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Stabilization of Cu in acid-extracted industrial sludge using
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Abstract

The leaching concentration of copper ions from the industrial sludge that has been extracted using sulfuric acid may still exceed 15 mg/L,
which is the leaching standard of the toxicity characteristic leaching procedure (TCLP) for hazardous waste in Taiwan. Therefore, the acid-
extracted industrial sludge is still an important source of hazardous waste. Usually, hazardous waste in Taiwan must be solidified and passed
t er ions in
t ss and the
a TCLP test.
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hrough the TCLP test before it is disposed in a landfill. The aim of this study is to develop a microwave process to stabilize copp
he sludge to replace the use of traditional solidification. In this study, two parameters – the reaction time of the microwave proce
dditive reagents – were considered. The efficiency of stabilization of the microwave process was evaluated from the result of the
he results showed that the stabilization efficiency of copper ions obtained using a microwave process without any added reag
ighly on the property of the original acid-extracted sludge. Under some conditions, the leaching concentrations were much lower
f the raw sludge. In additive reagent systems, the results showed that iron powder promoted the stabilization of copper ions mo
ther additives such as sodium carbonate and sodium silicate. The leaching concentration of copper ions decreased dramaticall

o 6.5 mg/L below in the iron additive system.
2005 Elsevier B.V. All rights reserved.

eywords:Heavy metals; Copper; Microwave process; Stabilization; TCLP

. Introduction

Industrial wastewater sludge is a hazardous waste because
t has a high copper ion concentration. Most of the copper ions
n sludge can be recovered by extraction using sulfuric acid.
owever, the concentration of copper ions in the residue of

he acid-extraction process is high. The leaching concentra-
ion of copper ions from the residue after TCLP test may still
xceed 15 mg/L so acid-extracted industrial sludge must be
tabilized. The most commonly used method of the hazardous
aste stabilization in Taiwan is solidification. Cement solid-

fication fixes the heavy metal ions in the cement. However,

∗ Corresponding author. Tel.: +886 953079005; fax: +886 2 23928830.
E-mail address:d91541002@ntu.edu.tw (C.-L. Chen).

cement solidification increases the volume of the sludge
it reduces the useful lifetime of a landfill site.

Microwaves are widely used because they offer the ad
tage of uniform and rapid heating. Therefore, microwave
used to assist in extraction[1,2], digestion[3–5], sample pre
treatment[6] and synthesis[7,8]. Lidström et al.[8] showed
that microwave heating is very convenient for use in org
synthesis. The heating is instantaneous, highly specific
involves no contact between the energy source and th
action vessel. Microwave-assisted organic synthesis c
used to explore rapidly “chemistry space” and increase
diversity of the compounds produced. All of the previou
conventionally heated reactions could be performed u
this technique.

Microwaves can assist in sludge chemical conver
and pyrolysis[9,10]. The conversion effects of microwa
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treatment are better than those of treatment using a conven-
tional electric furnace. During microwave-induced pyrolysis,
the sludge temperature can be increased from 200 to 900◦C
when some microwave receptors such as the carbonaceous
residue (char) generated by the pyrolysis of the sewage sludge
are present in the sewage sludge[9].

Microwave process not only dries the sludge from printed
circuit board manufacturing wash water, but simultaneously
decreases the leaching of heavy metal ions in the sludge[11].
Microwave technology can be applied to vitrify contaminated
soil wastes and immobilize the heavy metal ions to this pur-
pose to meet the leachate test standard[12]. Over 90% of
the chromium-contaminated soil undergoes the glass/ceramic
transformation and is vitrified after it is radiated in mi-
crowaves for 60 min.

Microwave process has been showed that it can affect the
drying, pyrolysis and stabilizing of heavy metal ions within
the sludge. However, many details such as the effects of the
microwave power and the reaction time during microwave
process have not yet been investigated.

This study aims to investigate the influences of two pa-
rameters – the reaction time of the microwave process and
the additive reagents – on the stabilization of the copper ions
in the acid-extracted industrial sludge. The stabilization ef-
ficiency of the microwave process was evaluated from the
result of a TCLP test.
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the microwave oven. Then, the microwave power and re-
action time were set as presented in theTable 1. After the
microwave process had been completed, the container was
cooled at room temperature, and the weight of the sludge
was recorded.

