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Abstract

A preliminary survey of an arsenic contaminated site from an abandoned copper smelting facility and feasibility

study of using solidification/stabilization (S/S) process to treat the contaminant waste were undertaken. It was found

that the waste, located in the three-flue gas discharge tunnels, contained 2–40% arsenic. The pH of the contaminated

waste is extremely low (ranging from 1.8 to 3.6). The X-ray diffraction evidence indicates that the arsenic particles

present in the flue gas mainly exist as As(III), or As2O3. The total amount of arsenic contaminated waste is estimated to

be 700 ton in the studied area. About 50% of the particle sizes are less than 2 mm. Arsenic is easily extracted from

wastes with a variety of leaching solutions. In order to meet the arsenic leaching standard of the toxicity characteristic

leaching procedure (TCLP), an extremely high cement dosage is required in the S/S process (cement/waste weight

ratio > 6). The waste with lower particle size having higher specific surface area exhibits somewhat positive effect on the

S/S performance. The use of fly ash from municipal waste incinerators, in conjunction with the reduced amount of

cement, is able to meet the TCLP arsenic and lead standards. The use of lime alone could meet the TCLP arsenic

standard, but lead leaching concentrations exceeded leaching Pb standard. The results of semi-dynamic leaching tests of

some solidified samples indicate higher accumulated arsenic leaching concentrations after only a few leachant renew-

als.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Arsenic pollution either in aqueous solutions or in

contaminated soils has presented significant environ-

mental concerns. Arsenic is widely used at industrial

plants producing pesticides, alloys, electronics, and

wood preservatives (Lide, 1994). Arsenic particles are

also discharged into atmosphere during copper smelting

operation (e.g., Ginocchio, 2000; Barcan, 2002), and
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eventually accumulated in soils, exemplified by the ar-

senic contamination over a large area in King County,

Washington, USA, due to the past copper smelting op-

eration (EHD, 2000). In the environment, arsenic exists

in several oxidation states: As(V), arsenate; As(III),

arsenite; As(0), and As(-III), arsine. The arsenic valence

state primarily depends on type and source of arsenic

pollutant, environmental pH, oxidation–reduction po-

tential, ligand exchange, the presence of iron oxides and

other sulfur-containing compounds, as well as microbial

activities (Ferguson and Gavis, 1972; Matera and

Hecho, 2001).

In general, As(III) is the most toxic form of arsenic,

followed by As(V), and to a lesser extent, methylated
ed.
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arsenic, e.g., CH3H2AsO3 (RTI, 1998). Arsenic is clas-

sified in the US Environmental Protection Agency (EPA)

priority pollutant list with a carcinogenicity classification

A (human carcinogen). The LD50 (lethal dose) is esti-

mated to be 1–4 mgAs/kg for adult (Pontius et al., 1994).

The known arsenic health problems include skin cancer,

the so-called ‘‘black-foot’’ disease in Taiwan where 1056

cases have been reported (Shen, 1973). The US EPA has

established a maximum contaminant level for arsenic in

drinking water (0.01 mg/l) by 2006 (Federal Register,

2001). For the contaminated soil cleanup level, the state

of Washington, for example, has set a maximum 20 mg

arsenic/kg for unrestricted land use and 200 mg/kg for

industrial use (WDE, 2001) and the residential maximum

allowable soil concentration is 0.4 mg/kg (cancer end-

point) in the state of Oregon (Oregon, 1999).

In Taiwan, arsenic pollution presents a significant

public concern, due in part to the past scared black-foot

cases. The public is justifiably alarmed by the presence

of an abandoned copper smelter site located in northern

Taiwan. Adverse impacts of copper smelting operation

on human health and the environment including effects

on workers (Lubin et al., 2000), nearby residents

(Hwang et al., 1997; Keegan et al., 2002), sediments

(Mariner et al., 1997; Ongley et al., 2002), soils (EHD,

2000; Ongley et al., 2002), and mine tailing (Jones et al.,

1997) may result from improper management of smelt-

ing operation/wastes, because copper ores contain an

abundant arsenic content, e.g., enargite, Cu3AsS4 (Chen

et al., 2003). In fact, a feasibility study was conducted on

this abandoned site in 1994 for potential remediation.

