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Abstract

After industrial wastewater sludge passed through an acid-extraction process to reclaim most of the copper ions in it, the residue may still need
to be treated by stabilization technologies. The common method for the stabilization of hazardous waste in Taiwan is by cement solidification.
However, this method has the disadvantage of an increase in waste volume. In this study, it was tried to combine the advantages of sulfur anions and
phosphate anions with the characteristics of microwave energy to offer a new method which can avoid the disadvantage of cement solidification.
From the results, it was found that the assistance of heating in sludge stabilization with additives was effective. Huge amounts of additives were
saved. Compared with the assistance of the traditional electrical-heating in sludge stabilization with additives, that of the microwave process saved
much time and was more powerful. However, when the reaction time was longer, a re-leaching situation would occur. The hybrid microwave
process, a procedure of leading an inert gas into the microwave process, could overcome the disadvantage of the microwave process with regard

to the long reaction time. Finally, a modified hybrid microwave process which reduced the use of gas was performed and recommended.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Industrial wastewater sludge results in a large amount of haz-
ardous waste in Taiwan. Even though most of the copper ions in
sludge are reclaimed by the acid-extraction process with sulfu-
ric acid, the concentration of copper ions in the residue after the
TCLP test may exceed 15 mg/L. Hence, acid-extracted industrial
sludge still needs to be stabilized. The common method for the
stabilization of hazardous waste in Taiwan is cement solidifica-
tion. However, this method has the disadvantage of an increase
in waste volume.
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Sulfur anions and phosphate anions can react with heavy
metal ions and then form stable compounds of low Ksp. Hence,
they are used for the stabilization of hazardous waste such as
contaminated soil, industrial sludge and fly ash [1-6]. Beside,
microwave radiation is used in studies regarding the treatment of
sewage sludge, industrial sludge, and contaminated soil because
of the characteristics of microwave energy, such as uniform,
quick and selective heating [7—12]. The object of this paper
is to combine the advantages of sulfur anions and phosphate
anions with the characteristics of microwave energy to offer a
new method that can remove the sludge moisture completely,
stabilize heavy metals in sludge, and avoid the disadvantage of
cement solidification. Hence, it can extend the life of a landfill
site and mitigate the persecution of exudation water. Besides,
because microwave only takes an assistant role in this process,
the energy consumption of this method is far less than that of
fusion and sintering.
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In order to understand the effects of the assistance of
the microwave process with additives on sludge stabilization,
experiments regarding the required dosage of additives and
the required reaction time, and with the assistance of tradi-
tional heating were also performed. After the above-mentioned
experiments, experiments with the hybrid microwave process,
a procedure of feeding an inert gas into the microwave pro-
cess, were carried out in order to overcome the disadvantage
of sludge stabilization with additives by the microwave pro-
cess. Finally, in order to reduce the use of gas, several modified
hybrid microwave processes were performed. The stabilization
efficiency of each experiment was evaluated by analyzing the
leachate of the sample after the TCLP test.

2. Experimental materials and methods

Sludge used for the experiments was the residue of indus-
trial sludge which had gone through an acid-extraction process
with sulfuric acid and from which most of the copper ions were
reclaimed. In this study, two volumes of sludge extracted on
different days were used, labeled AO1 and AO02, respectively.
Sludge was dried at 105 °C until all moisture was removed. The
particle size of sludge was between 100 and 400 mesh after being
crushed by a grinder. Powdery sludge had been stored in a 20L
bucket with a cover before it was used. A 40-g sample of sludge
was placed in a circular, flat-bottomed ceramic container and the
following experiments were preformed.

1. Required dosage test for sludge stabilization. The object of
this experiment was to estimate the required dosages when
only additives were used to stabilize the sludge at room tem-
perature. First, 0.86, 1.73, 2.78, and 3.46 g of sodium sulfide,
and 2.74, 6.08, 12.2, and 15.2 g of sodium phosphate were
added individually to samples. Then, 50 mL of deionized (DI)
water was added into each sample and the mixture was stirred
until mixed completely.

