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Abstract

This work elucidates the removal of copper from industrial sludge by traditional and microwave acid extraction. The effects of acid
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oncentration, extraction time, sludge particle size and solid/liquid (S/L) ratio on copper removal efficiency were evaluated. Leac
ore concentrated acid yielded greater copper content from the industrial sludge. The experimental findings reveal that the most

raditional extraction conditions were the use of 1N sulfuric or nitric acid for 60 min at an S/L ratio of 1/20; however, at an S/L ratio o
xtraction time needed to achieve the same copper removal efficiency was increased to 36 h. Increasing the microwave power a
he S/L ratio increased the copper extraction efficiency and the effect in the larger S/L ratio system was more significant. A co
f the results of microwave-assisted (microwave only) and microwave-enhanced (microwave with addition of active carbon) acid
emonstrated that under both conditions, S/L ratio = 1/6 and 1/20; adding active carbon shortened the extraction time required to a
opper extraction efficiency from 20 to 10 min. These experimental results indicate that the most important factors that most strong
icrowave acid extraction were the addition of a microwave absorber, the microwave power input and the S/L ratio. The sludge p
id not significantly affect the copper extraction. The results reveal that sulfuric acid was an effective extractant and that the copp

n the extracted sludge shifted from being mostly bound to the Fe–Mn oxides and organic matter, to being mostly bound to orga
nd remaining as a residue during acid extraction.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Industrial development has led to the generation of more
nd more industrial waste during production processes. One
f the most serious related problems is the generation of in-
ustrial sludge that contains various toxic metals. Industrial
ludge can normally be treated by vitrification, cement solid-
fication and extraction using acids or solvents; however, vit-
ification and cement solidification have numerous disadvan-
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tages. Vitrification involves relatively high cost of treatm
and construction. In cement solidification, a large amou
cement is required to make the cemented solid sufficie
strong and prevent the re-leaching of heavy metals caus
the breaking of the solid. The cost of disposing of ceme
sludge that contains toxic metals has been increasing
nentially and the number of landfills that can receive s
waste in Taiwan has been falling. Strong economic rea
exist for considering the use of a removal system instead
extraction process is environmentally and economicall
tractive because it can detoxify industrial sludge and rem
valuable metals for reuse. Various studies have investig
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the use of acids and solvents to remove metals from solid
waste, such as in extraction using perchloride, nitric and sul-
furic acids[1–4].

Ahmed et al.[5] found that over 70% of Co, Fe and Zn
could be extracted from smelter slag using aqueous sulfur
dioxide, and that the degree of extraction was improved by
increasing the concentration of sulfur dioxide and the tem-
perature. In conventional thermal processing, energy is trans-
ferred to the material by the convection, conduction and radi-
ation of heat from the surface of the material. In contrast, mi-
crowave energy is delivered directly to materials via molec-
ular interactions with the electromagnetic field. This differ-
ence in the manner in which energy is delivered is responsible
for the numerous potential advantages in using microwaves
to extract industrial sludge. Microwave heating is faster and
so supports faster dissolution than does conventional heat-
ing. Microwave energy has the potential to be used in metal
recovery operations, such as heating, drying, leaching, roast-
ing/smelting and waste management[6]. Rapid solvent ex-
traction[7] and the fast wet dissolution of various types of
solid samples[8,9] are some of the most well known mi-
crowave applications. Gan[10] used microwave radiation to
detoxify sediment sludge by microwave heating, drying and
metal ion immobilization within sediment solids. If just raw,
wet sludge was treated in a microwave; the samples would be
only dried. However, if the sludge is mixed with a little suit-
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developed by Tessier et al.[14], heavy metals are associ-
ated with five fractions—the exchangeable fraction, which
is likely to be affected by changes in the ionic composition
of water as well as in the sorption–desorption processes; the
carbonate fraction, which is sensitive to changes in pH; the
reducible fraction, which includes iron and manganese ox-
ides that are thermodynamically unstable under anoxic con-
ditions; the organic fraction, which can be oxidizing, thereby
releasing soluble metals under appropriate conditions; the
residual fraction, which may retain metals in a crystalline
structure[15]. High proportions of exchangeable and car-
bonate fractions enable metals to be easily removed from
the sludge. In contrast, high percentages of Fe–Mn oxides,
organic matter and residual fractions tended to fix the met-
als in the sludge, which was therefore stable. Su and Wong
[16] established that the proportions of Cu, Zn and Ni in the
residual fraction increased with the rate of fly ash amend-
ment in sewage sludge. In their work, most Cu was asso-
ciated with organic matter, but Zn and Ni were in Fe–Mn
oxide and residual forms[16]. Ammonia solution leaching
markedly changed the fractionation, reducing the amounts of
organic matter and Fe–Mn oxide-bound copper; however, the
carbonate-bound fraction of copper increased[17]. The met-
als were mobilized into more stable fractions as the treatment
temperature increased[18]. All previous investigations have
shown that various treatments cause shifting among metal
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ble microwave absorber (such as C), then a temperat
00◦C can be obtained, so pyrolysis, rather than drying
urs[11]. Moreover, the microwave drying of sludge, wh
educes the volume and mass of the sludge is important
ucing the cost of its disposal[12]. Weian[13] performed the
icrowave-assisted acidic ferric chloride leaching of a
er sulfide concentrate and found that microwave-ass