The study indicates that the solidification/stabilization

(S/S) process would be the best practical technology to

treat the arsenic waste (TPC, 1994). The S/S process

was also reported by other investigators in treating

arsenic contaminated wastes (Artiola et al., 1990;

Dutre and Vandecasteele, 1995a; Voigt et al., 1996;

Akhter et al., 2000; Miller et al., 2000; Fuessle and

Taylor, 2000; Kameswari et al., 2001). The mechanisms

of cement chemistry with wastes (pozzolanic reactions)

are relatively well established (Conner and Hoeffner,

1998).

The general consensus is that the S/S performance of

treating arsenic contaminated wastes depends on the

quantity of cement added, type and the amount of ad-

ditive or binders such as lime, fly ash or iron salts used

(Dutre and Vandecasteele, 1995a; Akhter et al., 1997;

Fuessle and Taylor, 2000; Kameswari et al., 2001), type

of arsenic species present (Akhter et al., 1997, 2000),

curing period (e.g., Akhter et al., 1997), and pre-treat-

ment washing of samples (washing, Dutre et al., 1999).

In particular, the addition of lime is found to be the

most effective in reducing the arsenic leachate concen-

trations due to the formation of calcium arsenic com-

pound, e.g., CaHAsO3 in the As(III)-containing wastes

(Dutre and Vandecasteele, 1998) and Ca3(AsO4)2
(Vandecasteele et al., 2002) or NaCaAsO4 � 7.5 H2O

(Akhter et al., 1997) for As(V)-bearing samples. Low

leachability of stabilized As(V) containing wastes com-

pared to other arsenic species (Buchler et al., 1996;

Dutre et al., 1999) can be explained by the formation of

insoluble Ca–As(V) species. On the other hand, the

formation of calcium arsenate [Ca3(AsO4)2] on the sur-

face of hydrating cement particles could retard the hy-

dration of cement (Mollah et al., 1998).

The need for further characterization of the extent of

arsenic contamination to better manage the eventual

remediation process is apparent. The following objec-

tives were developed to determine the feasibility of using

cement-based S/S process for site remediation: (1)

characterize the magnitude of arsenic contaminated

particles present on the abandoned site; (2) investigate

the effect of particle size and admixtures on cement-

based S/S process to stabilize arsenic; and (3) determine

the long term leaching potential of the stabilized wastes.

The leachability of the solidified samples was estimated

using the toxicity characteristic leaching procedure

(TCLP). The long term leaching potential of arsenic in

the S/S solidified samples was further observed through

a semi-dynamic leaching test. Also, the performance of

arsenic S/S treatment was evaluated in conjunction with

additive additions, including the use of fly ash from

municipal solid waste incinerators. The use of fly ash is

particularly relevant since there are over 53 000 ton/yr of

fly ash generated from municipal solid waste incinera-

tors in Taiwan (TEPA, 2001). The disposal of hazardous

fly ash (mainly Pb) in conjunction with contaminated

arsenic particles is a challenge for engineers working to

solving the problems associated with these two types of

hazardous wastes.
2. Materials and methods

2.1. Site description

The copper smelter was constructed in 1969 and

operated for 10 years (1971–1981), with a maximum

capacity of 10 000 ton/yr. The local ores containing iron,

gold, copper and arsenic were used as the raw material

for copper smelting. The smelting process consisted of a

two-stage operation: first stage of a reverbatory furnace

at 600 �C converting Cu2AsS4 to copper matte (Cu2S,

about 40% copper purity), followed by a second stage of

blowing furnace to increase temperature to 1000 �C to

obtain blister copper (purity of 98%). The arsenic sulfide

generated would eventually form arsenite oxide (As2O3).

The exhaust gas from both furnaces was discharged

through three long tunnels (Tunnel A–C in Fig. 1),

eventually ended up in a mountain valley. It is unclear

when the emission gas was treated in a gravity dust

collection chamber.



Fig. 1. Site view of tunnels for discharging exhausted flue gas from a copper smelter plant. Samples were taken from the bold-faced

sections.
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All three flue tunnels were of reinforced concrete semi-

circular arch type with 2.3 m wide and 2.5 m high. A large

amount of arsenic oxidant dust from the combustion of

the ore component enargite (Cu3AsS4) during the smelt-

ing operation was generated, settled down and accumu-

lated inside these gas discharge tunnels. These abandoned

tunnels received no maintenance for more than 20 years;

corrosion and structural damage occurred atmany points

(e.g., Fig. 1 insert). The total area of the three tunnels is

about 29 ha with the smelter plant area only 3.6 ha.