2. Sludge stabilization with additives by the microwave process.
The object of this experiment was to determine the influence
of the microwave process on additives for sludge stabiliza-
tion. For this process, 0.58, 1.15, and 1.73 g of sodium sulfide
(for both AO1 and A02), and 0.91, 1.82, and 2.74 g of sodium
phosphate (for AO1 only) were used. Each mixed sample was
put into the microwave oven separately and the power was
set at 600 watt (W). The reaction times were set for 3, 6, 9,
and 12 min.

3. Required reaction time test for sludge stabilization with addi-
tives. This experiment was performed in order to determine
the effect of the reaction time on additives for sludge stabi-
lization at room temperature. In this case, 1.73 g of sodium
sulfide and 2.74 g of sodium phosphate were used. The mixed
sample which contained 40.000£0.005 g of dry sludge,
50 mL of DI water and an additive was placed at room tem-
perature. After 10 min, 30 min, 1h, 2h, 4h, 12h, 1 day, 2
days, and 4 days, 5 g of the sample was taken to undergo the
TCLP test.

4. Sludge stabilization with additives by traditional electrical-
heating. The microwave process could be considered a type

of heating procedure. Hence, an experiment by traditional
electrical-heating was performed to make a comparison. Pre-
pared samples, which were the same as that in experiment 3,
were put into a furnace for heat treatment after it reached pre-
set temperatures. The temperatures were set at 100, 150, 200,
250, 300, 350, and 400 °C, and the reaction times were 9 and
20 min. The detailed experimental parameters in experiments
1-4 are listed in Table 1.

5. Sludge stabilization with additives by the hybrid microwave
process. A re-leaching problem occurred in the experiment
by microwave process. Therefore, several modified proce-
dures were performed to correct the problem. Here, 1.15¢g
and 1.73 g of sodium sulfide (for both AO1 and A02) and
1.82 and 2.74 g of sodium phosphate (for AO1 only) were
used in the preparation of samples. After each prepared sam-
ple was put into the microwave oven, the air in the microwave
was removed by a pump and the condition in the oven was
close to a vacuum. Then, 5 L/min (LPM) of nitrogen or car-
bon dioxide was fed into the oven. After the pressure in the
oven was returned to room atmosphere, microwave radiation
was applied. The microwave power and reaction times were
the same as those of experiment 2. After the microwave pro-
cess, gas was fed continuously for 15 min to cool the sample
temperature.

The above-mentioned process was an original form. Because,
too much gas was used in this process, several modified pro-
cesses were performed. These processes included (1) an original
hybrid microwave process without a cooling period (HMPO1),
(2) a cooling process following a microwave process (HMPO02),
(3) a microwave process with a gas fed for the last 3 min and
continuously fed for an additional 5 min as a cooling process
(HMPO3), (4) a microwave process with a gas fed for the last
3 min and continuously fed for an additional 10 min as a cool-
ing process (HMP04), (5) a microwave process with a gas
fed for the last 6 min and continuously fed for an additional
10 min as a cooling process (HMPO0S5). The detailed parame-
ters regarding these hybrid microwave processes are listed in
Table 2.

Only AO1 samples were used in experiments 1, 3, and 4.
In experiments 2 and 5, AO1 and A02 were both used under
some conditions. The DI water added in each sample of AO1
was 50.0mL, and that of A02 was 40.0 mL. Sodium sulfide
(NazS-9H,0) and sodium phosphate (Na3PO4-12H,0) used in
experiments were both of analysis grade.

The potential maximum power of the industrial microwave
oven employed in this study was 1600 W. The simplified struc-
ture of the microwave oven is shown in Fig. 1. The valve on the
top of the oven is to let the gas out. The valve on the right is
for insertion of the gas and is connected to a float flow meter to
control the flow rate of gas. The one on the left is connected to
a vacuum pump which can provide a near vacuum condition in
the oven. A container filled with the prepared sample was placed
in the center of a flat tray at the bottom of the oven.