eaching accelerated the dissolution of copper. All of th
revious investigations examined the drying, heating an
esting of samples. Instances of the use of microwav
emove metals from industrial sludge and comparison
icrowave-assisted and traditional acid extraction are

n the literature. Hence, this study applies sulfuric and n
cids to remove copper from industrial sludge by microw
ssisted and traditional acid extraction. The effects of sl
article size, acid concentration, extraction time, S/L r
nd microwave power on the copper removal efficiency w
xamined. Haque[6] showed that added carbon could ac
rate microwave heating. Therefore, this work further e
ated the effect of adding carbon on microwave-enha
xtraction.

The composition of the industrial sludge importantly g
rns extraction behavior. The use of the total concentr
f the metals in the sludge with respect to leaching imp

hat all forms of a given metal are equally soluble; suc
ssumption is untenable. A sequential extraction proce
an help to characterize the leaching behavior by dividin
he metal into fractions. Of the various sequential extrac
ethods available, the one used most often is that d
ped by Tessier et al.[14]. As determined by the procedu
ractions. The distribution of heavy metals among these
ractions by sequential extraction determines the pote
obility of heavy metals in industrial sludge before and a
cid extraction.

The goals of this study are: (i) to study the removal
iency of copper by traditional and microwave-assisted
xtraction, (ii) to elucidate the effect of sludge particle s
cid concentration, extraction time, S/L ratio and microw
ower on copper removal efficiency, (iii) to evaluate the e
f adding carbon on microwave-enhanced acid extractio
iv) to identify the metal partitions that remain in the resi
fter various acid extraction treatments.

. Materials and methods

.1. Characteristics of industrial sludge

Industrial sludge was obtained from a printed circuit bo
lant in Tao-Yuan County, Taiwan. A 20 g sample of slu
as mixed with 20 ml deionized water for 5 min. The sam
as centrifuged and filtered through a 0.45�m membran
lter, and the acidity of the filtrate was measured using a
eter. The quantity of heavy metals in the industrial slu
as determined after it was digested in aqua regia, w

s a mixture of concentrated HCl and concentrated H3
HCl:HNO3 = 1:3). The suspension was cooled and filte
hrough a 0.45�m membrane filter and the filtrate was a
yzed to identify the presence of Cu, Ni, Pb and Zn using
uctively coupled plasma (ICP) spectrometry. The pH an
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Table 1
Conditions of traditional acid extraction for various extraction procedures

Conditions TCLP MTCLP ANC MANC

Sludge (g) 50 5 5 5
Particle size <9.5 mm <9.5 mm <150�m <150�m
S/L ratio 1/20 1/20 1/6 1/6
Extractant Acetic acid Nitric acid, sulfuric acid Nitric acid Nitric acid, sulfuric acid
Concentration (N) 0.1 0.1, 0.5, 1.0, 1.5, 2.0 Not defined 0.2, 0.4, 0.6, 0.8, 1.0
Time 18 h 5, 30, 60, 90, 120, 150, 180 min 48 h 1, 2, 3, 4, 6, 9, 12, 18, 24, 36, 48 h
Mixing (rpm) 30 30 Not defined 30

heavy metal contents were measured in triplicate. The crys-
tallinity of the raw sludge was elucidated by X-ray diffraction
(XRD). The raw sludge was examined by scanning electron
microscopy (SEM) using a LEO 1530.