2.2. Field sampling

Because of accessibility problems, no sample was

taken from the beginning part (�50 m) of Tunnel A and

B or the entire Tunnel C. Samples were taken only inside

the Tunnel A and B at certain intervals, particularly at
sections with slope change and broken areas. A total of

14 locations were chosen for sampling; from 150 to 180

m above sea level for Tunnel A (Fig. 2) and 165 to 245 m

for Tunnel B (Fig. 3). A hand held global positioning

system was used to record the location of each sampling

point. In addition, for each sampling point, three sam-

ples (top, middle and bottom layer) were collected. The

samplers wore Level D personal protective equipment.

The samples were stored in 350 ml plastic jars. The

physical description of each sampling point, such as

depth of sampling point, color and physical appearance

was recorded.

The fly ash samples were collected from a nearby

municipal solid waste incinerator. This particular in-

cineration plant uses lime spray in semi-dry scrubbers,

and hence, fly ash contains a relatively high percentage

of CaO.



100

150

200

0

50

100

150

200
Elevation

Waste layer

0
1
2
3
4

0

50

100

150

200

250
Surface
Middle
Bottom

0

10

20

30

40

50

0 100 200 300 400
Distance of Tunnel A (m)

As
 C

on
te

nt
 (m

g/
g)

Pb
 C

on
te

nt
 (m

g/
g)

pH
El

ev
at

io
n 

(m
)

W
as

te
 la

ye
r (

cm
) 

Fig. 2. Contaminated arsenic and lead levels in Tunnel A:

dotted lines represent average profile.
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Fig. 3. Contaminated arsenic and lead levels in Tunnel B.
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2.3. Samples preparation

Samples were pre-dried outdoor under shade for 2

days, then dried at 103 �C for 12 h for particle distri-

bution analysis. Appropriate dried samples were further

milled to less than 1 or 2 mm, dried again and stored in a

container for further tests for metal content and subse-

quent S/S tests.

2.4. Tests

The dried samples were analyzed through a series of

metal sieves with 0.15, 1.0, 2.0 and 9.5 mm mesh to

determine the particle distribution.

Only the sample with arsenic concentration about

22.6% (226 000 mg/kg) was used for subsequent S/S

tests. Tap water (10% w/w of waste) and other appro-

priate chemicals were added to a pre-weighed sample

and mixed thoroughly in a kitchen flour mixer (relatively

high speed) for three minutes; cement (Type I Portland)

and extra water were then added for additional mixing

(3 min). In the combination treatment of fly ash and

arsenic waste, fly ash was initially mixed with waste
before any additives were added. The S/S sample was

then placed into plastic modules (5 mm diameter, 10 mm

height) and covered with a moist cloth for curing. After

a 5-day curing period, the compression strength, TCLP

test, and pH of the S/S samples were determined.

The additives used for the cement binder process

include polymer, sulfide and superplasticizers (an en-

hanced adhesive material based on sulfonated naph-

thalene) for enhancing S/S performance. Furthermore,

the lime was also used as a sole binder to evaluate its

effectiveness. The mix ratios of these admixtures are

described in the subsequent result section.
2.5. Semi-dynamic leaching test

Semi-dynamic tests were performed on different so-

lidified samples to quantify the long term leaching po-

tential of these monolithic samples. The methodology

follows those described in the American Nuclear Society

standard method (ANS, 1986). Briefly, the solidified

wastes were prepared as cylinder pellets with 9.5 mm

diameter and 9.5 mm height (surface area about 4.25

cm2). The ratios of chemical used to the contaminated



Table 1

Weight ratio of waste to cement and additives used in the S/S

treatment in semi-dynamic leaching test

Waste Fly ash Cement Chemical

A 1 –a 6 –

B 1 – 6 0.15

C 1 4 1 –

D 1 4 5 –

aNone added.
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waste for the different tests are shown in Table 1. After

curing for 7 days, an appropriate amount of leachant

and sample was used (based on the ratio of lea-

chant:surface area¼ 10:1) for semi-dynamic leaching

tests, without any agitation. Two leachants were em-

ployed: deionized water and pH 2.88 acetic acid solu-

tion. Some of the tests were performed in triplicates. The

liquid content was periodically renewed according to the

ANS schedule (from 2 to 1128 h). The filtered samples

(0.45 lm) were analyzed for Cu, Pb and As levels.