After samples had passed through the above-mentioned
experiments, 5 g of each sample was subjected to the TCLP
test. The extractate used in this paper was extraction fluid #2,
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Experiment Sludge/H,O Additive Dosage (g/40g-dried sludge) Gas Flow rate Heating type Reaction time
(g/mL) (LPM)
No treatment 5¢g - - - - - -
Microwave process for sludge stabilization 40/50 - - - - Microwave 3,6,9, 12min
heating
(600W)
Required dosage test for sludge stabilization 40/50 Na,S 0.86, 1.73, 2.78, 3.46 - - — -
Na3zPOy 2.74,6.08, 12.2, 15.2
Sludge stabilization with additives by the microwave process 40/50 Na,S 0.58,1.15,1.73 - - Microwave 3,6,9, 12min
Naz POy 091, 1.82,2.74 heating
(0.002, 0.005, 0.007 mol) (600 W)
Required reaction time test for sludge stabilization with additives 40/50 NapS 1.73 - - - 10, 30min, 1, 2, 4,
Naz; POy 2.74 12h, 1,2, 4 day
(0.007 mol)
Sludge stabilization with additives by a heating process 40/50 NapS 1.73 - - Furnace (100, 9,20
NazPO4 2.74 150, 200, 250,
(0.007 mol) 300, 350,
400°C)
Table 2
Operational parameters [I—hybrid microwave processes
Experiment Sludge/H,0 Additive Dosage (g/40g-dried sludge) Gas Flow rate Reaction Gas leading Period Cooling Period
(g/mL) (LPM) time (min)
Original form AO01: 40/50 Na,S 1.15,1.73 CO, 5 3,6,9,12 All All
A02: 40/40 Na3POy4 1.82, 2.74 (0.005, 0.007 mol) N,
HMPO1 A02: 40/40 Na,S 1.15, 1.73 (0.005, 0.007 mol) N» 5 3,6,9,12 All -
HMP02 A02: 40/40 Na,S 1.15, 1.73 (0.005, 0.007 mol) N, 5 3,6,9,12 - All
HMPO3 A02: 40/40 Na,S 1.15, 1.73 (0.005, 0.007 mol) N» 5 3,6,9,12 The last 3 mins 5 mins
HMP04 A02: 40/40 Na,S 1.15, 1.73 (0.005, 0.007 mol) N, 5 12 The last 3 mins 10 mins
HMPO5 A02: 40/40 Na,S 1.15, 1.73 (0.005, 0.007 mol) N» 5 12 The last 6 mins 10 mins
Final form A02: 40/40 Na,S 1.15, 1.73 (0.005, 0.007 mol) N, 5 3,6,9,12 After the 6 mins of the reaction time 10 mins (when gas was led)
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Fig. 1. The simplified structure of the microwave oven.

1.0M acetic acid solution with a pH value of 2.88 £0.05, in
order to provide a severe condition. The ratio of liquid to solids
was 20:1 and the rotation frequency was 30 revolutions per
minute (RPM). After 18 =2 h for the extraction, the leachate
was filtered and the filtrate pH was adjusted to below 2. The
filtrate was instantly analyzed with ICP (Jobin Yvon JY24) to
prevent the formation of colloid and sediment. The resulting
dried sludge after the TCLP test was used for the basis in all
experiments.