2.2. Traditional and microwave acid extraction

The sludge was oven-dried at 105◦C until a constant mass
was reached. Thereafter, the dried sludge was ground, and
the sample was sieved to yield particles of sizesd< 9.5 mm
andd< 150�m. The acid neutralization capacity (ANC) pro-
cedure and the toxicity characteristic leaching procedure
(TCLP) were modified to extract Cu from the industrial
sludge, to determine the removal efficiency of Cu. The ex-
tractant of TCLP and ANC was acetic acid and nitric acid
and the extraction time of TCLP and ANC was 18 and 48 h,
respectively.Table 1presents in detail the conditions of the
procedures. Copper removal efficiencies using various acids
at various concentrations were compared. Following each ex-
traction, all of the suspensions were centrifuged and the su-
pernatants were filtered through a 0.45�m membrane filter.
The filtrate was acidified to pH < 2 before it was analyzed to
determine the concentrations of heavy metals. The concentra-
tion of each heavy metal was measured by ICP. The kinetics
of extraction from industrial sludge was elucidated using ni-
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Table 3
Experimental conditions of sequential extraction

Partitions Agents and procedures

Exchangeable (weakly adsorbed) 8 ml 1 M MgCl2, pH 7.0 (1 h)
Carbonate-bound (acid soluble) 8 ml 1 M NaOAc, pH 5.0 (5 h)
Fe–Mn oxides-bound (reducible) 20 ml 0.04 M NH2OH·HCl,

96◦C (5 h)
Organic matter-bound (oxidizable) 3 ml 0.02 M HNO3/5 ml 30%

H2O2, 85◦C (3 h), after cooling
5 ml, 3.2 M NH4OAc (30 min)

Residual bound (silicates and
unreactive oxides)

10 ml 97% H2SO4 (1 h)

2.3. Sequential extraction

Metal speciation of the raw and extracted sludge samples
was performed by five-stage sequential extraction, following
the procedure of Tessier et al.[14]. Table 3summarizes the
steps and the operationally defined fractions of the metals.
The sequential extractions were conducted on 5 g of dried in-
dustrial sludge. Following each step of the extraction, all of
the suspensions were centrifuged and the supernatants were
filtered through a 0.45�m membrane filter. The filtrate was
acidified to pH < 2 before it was analyzed to identify heavy
metals. The residues were washed with deionized water; after
it was centrifuged, the solution thus obtained was discarded,
and the next extraction agent was added. The concentration
of copper was also measured using ICP. The percentage of
copper recovered from different extraction systems was de-
termined as follows:

Recovery (%)= [CSE]/[TMC] × 100

where [CSE] stands for the total concentration of copper in
each partition of raw or extracted sludge, as determined by
sequential extraction procedures. [TMC] is the total concen-
tration of copper of raw or extracted industrial sludge.

3

3

ture
c using
I , Ni,
P g/g,
ric acid and sulfuric acid at 1N and all other conditions w
s stated inTable 1.

A domestic microwave oven (BERGHOF MWS
000 W, 2.45 GHz) was used as the microwave radia
ource.Table 2 lists the experimental conditions for t
icrowave-assisted and microwave-enhanced acid ex

ion. The samples were treated and analyzed in a ma
imilar to the traditional acid extraction scheme.

able 2
onditions of microwave acid extraction for various extraction proced

onditions Microwave-assisted Microwave-enhan

ludge (g) 5 5
article size <9.5 mm, <150�m <9.5 mm, <150�m
/L ratio 1/6, 1/20 1/6, 1/20
ludge/active carbon – 1/1
xtractant Nitric acid, sulfuric

acid
Sulfuric acid

oncentration (N) 1.0 1.0
ime (min) 3, 4, 5, 10, 20, 30 3, 4, 5, 10, 20, 30
icrowave power (W) 400, 600, 800 800
. Results and discussion

