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Adsorption of copper ions onto microwave stabilized heavy metal sludge
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Abstract

Microwave stabilized heavy metal sludge was used as an adsorbent to remove the copper ions from aqueous solution. The adsorption characteristics
of copper on the stabilized-sludge were studied by various models, such as Freundlich and Langmuir isotherm equation. Results show that the
pHzpc of stabilized-sludge was at 9.2–9.5. Moreover, the adsorption of copper ions onto the stabilized-sludge surface was mainly on account of
the heterogeneous surface of the stabilized-sludge. In the dynamic study, the experimental data was fitted to the intraparticle diffusion model,
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seudo-first order model and pseudo-second order model. However, the experimental data was only well correlated with pseudo-second order
odel with the correlation coefficient > 0.995.
Furthermore, both Freundlich and Langmuir isotherm equations were found to represent the measured adsorption data well. From the Langmuir

quation, the adsorption capacity increased from 18 to 28 mg/g as the temperature rose from 15 to 55 ◦C, since this adsorption process was an
ndothermic reaction. After this adsorption process, copper ions can be concentrated on and in a small bead and recovery efficiently.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal sludge produced by industrial wastewater treat-
ent of printed circuit board plants is often regarded as a haz-

rdous material. Copper ions in sludge are easy to leach out,
nd the concentration of metals often exceeds the legal criteria.
xcept for the metal ions, the heavy metal sludge also contains
everal salts: CaSO4, CaCO3, NaCl, NaHCO3 and insoluble
etal hydroxide and M(OH)n [1]. In Taiwan, though copper

on in waste metal sludge is mostly treated with sulfuric acid
nd recovered by crystallization process, the leaching concen-
ration of copper ions in the residual sludge under TCLP test
till cannot meet the legal criterion (15 mg/L).

For years, microwave technique, offering the advantage of
niform and rapid heating, has been widely applied to the
reatment of some environmental materials. These applications
ncluded heating and pyrolysis [2,3], extraction and diges-
ion [4–10], synthesis [11–13] and sample preparation [14,15].

∗ Corresponding author. Tel.: +886 2 23625373; fax: +886 2 23928830.
E-mail address: sllo@ccms.ntu.edu.tw (S.-L. Lo).

Moreover, the stabilization and immobilization of metal ions in
soil and metal sludge through the microwave treatment are also
reported [16–18]. This demonstrates that microwave treatment
is quite efficient in inhibiting the leaching of metal ions from
soil or sludge. Hence, the treated soil or sludge becomes a stable
matrix for application.

For reducing the problems of metal ions in aqueous solu-
tion, many low-cost adsorbents have been used efficiently. These
adsorbents include agricultural by-products [19–23], sewage
sludge, metal hydroxide, soil minerals, etc. [24–27]. The reuse of
these cheaper adsorbents for the adsorption of metal ions could
achieve the goal of reclamation of solid wastes.

In this study, the adsorption of copper ions onto stabilized-
sludge treated by microwave stabilization process was inves-
tigated. According to TCLP test, copper concentration in the
raw sludge conformed to the legal criterion after the microwave
stabilization process. Therefore, the microwave stabilization
process-treated sludge was denominated as stabilized-sludge.
The objectives of this research were to (1) investigate the
chemical composition and surface characteristics of stabilized-
sludge, (2) develop the kinetics relationship between copper
ions and stabilized-sludge and (3) realize the influences of the
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.12.026
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initial pH and temperatures on adsorption of Cu onto stabilized-
sludge.

2. Materials and methods

2.1. Sample preparation and characteristics

Raw heavy metal sludge came from Heavy Metal Sludge
Treatment Plant, Tao-Yuan County, Taiwan, and had been han-
dled by acid extraction process. However, according to toxic
characteristics leaching procedure (TCLP, method 1311 pub-
lished by USEPA) copper ion concentrations of the raw sludge,
33.10 mg/L, still exceeded the criteria of waste disposal in Tai-
wan, 15 mg/L.

In this study, the raw heavy metal sludge was first dried at
105 ◦C for 12 h at least until the moisture was removed and
two successive weighting of sludge was maintained at a con-
stant value within ±1%. Then it was crushed with a grinder
and sieved till the particle diameter ranged between 100 and
400 mesh (0.15–0.063 mm). The fine sludge was stored in a
20 L bucket with a plastic cover. Afterward the raw sludge was
treated by microwave stabilization process that was established
in previous study [18]. The operation parameters of microwave
stabilization process are of power of 600 W, reaction time of
12 min, additive of 0.8 g Fe powder and liquid (H2O) to solid
(sludge) ratio of 1. The TCLP test results showed that the cop-
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2.2. Adsorption kinetics experiment

In the kinetics experiments, different dosages (0.08, 0.1,
0.12 and 0.15 g) of stabilized-sludge were added to 100 mL of
30 mg/L copper solution in 250 mL flasks. The initial pH of the
copper solution was adjusted at 4 ± 0.3 with NaOH and HNO3.
The mixtures were then shaken in a temperature-controlled
water bath at 120 rpm and 25 ± 1 ◦C. At different desired con-
tact times, the mixtures were taken and filtered using filter paper
(0.5 �m) made by glass fiber. The remaining copper ion concen-
trations were then analyzed by FAAS.