2.6. Analyses

The pH of samples was tested in a sample/water ratio

of 1:1 (20 g of sample in 20 ml deionized water) using a

pH probe. For metal content analysis for arsenic wastes

and fly ash, samples were initially digested with nitric

acid/hydrochloric acid/hydrofluoric acid, and then ana-

lyzed for elemental analyses by inductively coupled

plasma spectroscopy (ICP-AES, YuoVen Model 201).

The TCLP follows the standard procedures of the US

EPA SW846 method 1311 (EPA, 1992). Briefly, 100 g of

samples (size < 9.5 mm) were extracted in a 2000 ml

glacial acetic solution (pH¼ 2.88) for 18 h at 30 rpm.

The content was filtrated (0.45 lm), and filtrate was then

analyzed for Pb, Cu, and As content in the same ICP-

AES (EPA, 1996).

Crushed samples were dried, ground to powder and

then subject to X-ray diffraction (XRD) analysis (Philips

Powder X-ray diffractometer, model PW 1710). The

samples were scanned from 5� to 75� 2h, and the rate

was fixed at 0.05� 2h/s. The measured intensity and 2h
values were automatically recorded.
3. Results and discussion

3.1. Contamination magnitude

According to the field sampling record sheet, the

depth of the waste accumulated at two tunnels ranges

from 10 to 60 cm depending on the slope of the tunnels

(Figs. 2 and 3). As would be expected, the depth of the

contaminated layer decreases as the slope increases.

From the depth information, It is estimated that total
waste quantity for two tunnels is slightly over 700 ton in

the studied area (about 40% of all three tunnels). Due to

high temperature smelting process, most arsenic species

exist in the form of As(III), or As2O3 (Dutre and Van-

decasteele, 1995b; NAS, 1997).

The color for most samples was black-grayish; some

exhibited light yellowish. Themoisture content varied from

10% to 30%. The pH values for the arsenic wastes are ex-

tremely low, ranging from 1.8 to 3.6 (Figs. 2 and 3). Per-

haps, discharged SO2 after a prolonged weathering process

may have contributed to low pH levels. Such low pH may

facilitate the arsenic leaching from the contaminated waste.

As(III) may be present as the uncharged arsenous species

at such low pH under reducing conditions, since the pK1

for the arsenite is 8.8 (Barrett et al., 1993).

3.2. Contaminant level

Arsenic contaminant levels at different tunnel dis-

tances as a function of waste depth (top, middle and

bottom layer) are shown in Figs. 2 and 3 for Tunnel A

and B, respectively; sample elevation and depth of

contaminated waste are also included in these figures for

illustration. The arsenic concentrations varied widely

from 0.7% to 37.6%. Based on the limited number of

duplicate experiments, the errors in the determination of

arsenic content were below 7%.

For Tunnel A data, the arsenic profiles (dotted lines

in Fig. 2) except for two places shows an increasing

trend in arsenic levels with the tunnel distance. The lead

content also shows a similar trend. The reason for the

observed pattern is unclear. It is speculated that during

the later stage of smelting operation, the installation of

air pollution control devices removed a significant

amount of arsenic particles and the less particle-con-

taining flue gas would sweep the accumulated particles

further away to the far end of the tunnel.

For arsenic levels in Tunnel B (Fig. 3), there is no

clear correlation between the arsenic levels and the

sample layer as well as the sample distance. At the dis-

tance of 150 m for Tunnel B, there are, however, high

arsenic levels (29–38%). Again, the reason for this ob-

servation is unknown. Since this section is just below the

steep section (which is after 250 m with ca. 35�), the
waste could be accumulated in this flat section. The ar-

senic leaching by runoff from the top opening and from

any collapsed parts of the inclined section would lessen

the arsenic levels in those steep sections as shown in Fig.

3 (low arsenic concentrations at distance 250–320 m).

The leached arsenic was then carried to the flat junction

and, hence, this phenomenon may partially explain high

arsenic levels at 150 m.