3. Results and discussions
3.1. The basic description of sludge

The element compositions of the sludge are listed in Table 3.
About 0.2g dried sludge was recorded and subjected to
microwave-assisted digestion. Then, the digestion solution was
filtered, diluted and analyzed with ICP. The results show that
the contents of alkali and alkaline earth metals were low except
for calcium. The reason might be that calcium ions and sulfate

Table 3
Element compositions

Element Concentration (mg/g)

A01 A02
Ag 0.08 -
Al 17.3 3.30
Ba 0.69 -
Ca 134 70.8
Cd -4 -
Co 0.25 -
Cr 0.24 1.37
Cn 13.1 9.08
Fe 442 10.4
K 1.79 1.22
Mg 1.02 1.13
Mn 0.25 -
Na 11.6 2.17
Ni 4.88 -
Pb 6.26 0.01
SiP 87.2
Zn 0.74 0.73

2 The concentration was lower than 0.05 mg/g.
b Silicon in A02 was not analyzed.

anions which came from the sulfuric acid in the extraction pro-
cess formed the low dissoluble compound, CaSO4. The same
phenomenon occurred for lead in AO1. However, the lead con-
tent in A02 was very low. This dissimilarity may result from the
natural difference between AO1 and AO2. Copper contents in
AO01 and AO02 were 13.1 and 9.08 mg/g, respectively and were
the highest regarding their heavy metal content. Though cop-
per contents were about one percent of the dried sludge weight,
leaching concentrations of copper ions were 90.2 and 58.7 mg/L,
respectively after the TCLP test.

3.2. The effects of additives on stabilization

Because the content and leaching concentration of copper in
AO01 was higher than that in A02, essential experiments were per-
formed with AO1. Various dosages of sodium sulfide and sodium
phosphate were used to decrease the concentration of copper ions
to below 15 mg/L and to estimate the required amounts of addi-
tives for sludge stabilization at room temperature. Fig. 2 shows
the relationship between the leaching concentration of copper
ions and the additive dosage. The concentration decreased with
the increase of the dosage. From the equations, the required
amounts of sodium sulfide and sodium phosphate for the con-
centration below 15mg/L were 2.26 g/40 g-dried sludge and
16.0 g/40 g-dried sludge, respectively. From the following for-
mulas, it can be found that the amount of copper ions caught by
phosphate anions is 1.5 times that caught by sulfide anions of
the same molar amount:

2P04>~ 4+ 3Cu®T — Cu3(POy4)s

S2~ + Ccu*t — Cus

Hence, the theoretical effect of sodium phosphate should be
better than that of sodium sulfide. However, the actual dosage of
the former for 40 g sludge was 16.0 g (0.042 mol PO43~), which
was higher than that of the latter (2.26 g, 0.009 mol S2_). Hence,
sodium sulfide should be a better additive for stabilization of this
sludge.

Fig. 3 shows the influence of the reaction time on addi-
tives at room temperature for sludge stabilization. The dosages
of the sodium sulfide and sodium phosphate were 1.73 g/40 g-
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Fig. 2. Effects of additive dosages on stabilization of AQ1.
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Fig. 3. The influence of the reaction time on additives at room temperature for
stabilization of AOI.

dried sludge and 2.74 g/40 g-dried sludge which both equaled
0.007 mol anions/40 g-dried sludge. The results indicate that
sodium phosphate, at this dosage, was almost ineffective even
when the reaction time was 4 days. The concentration of copper
ions from the sludge with sodium sulfide was about 40 mg/L
irrespective of the reaction time. Because the concentration of
copper ions did not decrease with the increase in reaction time, it
can be assumed that the required time for the reactions of sludge
and additives is less than 10 min.

Fig. 4 shows the heating effect on additives for sludge sta-
bilization. The concentration of copper ions had a decreasing
tendency when the temperature increased. Moreover, the effects
of additives on sludge stabilization increased with the increase
of the reaction time. The lowest concentrations of copper ions
from the sludge with additives were found when the reac-
tion time was 20 min and the temperature of the furnace was
400°C. The leaching concentrations of sludge with sodium
sulfide and sodium phosphate were 8.09 and 16.3 mg/L, respec-
tively at the anion concentration of 0.007 mol/40 g-dried sludge.
These results show that heat can reduce efficiently the required
dosages of sodium sulfide and sodium phosphate when they are
used to stabilize the copper ions in sludge. Hence, it could be
conjectured that heat improves the stabilization efficiency of
additives.
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Fig. 4. The heating effect on additives for stabilization of AOL.
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Fig. 5. The effect of the microwave process on additives for stabilization of AO1.
MP: microwave process.