.1. Properties of the raw industrial sludge

The pH of the industrial sludge was 6.5 and the mois
ontent was 48.7%. The metal sludge was analyzed
CP, which revealed that the total amounts of metals Cu
b and Zn in the sludge were 71.9, 0.9, 1.3 and 0.7 m
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Fig. 1. Efficiency of acid extraction using various concentrations of sulfuric
and nitric acids (with MTCLP and MANC extraction times of 18 and 48 h).

respectively. Concentrations were expressed in terms of dry
mass. A high Cu concentration rendered the industrial sludge
hazardous. Given the highest content of Cu in the sludge, Cu
was used as the target metal to be removed. The efficiency of
removal depended on the partitions of the heavy metal and the
pH of the sludge. The crystal structures of the raw industrial
sludge were analyzed by XRD and the results indicated that
the sludge was amorphous and no crystal form could be iden-
tified. The SEM analysis revealed that the sludge comprised
irregularly shaped aggregated small particles with diameters
of approximately 20–30�m.

3.2. Traditional acid extraction

Fig. 1 plots the efficiency of extraction of copper using
various concentrations of sulfuric and nitric acids by modi-
fied ANC (MANC) and modified TCLP (MTCLP) methods.
The MANC procedures were applied to smaller sludge par-
ticles with a higher S/L ratio than MTCLP to elucidate the
effects of the sludge particle size and S/L ratio. The results
were expressed as the amount of copper extracted as a per-
centage of the original amount of content. The results are
compared to those of acid treatment. About 1N acid was
required to extract large quantities of copper, and the ex-
traction efficiencies of sulfuric acid (MTCLP), sulfuric acid
( e
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Fig. 2. Acid extraction efficiency as a function of time using 1N sulfuric and
nitric acids: (a) MTCLP and (b) MANC.

particle size or the S/L ratio on the efficiency of copper ex-
traction. The extraction times associated with MTCLP and
MANC differed. So the kinetics of traditional acid extraction
must be further examined to determine the effects of these
factors.

Fig. 2plots the kinetics of extraction using 1N sulfuric and
nitric acids by MTCLP and MANC. The extraction of Cu by
nitric and sulfuric acids exhibited a lag after 60 min in MT-
CLP; however, extraction by these acids in MANC increased
with extraction time. For a given extraction time, 60 min,
the percentages of copper extracted using sulfuric acid (MT-
CLP), sulfuric acid (MANC), nitric acid (MTCLP) and nitric
acid (MANC) were 92, 28, 91 and 29%, respectively.

The extraction rate constants (k) of Cu using various tradi-
tional acid extraction systems were determined by first-order
kinetics, and thek values of sulfuric acid (MTCLP), sulfuric
acid (MANC), nitric acid (MTCLP) and nitric acid (MANC)
were 0.372, 0.022, 0.426 and 0.020 h−1, respectively. The
rates of extraction of MTCLP in both 1N sulfuric and nitric
acids were 10 times higher than those of MANC. In prac-
tical situations, a shorter extraction period can be obtained
using a smaller reactor, reducing the associated capital and
operating costs.Figs. 1 and 2reveal that the percentage of
copper extracted increased with the acid concentration and
the contact time, because increasing the acid concentration
and the contact time increases the energy available to break
t
i rac-
t ciated
a

MANC), nitric acid (MTCLP) and nitric acid (MANC) wer
2, 97, 91 and 91%, respectively. The percentage of co
xtracted increased with the acid concentration, and th
endence between the extracted efficiency and the acid
entration was strong when the acid concentration was
han 1N. The mechanisms of the retention of heavy meta
ludge involve: (i) the adsorption onto suspended solids
ii) presence as hydroxide precipitates; the latter is the d
ant mechanism. At low pH, heavy metals adsorbed ont
olid phase are exchanged with high concentrations of
ons and heavy metal hydroxides are dissolved. The m
re accordingly removed from the industrial sludge. Sev