In all, the arsenic level is highly variable inside these

two tunnels. Based on the average arsenic content of

9.2%, there is about 64 ton of arsenic (out of 700 ton

waste) present in the studied area. The arsenic levels are
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much higher than those of other arsenic contaminated

soils [e.g., 460 mg/kg (EHD, 2000); 4.2% (Artiola et al.,

1990); up to 3% (Ongley et al., 2002)] or sediments (up to

0.67%, Ongley et al., 2002), but are still lower than 42%

for fly ash samples from a copper refining process (Dutre

and Vandecasteele, 1995b).

The Pb contaminant profiles are also shown in Figs. 2

and 3. Again, there is a significant variation in concen-

trations ranging from 0.8 to 42.8 mg/g. High Pb contents

(8–21%) from copper smelting fly ashes were also re-

ported by Dutre and Vandecasteele (1995b). Copper

levels were determined for a few samples, ranging from

50 to 300 mg/kg.

3.3. Particle distribution

The sample for each layer (top, middle and bottom)

of eight locations was separated into different sizes. The
Fig. 4. Particle distribution of contaminated arsenic waste
particle distribution with respect to the particle size is

shown in Fig. 4. The distribution of particle size does

not follow any clear pattern. Nonetheless, the major size

fractions for the contaminated waste are located in two

regions, 0.15–1 and >2 mm. Interestingly, the particle

distribution pattern is similar to all samples from these

eight locations, relative to its location and its sampling

depth. It is noted that for the largest fraction (>9.5 mm),

some of the erosion or corrosion residuals including

small stones, broken concrete pieces and steel bars were

visible. The arsenic leaching concentration (to be dis-

cussed later) in this large fraction is relatively low.

Clearly, the initial fine dust particles have been aggre-

gated due to a variety of physical and chemical processes

including weathering for the past 20 years. The particle

size may play an important role in the subsequent S/S

process, since coarse particles may hinder stabilization

mechanisms, including cement hydration. The subse-
s: each hatched symbol represents different samples.
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quent S/S evaluation of the contaminated waste is fo-

cused on those samples with particle size less than 2 mm.
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3.4. Leaching potential

The TCLP arsenic leaching concentrations versus the

arsenic content in samples are shown in Fig. 5a. The pH

of the leachate varied from 1.9 to 3.0 (from an initial

acetic acid pH¼ 2.88). There is a clear correlation be-

tween the leaching concentration and the initial arsenic

amount. The slope in Fig. 5a represents the leaching

fraction of the original arsenic content (close to 50%

based on the ratio of leachant to waste 2 l:100 g). Such a

high leaching fraction indicates that arsenic present in

the contaminated waste can be easily extracted. As for

lead leaching, the concentrations are three orders of

magnitude lower (Fig. 5b), despite that fact that the test
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is performed under low pH conditions. The fact that

arsenic is the most easily leachable element with much

lower lead concentrations is also reported by another

study of copper smelting fly ashes (Dutre and Vandec-

asteele, 1995b).

Untreated samples were also subject to three other

leachants for observing arsenic leachate concentrations

using the same TCLP apparatus: (1) deionized water; (2)

phosphate buffer (pH 7.2); and (3) acetic acid pH 2.9

solution but adjusted to pH 5.2 with NaOH. The arsenic

leachability as a function of the type of the leachant is

shown in Fig. 6. The initial pH values for these leachants

are shown, since the data for leachate pH were scattered.

Again, the leachate pH of these leachants had been de-

creased due to the initial low pH of the contaminated

waste (Figs. 2 and 3): phosphate buffer (initial pH 7.2)

dropped to 4.8–6.9, acetate from pH 5.2 to 4.0–4.8,

deionized water to 2.3–3.1. The arsenic leachate con-

centrations should be a function of pH, with the highest

concentrations occurring for acetic acid solution (pH

1.9–3.0). Dutre and Vandecasteele (1995b) also report

that the arsenic leaching amount is a function of pH

(lower at pH 2 or 12, but higher at pH 6).

The fact that arsenic is easily extracted from a simple

leachant solution presents several strategies to handle

the waste. The As(III) present in the extracted solution

can be recovered, or easily oxidized to As(V) for further

chemical treatment. Alternatively, the cement addition

can be delayed after the arsenic is first extracted into

aqueous solution to ensure a direct cement hydration

with arsenic-containing water. These alternatives for

better managing arsenic wastes, however, await further

investigations.