3.3. The assistance of the microwave process in sludge
stabilization with additives

Fig. 5 shows the effect of the microwave process on additives
for the stabilization of sludge AO1. Where the reaction time was
below 9 min, the results show that the concentration of copper
ions was reduced with increases of the reaction time and of
the additive dosage. No matter what the dosage was, the effect
of sodium sulfide on the stabilization was better than that of
sodium phosphate. When the anion concentration of the additive
was 0.007 mol/40 g-dried sludge, the lowest leaching concentra-
tions of the sludge with sodium sulfide and sodium phosphate
were 4.35 and 12.0 mg/L, respectively, which were both lower
than the standard of 15mg/L. Compared with the results of
experiments assisted by traditional heating, those assisted by
the microwave process showed better effect on sludge stabi-
lization. Moreover, the reaction time of the microwave process
was shorter than that of traditional heating. Besides, the experi-
ments assisted by the microwave process were performed before
those by traditional heating, and the purpose of the latter was to
understand whether heating would improve the effects of addi-
tives on sludge stabilization or not. In Section 3.2, the results
show that heating certainly enhanced the stabilization ability of
additives, which resulted in that only small amounts of addi-
tives were used to reduce the leaching concentrations from 90.2
to 8.09 mg/L for A0l with sodium sulfide and 16.3 mg/L for
AO01 with sodium phosphate, respectively (Fig. 4). Moreover,
the results of experiments assisted by the microwave process
show that this process was more powerful than traditional heat-
ing in the aspect of assisting additives in sludge stabilization.
Not only did the leaching concentration decrease more, but the
reaction time also decreased from 20 to 9 min. Microwave radi-
ation is absorbed directly by sludge and then transformed into
heat within the sludge [13]. However, traditional heating trans-
mits heat to sludge by conduction and convection. From these
two ways of transmission, it is clear why the effect of addi-
tives assisted by the microwave process on sludge stabilization
is better than that by traditional heating.

When the reaction time was 12 min, the leaching concentra-
tions of copper ions from the sludge with additives increased
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suddenly, no matter what the dosage was. Fig. 6 shows that
the same situation occurred when A02 was used. Moreover, the
occurrence time was advanced to 9 min. After the moisture of
sludge was removed, this occurred at almost 6 min, the tem-
perature of sludge increasing faster. In the case of AO1, the
temperatures of those samples were more than 450°C when
the reaction time was 12 min. Furthermore, when these samples
were moved to a ventilated system to cool down, they smoldered
continuously for some time. The study of Dunn and Muzenda
[14] shows that when the temperature is higher than 474 °C, cop-
per sulfide (CuS) begins to be transformed to other substances
such as copper (I) oxide (CuzO) and copper sulfate (CuSQOy4)
which are not as stable as copper sulfide. It is possible that
the temperature of sludge was higher than 474° C during the
smoldering period, which resulted in the formation of unstable
compounds. These compounds then caused the increase of the
leaching concentration of copper ions from the sludge after the
TCLP test. However, the question arises why the presence of re-
leaching in AQ2 was earlier than that in AO1. The definite reason
is still not clear, but it may be related to the amount of organic
compounds in A02 (about 30 wt%) being higher than that in
AO01 (about 15wt%). Higher amounts of organic compounds
may extend the smoldering period. Another possible factor is
that the moisture in A02 was less than that in AO1. Hence, the
quickened heating, which follows the disappearance of moisture
in sludge, was earlier in A02 than in AO1. Copper phosphate is
also known to be decomposed at high temperature. However, the
detail mechanism is not as clear as that of copper sulfide.