nvestigations have shown the effectiveness of strong
n extracting metals from sludge and slag[1,2,4,19]and tha
igher concentrations of acid leaching correspond to gr
eavy metal content from slag and sludge[4,5,19–21]. How-
ver,Fig. 1 does not clearly depict the effects of the slu
he chemical bonds of the metals in the sludge[19]. MTCLP
s more economic than MANC, because of its high ext
ion percentage and high extraction rate, and the asso
daptive extraction time of approximately 60 min.
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MTCLP was applied to larger sludge particles than
MANC; so the experimental results indicate that extraction
from coarse sludge particle (d< 9.5 mm) could be undertaken
by nitric acid and that from fine sludge particles (d< 150�m)
could be conducted using sulfuric acid. Under the same ex-
perimental conditions, copper in fine particles is known to be
extracted more quickly than that in coarse particles of sludge.
The k value of MTCLP exceeded that of MANC, and the
sludge particles to which MANC was applied were smaller
than those associated with MTCLP. These facts reveal that
the S/L ratio dominated traditional acid extraction, and the
extraction rate increased as the S/L ratio declined. Restated,
adding more acid increased the extraction rate from coarse
sludge particles. Li et al.[22] established that the extracted
Ca concentration at S/L ratios of 1/8 and 1/16 was 35.4 and
62.9 mg/g. However, Chang and Liu[17] and Xia and Pick-
les[7] stated that the metal recovery increased with the S/L
ratio.

3.3. Microwave acid extraction

Based on the results of traditional acid extraction, 1N sul-
furic and nitric acids were used in tests of microwave-assisted
and microwave-enhanced acid extraction.Fig. 3 depicts the
extent of microwave-assisted sulfuric acid extraction at vari-
o tios.
T g the
fi min,

F wer
v
(

at which point, the percentages of copper extracted from the
coarse sludge particles at 800 W (1/20), 800 W (1/6), 600 W
(1/20), 600 W (1/6), 400 W (1/20) and 400 W (1/6) using 1N
sulfuric acid were 89, 85, 75, 70, 63 and 51%, respectively,
and those from fine sludge particles were 90, 79, 68, 66, 62
and 58%, respectively. A higher microwave power and lower
S/L ratio corresponded to more efficient copper extraction;
however, the effect of the size of the sludge particles was
insignificant (Fig. 3). The results of microwave-assisted acid
extraction indicated once again that the S/L ratio was the
most important factor in the removal of copper from indus-
trial sludge. This finding was similar to that for traditional
acid extraction.

Fig. 4 presents microwave-assisted nitric acid extraction
at various microwave powers, sludge particle sizes and S/L
ratios. The results of sulfuric and nitric acids in microwave-
assisted acid extraction were similar. In both cases, higher
microwave power and lower S/L ratio corresponded to more
efficient extraction of copper (Figs. 3 and 4). At an S/L
ratio of 1/20, 80% of copper was extracted after 60 and
20 min of traditional and microwave-assisted (800 W) ex-
traction, respectively; however, at an S/L ratio of 1/6, 80%
of copper was extracted after 36 h and 20 min of traditional
and microwave-assisted acid extraction, respectively. The mi-
crowave energy reduced the extraction time and the effect in
the larger S/L ratio was more significant. Weian[13] also
s r dis-
s that
o

F val-
us microwave powers, sludge particle sizes and S/L ra
he copper extraction efficiency increased sharply durin
rst 10 min, and reached an equilibrium after about 20

ig. 3. Efficiency of microwave/sulfuric acid extraction at various po

alues and S/L ratios: (a) coarse particles (d< 9.5 mm) and (b) fine particles
d< 150�m) (sulfuric acid = 1N).

u
(

tated that microwave-assisted leaching provided faste
olution of copper, whose finding was consistent with
btained herein.

ig. 4. Efficiency of microwave/nitric acid extraction at various power

es and S/L ratios: (a) coarse particles (d< 9.5 mm) and (b) fine particles
d< 150�m) (nitric acid = 1N).
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Fig. 5. Increase in microwave/sulfuric acid/active carbon extraction ef-
ficiency at various power values and S/L ratios: (a) coarse particles
(d< 9.5 mm) and (b) fine particles (d< 150�m) (sulfuric acid concentra-
tion = 1N, power = 800 W and sludge/active carbon = 1).