3.5. S/S performance

Attempts were made to evaluate the amount of ce-

ment required and the type of additives needed for the
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effective S/S treatment of the contaminated waste

with the same sample containing 226 mgAs/g (22.6%).

The sample was separated into three sizes (<0.15, 0.15–

1, and 1–2 mm) for the evaluation of the extent of ar-

senic leaching with the different cement dosages. In

the present study, the results of compression tests for

some 20 samples always far exceed the minimum re-

quirement of 10 kg/cm2. Thus, the S/S performance

in the present study is mainly quantified by the TCLP

test. The results shown in Fig. 7 clearly indicate that

only an extremely high cement addition (cement/sam-

ple weight ratio of 6) could meet the TCLP As stan-

dard (5 mg/l). For better illustration, the results

for cement/sample weight ratio > 2 are shown in the in-

sert. Clearly, the sample with a smaller size (<0.15 mm)

would yield a lower arsenic leaching concentration, per-

haps due to better interactions between the cement

and particles. The high cement dosage not only rep-

resents the difficulty in stabilizing arsenic wastes, but

also increases the S/S cost and eventual disposal vol-

ume. Our results are consistent with those reported by

Akhter et al. (1997) who used 400% cement dosage to

stabilize 10 wt.% As(III) in copper smelting fly ash

samples. It is noted that although regulatory stan-

dards refer to the entire sample consisting of the waste

and cement, the contaminant leachate concentrations

are apparently diluted due to the extra addition of ce-

ment.

Addition of Na2S at 6% weight fraction at the ce-

ment/sample weight ratio of 1:1 indeed reduces the ar-

senic leachability, or from approx. 1200 mg/l (average

value at cement/sample ratio 1 in Fig. 7) to 800 mg/l

(data not shown). There may be some insoluble arsenic

sulfur compounds formed that would retard arsenic

leaching. The evaluation of using the fly ash from a
Fig. 7. TCLP arsenic leaching results as a function of cement

dosage. The initial arsenic content for the sample is 226 mg/g.
municipal solid waste incinerator to reduce the cement

dosage in the S/S of arsenic contaminated waste was

undertaken. The arsenic leaching results of several fly

ash additions based on the cement/sample ratio of 1 with

or without the addition of an additive (superplasticizer)

are shown in Fig. 8. Clearly, at fly ash/sample weight

ratio above 3.5, the arsenic concentrations in the leac-

hate could meet the standard. Although the use of fly

ash from power plants as an additive to reduce the ce-

ment addition has been widely applied, the use of haz-

ardous fly ash from municipal solid waste incinerators in

the S/S application is rather limited. In the present

study, the S/S performance could be greatly enhanced,

or arsenic leaching concentration reduced from 50 to 60

mg/l (based on cement/sample ratio of 4.5 in Fig. 7) to

less than 5 mg/l. The high CaO content present in fly

ashes during the lime spray in semi-dry scrubbers may

have caused the observed enhancement. Incidentially,

the Pb leaching concentrations for all these fly ash

samples are always less than 1 mg/l (The As, Pb, Zn and

Cu contents of fly ash were 100, 7000, 18 000 and 13 000

mg/kg, respectively). Furthermore, the adhesive com-

pound (superplasticizer) used significantly retards the

arsenic leaching. Based on manufacturer�s information,

the superplasticizer would enhance the dispersion of

cement particles, improve the overall of mixing and

decrease water usage.

In fact, the addition of raw lime (CaO) at different

dosages (lime/sample weight ratio from 0.5 to 3) signif-

icantly reduced the arsenic leachate concentration to less

than 2 mg/l (Fig. 9). The closely bound calcium arsenic

compounds formed after lime addition is certainly re-

sponsible for the excellent S/S performance with respect

to arsenic leaching. A lower dose of 1.3 gCaO/g was also

used for arsenic-containing fly ashes (Dutre and Van-

decasteele, 1995b). However, there are significantly high

Pb leaching concentrations, or two orders of magnitude

higher than As concentrations (Fig. 9) under such high

leachate pH conditions (pH about 12.2), due to the
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nature of the amphoteric compound, Pb(OH)2 (Mizu-