3.4. The assistance of the hybrid microwave process in
sludge stabilization with additives

The transformation mechanism of copper sulfide to other
compounds is oxidation [14]. Hence, feeding an inert gas in
the microwave process, which is called the hybrid microwave
process, was considered in order to avoid the smoldering of the
sludge and to cool down its temperature. The similar process was
used in the study of Hsieh et al. [15]. Nitrogen and carbon dioxide
were selected for AO1 because they are inert gases. Figs. 7 and 8
show the results of hybrid microwave processes of nitrogen and
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Fig. 7. Effects of hybrid microwave processes of nitrogen and carbon dioxide on
sodium sulfide for stabilization of AO1. MP: microwave process; HMP: hybrid
microwave process.

carbon dioxide for the stabilization of AOl. The results show
that the hybrid microwave process solved the re-leaching prob-
lem of copper ions from AO1 with additives for 12 min after the
microwave process. The sudden peaks were not again present at
the reaction time. Furthermore, when the anion concentration of
the additive was 0.005 mol (Na,S: 1.15 g; NazPOj4: 1.82 g)/40 g-
dried sludge, the effect of the hybrid microwave process on
sludge stabilization with additives was better than that of the
microwave process. In the sodium sulfide system, the lowest
leaching concentration of copper ions from the sludge treated
by the microwave process was 30.2 mg/L. When the sludge was
treated by the hybrid microwave processes of nitrogen and car-
bon dioxide, the lowest concentrations were 0.68 and 8.70 mg/L,
respectively. In the sodium phosphate system, the lowest con-
centration decreased from 52.5 to 34.4 and then to 30.4 mg/L,
respectively. From these results, it was found that the hybrid
microwave process could not only control the sludge tempera-
ture to avoid the re-leaching, but could also improve the effects
of additives with the microwave process on sludge stabilization.
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Fig. 8. Effects of hybrid microwave processes of nitrogen and carbon dioxide
on sodium phosphate for stabilization of AO1. MP: microwave process; HMP:
hybrid microwave process.
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Fig. 9. Effects of modified hybrid microwave processes of nitrogen on sodium
phosphate for stabilization of A02. HMPOI: an original hybrid microwave pro-
cess without a cooling period; HMP02: a cooling process behind a microwave
process; HMPO03: a microwave process with a gas led for the last 3 min and a
cooling process of 5 min following it; HMP04: a microwave process with a gas
led for the last 3 min and a cooling process of 10 min following it; HMPOS: a
microwave process with a gas led for the last 6 min and a cooling process of
10 min following it.

When the anion concentration of the Na;S was 0.007 mol
(1.73 g)/40g-dried sludge, the lowest leaching concentrations
of the sludge treated with the hybrid microwave processes of
nitrogen and carbon dioxide in the sodium sulfide system were
5.26 mg/L and under the detection limit. The results showed
that the effect of the hybrid microwave process on A0l stabi-
lization did not rise with the dosage increase of the additive.
Moreover, the leaching concentration of the sludge treated with
the hybrid microwave process might be higher than that of the
microwave process. From figures, it was found that the leach-
ing concentrations of copper ions from the sludge treated by the
hybrid microwave processes with low dosage of additives were
close to those with high dosage. Furthermore, they were almost
between the leaching concentrations from the sludge with the
dosages of additives of 0.005 and 0.007 mol/40 g-dried sludge
after the microwave process when the reaction time was below
9 min. Besides, these results show that the effect of the hybrid
microwave process on assisting sodium phosphate in sludge sta-
bilization was disappointing. Hence, sodium phosphate may not
be a suitable additive for this process.

Fig. 6 also shows the results of the hybrid microwave pro-
cess of nitrogen for the stabilization of A02. The results again
confirm the advantage of the hybrid microwave process of nitro-
gen. Compared with the results of AO1 by the hybrid microwave
process, those of AO2 show a clear decreasing tendency with
the increase in the dosage of sodium sulfide. The difference
might come from the natural dissimilarity between them. In
our rough experiment (data not shown), the effect of the hybrid
microwave process on sludge stabilization was possibly related
to the amount of organic compounds in sludge. Of course, this
supposition needs to be confirmed accurately.