Haque[6] demonstrated that added carbon can acceler-
ate microwave heating and Chang and Liu[17] showed that
increasing the temperature promotes the leaching reaction.
Therefore, active carbon was added to evaluate the promotion
of microwave-assisted acid extraction.Fig. 5plots the results
of microwave/sulfuric acid (1N)/active carbon enhanced-
extraction at 800 W. At an S/L ratio of 1/6 or 1/20, adding
active carbon reduced the time required to extract 80% of
copper from 20 to 10 min. The results agreed with those in
earlier works[6,17], which have found that adding carbon ac-
celerated heating and increasing the temperature accelerated
the extraction.

The rate of copper extraction reached a maximum dur-
ing the first 5 min of the reaction; a higher microwave power
and a lower S/L ratio corresponded to a higher rate of ex-
traction of copper. Also the lower S/L ratio might induce a
higher extracted rate; however, the addition of active carbon
in the higher S/L ratio system indicated a higher extracted rate
than that in the lower S/L ratio system. These experimental
findings demonstrate that the most important factors in mi-
crowave acid extraction were the addition of a microwave ab-
sorber, the microwave power input, and the S/L ratio, in that
order. The size of the sludge particles did not significantly
affect the extraction of copper. Microwave acid extraction is
more expensive than traditional acid extraction; however, the
efficiency of the microwave acid extraction of copper greatly
e

Fig. 6. Amounts of Cu that are extractable from different fractions of vari-
ous sulfuric acid extraction systems using sequential extraction procedures
(sulfuric acid concentration = 1N, extraction time = 30 min, S/L ratio = 1/6
and particle size < 150�m).

3.4. Partition of copper by sequential extraction

The sequential extraction procedure elucidates the form
of copper in the industrial sludge. Herck and Vandecasteele
[23] revealed that sequential extraction can be used only for
qualitative, and not quantitative, analysis. Nyamangara[24]
demonstrated that the results of sequential extraction provide
only an overall appreciation of the factors that influence metal
release and do not yield accurate values of the percentages
of various forms of metal. However, the dominant form of
copper in sludge varies among the literature.Fig. 6plots the
quantities of copper in various forms in the raw industrial
sludge and in the residue after various extraction procedures.
Table 4presents the corresponding amount and percentage of
extractable Cu and the ratio of recovery associated with ex-
traction procedures. Unlike for raw sludge, all residues were
extracted using 1N sulfuric acid for 30 min, with particle
size < 150�m and S/L ratio = 1/6. The largest fraction of Cu
in raw sludge was bound to Fe–Mn oxides (25.5 mg/g). The
exchangeable and carbonate fractions, sensitive to changes in
ionic strength and pH, represented approximately 14 and 12%
of the total Cu content. The high percentage associated with
the exchangeable and carbonate fractions reveal that metals
could be easily removed from such industrial sludge by acid
extraction. Alvarez et al.[25] indicated that there were higher
levels of oxidizable copper compared to the other forms in
a
a und to
o age
s
O 95%
o dges,
s ic lig-
a
[ ) in
i %)
a also
p us
xceeded that of traditional acid extraction.
ll types of wastewater treatment plants. Hsiau and Lo[26]
lso showed that most copper in sewage sludge was bo
rganic matter (73.7%). Most of the native copper in sew
ludge was in residual (45%) and organic (30%) forms[24].
xidizable and residual fractions together represented
f the total copper content in aerobic and anaerobic slu
uggesting that copper was associated with strong organ
nds and probably occluded in minerals[27]. Chang and Liu

17] indicated that residual copper was dominant (42.3%
ndustrial sludge, while both Fe–Mn oxide-bound (33.8
nd carbonate-bound (23.7%) forms of copper were
resent. This fact might follow from the use of vario
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Table 4
Amount and percentage of Cu that is extractable from various fractions in different systems using sequential extraction procedures