Sodium carbonate (Na2CO3), sodium silicate (Na2SiO3)
and iron powder were used to increase the effect of stabiliza-
tion in additive reagent systems. The reagents were added and
mixed before deionized water was added.Table 1presented
the dosage of each additive reagent.

The toxicity characteristic leaching procedure (TCLP)
was used to evaluate the effect of sludge stabilization fol-
lowing the microwave process. The TCLP test was modified
from the Toxicity Characteristic Leaching Procedure Stan-
dard (method 1311) published by USEPA. The most impor-
tant difference was that the sample weight was reduced from
100 to 5 g. A 5.00± 0.01 g mass of sludge after microwave
process was used and recorded. The dried sludge without any
treatment was used to be the sample for a zero reaction time
interval. In selecting the extractate, extraction fluid #2, 1.0 M
acetic acid solution with a pH value of 2.88± 0.05, was used
to provide a severe circumstance. After 18± 2 h, the leachate
from the TCLP test was be filtered. The copper ions concen-
trations of the filtrate were instantly analyzed with ICP, Jobin
Yvon JY24, following filtration to prevent the formation of
colloid and sediment.
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. Materials and methods

The sample used in this study was the sludge cake w
as the residue in the acid extraction process. TD-01, TD
D-03 and TD-04 were denoted sludge obtained on diffe
ates. The sludge cake was dried at 105◦C for three days
nd was then grinded using a mortar before being stor
20 L bucket with a cover. When each experiment sta

0 g of dried sludge whose weight had already been reco
as placed in a container. A 40 mL volume of deionized w
as added into the dried sludge, so the moisture of the sa
as 50%.
The maximum power of the industrial microwave ov

mployed in this study was 1600 W. When the aforem
ioned sludge was prepared, the container was moved

able 1
perational parameters in the microwave process

ludge Reagent Dosage (g/40

D-01 – –
Na2CO3 2

D-02 – –
Na2CO3 2, 1, 0.2
Na2SiO3 2, 1, 0.2
Fe 2

D-03 – –
Fe 0.8, 0.4

D-04 – –
Fe 0.8
. Results and discussion

.1. Sludge moisture and weight reductions

Fig. 1 plots the reductions of the moisture and we
f all sludges. The results for all sludges were similar.
oisture began to decline after a reaction time of 3 min,

he moisture was almost zero when the reaction exce
min. When most of the moisture had been removed
ludge weight began to decrease. The greatest loss
eight by the sludge was approximately 40%.
The dipolar polarization mechanism and conduc

echanism are responsible for the rapidity of microw
eating[8]. The dipolar polarization mechanism is that
olecule which has a dipole moment in the microw

ge) Power (W) Reaction time

600 5, 10, 15, 20, 25
600, 400
600 3, 6, 9, 12, 15

600 3, 6, 9, 12

600 3, 6, 9, 12
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Fig. 1. Sludge moisture and weight change of all sludges with reaction time.
The microwave power is 600 W and the amount of the dry sludge is 40 g.

radiation region will rotate and align itself by turns, causing
molecular friction and collision. Therefore, a substance with
dipole structure, such as water, is heated rapidly. The con-
duction mechanism involves a solution that contains ions, or
even a single isolated ion with a hydrogen bonded cluster.
In the sample, the ions move through the solution due to the
electric field, resulting in an expenditure of energy because
an increase in collision rate, converting kinetic energy to heat.

Nüchter et al.[13] indicated that the ratio of the temper-
ature change and the time change of microwave heating is
proportional to the square of the value of the electrical field
strength. In other words, when the electrical field strength
is fixed, increasing the time change of microwave heating
will raise the temperature change of a polar substance. In this
study the microwave power, the amounts of the water and
dry sludge were fixed respectively at 600 W, 40 mL and 40 g.
Therefore, the temperature changes of sludge, the reductions
of the sludge moisture and weight depended on the change of
the reaction time. The times which those happenings started
at would not change substantially because of the fixing of
those physical factors.