Though the hybrid microwave process was effective, too
much gas was used in this process. Hence, some modified hybrid
microwave processes were performed. Fig. 9 shows the results
of AO2 by these modified processes. It was found that if the
cooling process was removed (HMPO1), the effect of the hybrid

microwave process on assisting sodium sulfide in sludge stabi-
lization was bad. This situation indicates that a cooling process
to restrain sludge smoldering is necessary. However, re-leaching
might still occur if nitrogen is fed only after the microwave pro-
cess and not during it (HMP02), which means that the sludge
temperature might be high enough to force copper sulfide to
transform. Hence, the feeding of nitrogen both in and after the
microwave process had to be considered.

Fig. 9 also shows that the re-leaching disappeared for the reac-
tion time of 9 min using the microwave process with nitrogen
fed for the last 3 min and a cooling process of 5 min following it
(HMPO03). However, when the reaction time increased to 12 min,
the occurrence of re-leaching could not be limited completely.
Therefore, experiments for the reaction time of 12 min using the
microwave process with nitrogen fed for the last 3 min and a
cooling process of 10 min (HMPO04) and also with nitrogen fed
for the last 6 min and a cooling process of 10 min (HMPOS5) were
performed. The results both show that these two modified hybrid
microwave processes could effectively assist sodium sulfide in
sludge stabilization and substantially reduce the use of nitrogen
in comparison with the original hybrid microwave process. The
results of HMP04 were better than those of HMPOS5, and the use
of nitrogen in the former was less than that of the latter. However,
the leaching concentrations of repetitions of HMP04 were some-
times still higher than 15 mg/L. Hence, HMPOS was preferred.
Besides, from the results of HMP03, HMPO04, and HMPOS5, it
could be considered that the suitable timing to start feeding nitro-
gen was at the reaction time of 6 min. Also, because this timing
was close to the time that the sludge moisture was removed
completely, the variation of the sludge temperature, which can
be measured roughly with an IR thermal detector, could be an
index too. Hence, the final modified hybrid microwave process
was to feed nitrogen into a microwave process when the reaction
time was more than 6 min and then to perform a cooling process
of 10 min with nitrogen. Fig. 10 shows the results of this pro-
cess. From the leaching results and their standard deviations, the
final modified hybrid microwave process could be considered to
be an effective method for the stabilization of sludge containing
copper ions.

60
Q
\ —&— A02+1.15g Na,S + HMP
S04 W, —o— A02+1.73g Na,S + HMP
—w— A02+1.15g Na,S + HMP(F)
40 —o— A02+1.73g Na,S + HMP(F)

Copper ions conc. in the leachate (mg/L)

Reaction time (min)

Fig. 10. Effects of the final modified hybrid process of nitrogen on sodium phos-
phate for stabilization of A02. MP: microwave process; HMP: hybrid microwave
process; HMP(F): final modified hybrid process.
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4. Conclusions

The effects of sodium sulfide and sodium phosphate on sludge
stabilization were immediate, and rose with the increase of
temperature. Compared with the assistance of traditional heat-
ing in sludge stabilization with additives, the assistance of the
microwave process was effective because of the characteristics
and the manner of transmission of microwave heating. More-
over, the assistance of the microwave process saved time and was
more powerful. However, when the reaction time was longer, the
leaching concentration of copper ions from sludge with addi-
tives after the microwave process increased suddenly because
the stable compounds such as copper sulfide and copper phos-
phate were decomposed at the high temperature. The hybrid
microwave process could overcome the disadvantage of the
microwave process for long reaction times. A modified hybrid
microwave process was also performed, and this process could
limit the re-leaching for longer reaction time and reduce the use
of nitrogen. The role that the inert gas such as nitrogen played
in the hybrid microwave process is not clear, and it is a topic for
future study.
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