced the trans-
formations of both heavy metals into the residual form.

For a potential application of metal sorption in a fur-
nace, blending as mall amount of calcium into kaolinite
can help heavy metal chlorides capture and gain the ad-
sorption product with low toxicity. A well-dispersed mix-
ture would be preferable to avoid the formation of Ca-rich
zones as far as possible. On the contrary, any unsuitable
method and proportion of blending calcium-based miner-
als and silicates as combustion additives may eliminate the
sorption properties of both single sorbents.

where the conversion of

3 Conclusions

1) This experimental study investigated gaseous PbCl,

and CdCl, adsorptions by calcium-doped kaolinite at high
temperatures. Limestone was blended with kaolinite, and
new calcium minerals were generated at high tempera-
tures. Two types of phases in the sorbent, named as Ca-
rich zone and Ca-low zone, were clarified by SEM-EDS.

2) Compared with two single sorbents of kaolinite and
limestone, the capture efficiencies by the mixed sorbents
were lower, only except for lead at 700 C. The weaker
adsorption resulted from the consumption of lime or lime-
stone to react with kaolinite for cadmium and the lower
proportions of silicates for the lead.

3) Interactions between calcium and aluminum silicates
had diverse impacts on metal sorption. The formation and
eutectic effect of low-melting-point substances with calci-
um could enhance the diffusion of heavy metals and their
conversions to a more stable form, but they could also
block the pore structure by serious sintering at higher tem-
peratures and occupy the reactive sites to inhibit the ad-
sorption. Therefore, the attempt of mixing kaolinite with
calcium for heavy metal adsorption can cause either posi-
tive or negative results, which depends on the blending
condition and reaction temperature.
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