Water had a suitable dielectric loss factor and was a solu-
tion, so water was easier to absorb and transform microwave
energy to heat than the solid port of the sludge. Hence, the

Fig. 2. Stabilization effects of copper ions in the three types of sludge with
reaction time. The power is 600 W and the amount of the dry sludge is 40 g.

solid part began to absorb microwave radiation when wa-
ter had been almost removed by microwave heating. In this
study the time difference between moisture began decline and
sludge began to decrease was 3 min. The result of TD-02 was
more intense and that of TD-04 was milder. It seemed that
the property of sludge might make slight differences to the
reductions of the sludge moisture and weight.

3.2. Sludge stabilization

Table 2shows the elemental composition of all sludges.
About 0.1 g of dried sludge was recorded and passed through
the microwave-assisted digestion. Then the ions concentra-
tions of the digestion solution were analyzed with ICP.Fig. 2
presents the stabilization effects of them and the results are
quite different. The leaching concentrations of copper ions
of TD-01, TD-03 and TD-04 declined initially and then in-
creased. The result for TD-02 showed an immediate fall to
below 15 mg/L. This difference might arise from the their
characteristics. However, it is hard to find the relationship
between the leaching situation and the element composition.
Gan[11] indicated that microwave radiation has shown a re-
markable effect on immobilization of the heavy metal ions
within the sediment solid structure though the underlying

Table 2
T

E

4

A
A
B
C
C
C
C
C
F

he element compositions of the three sludges

lement Concentration (mg/g)

TD-01 TD-02 TD-03 TD-04

g 4.18 1.99 2.20 –
l 8.43 7.58 6.93 10.37
a 1.45 1.74 1.58 1.38
a 93.6 79.9 61.4 78.54
d –a – – –
o – – – –
r 1.36 – – –
u 13.4 13.2 21.4 20.86
e 97.0 22.2 23.6 30.71
a The concentration was lower than 0.05 mg/g.
b Silicon in TD01 was not analyzed.
Element Concentration (mg/g)

TD-01 TD-02 TD-03 TD-0

K 0.28 – – 0.32
Li – – – –
Mg 3.64 0.42 – 3.71
Mn 4.67 – – –
Na – 5.78 3.26 3.65
Ni 2.43 – – –
Pb 5.67 11.6 12.3 –
Sib – 61.9 24.4 74.41
Zn – – – –



C.-L. Chen et al. / Journal of Hazardous Materials B123 (2005) 256–261 259

Fig. 3. Stabilization effects of copper ions in TD-01 with Na2CO3. The
microwave powers are 400 and 600 W. The amount of the dry sludge is 40 g.

mechanism is unclear. The ion immobilization may be a re-
sultant effect of a much higher drying temperature combined
with the effect of electromagnetic waves which may facili-
tate a strong interaction and binding between residual free
metal ions and dipolar polymeric molecules in the hydroxide
sediments.

3.3. The effects of additive reagents on stabilization

The additive reagent was be added to promote the effect
of sludge stabilization.Fig. 3shows the stabilization results
of TD-01 which was blended Na2CO3 with the various re-
action times and microwave powers. It seemed that blending
Na2CO3 into TD-01 could reduce the concentration of cop-
per ions. An appropriate microwave power and reaction time
reduced the copper ions concentration below 15 mg/L.

Figs. 4 and 5plot the results of TD-02 with Na2CO3 and
Na2SiO3 and the results were not regular and ideal. The car-
bonate anion of Na2CO3 has less ability to bond with copper
ion than a strong anion such as sulfide anion. Na2CO3 which
has the dielectric property was expected that it could be pro-
moted to react with copper ion and form a stabile compound

F
m

Fig. 5. Stabilization effects of copper ions in TD-02 with Na2SiO3. The
microwave power is 600 W and the amount of the dry sludge is 40 g.

under the microwave radiation. In fact, the expected result
did not appear and the copper ion concentration reached the
peak at six minutes for systems with 1.0 and 2.0 g Na2CO3.
Menéndez et al.[10] show that the temperature of sewage
sludge with a suitable microwave absorber such as the char
produced in the pyrolysis itself under microwave radiation
can be up from 200 to 900◦C. In this study Na2CO3 might
play the same role, so the sludge around Na2CO3 got more
heat and that resulted in the extraction of copper ions. Then,
the sludge TD-02 displayed its characteristic and made the
fixation of the extracted copper ions. The same situation did
not happen when the dosage was 0.2 g/100 g-sludge. It might
be that the amount of the extracted copper ions under the
dosage condition was not enough to compete with the capac-
ity of the characteristic of TD-02.