Raw sludge MANCa 400 Wa 600 Wa 800 Wa

mg/g % mg/g % mg/g % mg/g % mg/g %

Exchangeable 9.9 14 4.4 9 1.4 6 0.7 7 0.5 11
Carbonate 7.8 12 5.0 10 2.0 9 1.1 11 0.5 11
Fe–Mn oxides 25.5 38 3.8 8 0.6 2 0.4 4 0.2 4
Organic matter 16.5 25 19.5 41 17.0 74 4.5 45 2.3 50
Residual 7.1 11 15.7 32 2.0 9 3.3 33 1.1 24

Recovery (%) 93 90 94 93 85
a System conditions: sulfuric acid = 1N, extraction time = 30 min, S/L ratio = 1/6 and particle size < 150�m.

sources of sludge, the use of various agents and the varia-
tion among sequential extraction conditions. In this work, the
copper partition of raw sludge followed the order Fe–Mn ox-
ides > organic matter > exchangeable≈ carbonate≈ residual
bound (Table 4).

The recovery ratios of Cu in raw sludge with MANC
for microwave-assisted extraction at 400, 600 and 800 W
were 93, 90, 94, 93 and 85% (Table 4). The results are
quite consistent despite the errors that may arise during se-
quential extraction. Small amounts of solids are removed by
the supernatant, possibly reducing the copper concentration
as described below, yielding a recovery ratio of less than
100%.

Most of the Cu extracted by sludge is bound to organic
matter, regardless of the extraction system used (Table 4).
The proportions of copper in the organic matter and residual
fractions increased markedly whereas those in the Fe–Mn
oxides, exchangeable and carbonate fractions declined con-
siderably during traditional and microwave-assisted sulfu-
ric acid extraction (Fig. 6). These results imply that the
extracted sludge was more stable than the raw industrial
sludge.

This work employed traditional and microwave-assisted
acid extraction to remove copper from industrial sludge;
the results revealed that sulfuric acid was an effective ex-
tractant and that the most of the copper extracted from the
s and
o be-
i of
t was
i ted,
t udge,
w ons
[

4

pted
t trial
s with
t iency
o was

strong at acid concentrations of below 1N. After an extrac-
tion period of 60 min, the percentages of copper extracted
using sulfuric acid (MTCLP), sulfuric acid (MANC), nitric
acid (MTCLP) and nitric acid (MANC) were 92, 28, 91 and
29%, respectively. The extraction rate constants (k) associ-
ated with sulfuric acid (MTCLP), sulfuric acid (MANC),
nitric acid (MTCLP) and nitric acid (MANC) were 0.372,
0.022, 0.426 and 0.020 h−1, respectively. The experimental
results of traditional acid extraction reveal that nitric acid
was most effective for extraction from coarse sludge parti-
cles (d< 9.5 mm) and sulfuric acid was most effective for
extraction from fine sludge particles (d< 150�m). The cop-
per extraction efficiency of microwave acid extraction in-
creased sharply in the first 10 min, reaching equilibrium af-
ter approximately 20 min of the reaction. Higher microwave
power and the lower S/L ratio corresponded to more efficient
copper extraction. The effect of sludge particle size was in-
significant for both traditional and microwave acid extraction
systems. Carbon addition promoted extraction and shortened
extraction time. These experimental findings demonstrated
that the most important factors in microwave acid extrac-
tion were the addition of microwave absorber and the in-
put microwave power, followed by the S/L ratio. The forms
of copper in raw sludge followed the order Fe–Mn ox-
ides > organic matter > exchangeable≈ carbonate≈ residual
bound. The extracted sludge of different extraction systems
a atter
b

A

ic
A ng
t 07.

R

ckel
alth

rom
1–7.
ludge shifted from being bound to the Fe–Mn oxides
rganic matter to being bound to organic matter and

ng residual. Naoum et al.[19] also showed that most
he copper in the sludge residue after acid treatment
n organic (67.5%) and residual (12.5%) forms. Resta
he extracted sludge was more stable than the raw sl
hich was similar to the result of previous investigati

17–19].

. Conclusions

Traditional and microwave acid extractions were ado
o evaluate the efficiency of copper removal from indus
ludge. The percentage of extraction of copper increased
he acid concentration, and the dependence of the effic
f traditional acid extraction on the acid concentration
ll showed that the most copper partition was organic m
ound.
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