tani et al., 1996). Dutre and Vandecasteele (1995b) also

report higher Pb but lower As leaching concentrations

with the cement/lime solidified matrices of arsenic-con-

taining fly ash from a copper smelter plant. Clearly, in

dealing with multi-metal contamination for S/S treat-

ment, the best treatment alternative for one particular

contaminant may not be optimum for the other. Addi-

tionally, the fly ash from copper smelting process may

contain a significant amount of antimony (as high as

34%, Dutre and Vandecasteele, 1995b), in addition to

arsenic and lead contaminants. Thus, the S/S operation

should be optimized based on effectiveness for all con-

cerned contaminants.
3.6. XRD results

Four XRD data of raw waste, S/S treatment with

cement, lime and fly ash/cement are shown in Fig. 10.

The major components for the raw waste are As2O3

(arsenolite), PbFe2O4 and Cu3AsS4 with Ca3SiO5 and

C3S identified in the cemented treated sample and

Ca(OH)2 in the lime treated sample. Although most

peaks are unidentified due to the lack of data for ce-

mentitious As(III) compounds, the comparison does

provide somewhat qualitative information. For exam-

ple, the known As(V) compounds (e.g., CaHAsO4,

NaCaAsO4, CaH4(AsO4)2, or Ca3(AsO4)2, etc.) were not

identified, hence, it indicates that the arsenic species

present in the raw waste is in the trivalent state.
3.7. Semi-dynamic leaching

The chemical compositions of four sets of solidified

samples for the semi-dynamic testing are shown in Table

1. It is noted that the TCLP arsenic concentrations for
all these samples were less than 5 mg/l. Two leachants

were used for the 226 mgAs/g sample: deionized water

and acetic acid at pH 2.88. The accumulated As and Pb

concentrations are shown in Fig. 11 with extremely low

copper concentrations (<0.5 mg/l). Several points are

noted. (1) After 200 h, the As and Pb concentrations are

relatively stable. Thus, there should be no long term

stability problems. (2) The samples with a high dosage of

fly ash and cement (sample D in Table 1) exhibit the

lowest As leaching solution. For lead, the cement alone

with the addition of an additive (sample B in Table 1) is

the best for yielding the lowest lead concentrations. (3)

There is one order of magnitude difference of contami-

nant leaching concentrations between the deionized

water and acetic acid, due to pH effect. (4) The lead

mobility is much less that of arsenic. And (5) The ac-

cumulated arsenic concentration for all cases exceed 5

mg/l. The fact that a periodic renewal of the leachate

renders such high cumulated arsenic concentration as

compared to the less than 5 mg/l from TCLP test is

difficult to explain.
4. Conclusions

A preliminary survey of an arsenic contaminated site

from an abandoned copper smelting facility indicates

that the waste, located in the three-flue gas discharge

tunnels, contained 2–40% arsenic by weight. The pH of

the waste is extremely low. The XRD evidence indicates

that arsenic present in the flue gas mainly exists as

As(III), or As2O3. The total amount of arsenic con-

taminated waste is estimated to be 700 ton in the studied

area. About 50% of the particle sizes are less than 2 mm.

Arsenic is easily extracted from wastes with a variety of

leaching solutions. The implication of this observation is

that As(III) present in the extracted solution can be re-

covered, or easily oxidized to As(V) for further chemical

treatment. Alternatively, the cement addition can be

delayed after arsenic is first extracted into aqueous so-

lution to ensure a direct cement hydration with arsenic-

containing water.

In order to meet the TCLP arsenic leaching standard

of 5 mg/l, an extremely high cement dose is required.

The waste with lower particle size having higher specific

surface area exhibits somewhat positive effect on the S/S

performance. The use of fly ash from municipal waste

incinerators, in conjunction with the reduced amount of

cement, is able to meet the TCLP standards for arsenic

and lead. Thus, the safe disposal of these two types of

hazardous wastes is feasible. The use of lime alone could

meet the TCLP arsenic standard, but not the lead TCLP

standard. In dealing with waste with multi-metal con-

taminants using S/S treatment, the S/S operation should

be optimized based on effectiveness for all concerned

contaminants.



Fig. 10. XRD analyses for four different samples.
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The results of semi-dynamic leaching tests of some

solidified samples indicate higher accumulated con-
taminant concentrations after only a few leachant re-

newals.
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