Na2SiO3 was selected because it is one of common addi-
tives in cement solidification. When it was blended into the
sludge, the similar results which were increasing and then
decreasing curves were presented. It might be that Na2SiO3
also caused the partial sludge to get more heat. The copper
ions were extracted by heat and combined with Na2SiO3 at
the same time. Hence, the peak at six minutes reduced with
increasing dosage of Na2SiO3. The reason of following de-
crease was the same as the above-mentioned statement. When
the reaction time was more than 12 min, the sludge might
continuously smolder during the period of cooling after the
m duce
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ig. 4. Stabilization effects of copper ions in TD-02 with Na2CO3. The
icrowave power is 600 W and the amount of the dry sludge is 40 g.
icrowave process. This situation could persistently re
he organic compounds in sludge but might cause a che
hange to the stable compounds. It might be the reason
he concentration of copper ions for the sludge with 2
a2SiO3 increased when the reaction time was 15 min.
Fig. 6shows that iron powder was a very effective addi

eagent for TD-02. The concentration of copper ions be
o be fall below 15 mg/L when the reaction time was 3 m
t is clear that iron powder shortened the stabilization t
rom 9 to 3 min. However, the TD-02 had the characterist
tabilization after microwave process, so the more amou
ron powder was considered to prevent that the characte
overed the positive or negative influence of iron pow
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Fig. 6. Stabilization effects of copper ions in TD-02 with iron powder. The
microwave power is 600 W and the amount of the dry sludge is 40 g.

on stabilization. Hence, the experiment of different dosage
of iron powder was not performed. The result is effective
and it let the experiments of iron powder system keep on
performance.

Fig. 7presents the results for TD-03 and TD-04 with iron
powder. Iron powder was also an effective additive reagent
for them. The results for TD-03 and TD-04 with 0.8 g of
iron powder showed an amazing effect for the sludge sta-
bilization using microwave process. The leaching concen-
trations of copper ions reduced quickly when the reaction
time was 3 min. The result of half dosage of iron powder
was not so charming. The result for TD-03 with 0.4 g of iron
powder for 9 min exhibited a sudden increase and the dupli-
cate yielded the same result. From the results of two additive
dosages, it was guessed that the stabilization process in the
iron powder system may include two steps. First, iron reacts
with the organic compounds and copper ions in the sludge
or promotes them to become a stable compound. When the
moisture has been removed, the temperature of the sludge
increases rapidly. Then the organic part of the stable com-
pound is destroyed and the copper ions are released. Sec
ond, iron reacts with the remaining matrix and copper ions

F iron
p ludge
i

in the sludge and another stable compound is formed. The
0.4 g of iron powder for TD-03 may be not enough to rapidly
promote the occurrence of the second step. Thus, the peak
of TD-03 with 0.4 g of iron powder for 9 min appeared. A
2% dry sludge weight (0.8 g-Fe/40 g-sludge) dose was rec-
ommend. The dosage could assist microwave process in the
stabilization of copper ions in sludge from 179.4 to 6.5 mg/L
below.

4. Conclusions

The microwave process was shown to have the advantages
of removing the moisture from, and reducing the weight of
sludge. The results in this study indicated that the effect of mi-
crowave process without any additive reagent on the sludge
stabilization depended strongly on the property of the origi-
nal acid-extracted sludge. Under some conditions, the leach-
ing concentrations were much lower than those of the raw
sludge. In additive reagent systems, Na2CO3 and Na2SiO3
were not suitable additives because they did not provide a
regular and effective assistance in sludge stabilization using
microwave process. The result of the sludge with iron powder
was amazing. The leaching concentration of copper ions fell
greatly from 179.4 to 6.5 mg/L below in iron additive sys-
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ig. 7. Stabilization effects of copper ions in TD-03 and TD-04 with
owder. The microwave power is 600 W and the amount of the dry s

s 40 g.
-

em. From the results, a dosage of 2% dry sludge weig
ron powder was recommended for the leaching conce
ion of 180 mg/L below of the copper ions. The mechan
f stabilization of copper ions in sludge under the microw
adiation remains unclear. It will be investigated in the fu
xperiments.
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[13] M. Nüchter, U. M̈uller, B. Ondruschka, A. Tied, W. Lautenschläger,
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