Furthermore, several adsorption models have been applied
to depicting the adsorption mechanism between adsorbent and
adsorbate, such as the intra-particle diffusion model, pseudo-
first-order kinetics model and pseudo-second order kinetics
model. Each was discussed as follows.

Intra-particle diffusion model of Weber and Morris [33] is
expressed as

Qt = KiT
1/2. (1)

The pseudo-first-order kinetic model of Lagergen [34] is

dQ

dt
= K1(Qe − Q). (2)

After definite integration by applying the initial condition Qt = 0
a
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er ion of heavy metal sludge was “stabilized” through the
icrowave stabilization process with the leaching concentra-

ion of 1.04 mg/L. Hence, the stabilized-sludge was taken as the
dsorbent in later adsorption experiment. Before performing the
dsorption experiments, the stabilized-sludge was washed three
imes with a 0.01 M KNO3 solution at pH 7.2 adjusted by HNO3
nd NaOH to remove debris and alkaline materials on the sur-
ace [28]. The washed-sludge was then frozen dried prior to
torage.

Stock copper solution was prepared with distilled water and
u(NO3)2·3H2O (reagent grade). The solution pH was adjusted
ith 0.1 M HNO3 and 0.1 M NaOH. The concentration of metal

ons were analyzed by flame atomic adsorption spectrometer
FAAS).

The chemical composition of the raw heavy metal sludge was
etermined by modified microwave digestion method consulted
rom previous studies [5,29] with a microwave oven to quantify
he metal contents. Samples of 0.1 g raw heavy metal sludge
ere well mixed with HNO3–HCl–HF solution (3 mL individ-
ally) and two-stage programs of the microwave process were
arried out. The first stage is 650 W for 10 min (final temperature
60 ◦C) and the second stage is 800 W for 15 min (final temper-
ture 200 ◦C). After the microwave-assisted digestion process,
he mixtures were cooled down to room temperature. The mix-
ures were also filtered and quantified to 50 mL before being
nalyzed. The same procedure was also followed for stabilized-
ludge.

Surface charge, Q (mV), of the stabilized-sludge in the aque-
us solution was measured at different pH values by Malvern
etasizer 3000. Afterward surface change measurements were
lotted versus pH.
t T = 0 and Q = Qt at T = t, it can also be expressed as

og(Qe − Qt) = log Qe − K1T

2.303
. (3)

he pseudo-second order presented by Ho and McKay [36] is

T

Qt

= 1

K2Q2
e

+ T

Qe
, (4)

here Qt and Qe represent the amounts of solute adsorbate per
nit adsorbent (mg/g) at any time and at equilibrium, respec-
ively. Furthermore, Ki is the intraparticle diffusion rate constant
mg/g min1/2) and K1 (1/min) and K2 (g/mg/min) are the rate
onstants of pseudo-first order model and pseudo-second order
odel, respectively. In addition, h = K2Q

2
e is the initial adsorp-

ion rate.

.3. Effect of the initial pH

The effect of initial pH of the copper ion solution on adsorp-
ion was determined over a range of pH value 3–8. This exper-
ment was performed with 0.1 g stabilized-sludge and 100 mL
f 30 mg/L copper solution. The mixtures were shaken in the
emperature-controlled water bath at 120 rpm and 25 ± 1 ◦C
ntil reaching equilibrium and the final pH and copper concen-
ration of the solution were detected.

.4. Isotherm study

Isotherm study of copper ions adsorbed onto the stabilized-
ludge was carried out at different adsorbent dosages. The
mounts of adsorbent were ranged from 0.08 to 0.3 g with
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100 mL of 30 mg/L copper solution. The initial pH and temper-
ature of the copper solution were 4 ± 0.3 and 25 ± 1 ◦C, respec-
tively. The mixtures were shaken in 250 mL flasks at 120 rpm
until the equilibrium time was reached. The equilibrium copper
concentrations, Ce (mg/L), were analyzed and the amounts of
copper adsorbed per gram of stabilized-sludge, Qe (mg/g), were
calculated. Similar individual isotherm experiments were also
conducted at 15, 35, 45 and 55.

In the course of studying the adsorption isotherm of copper
ions onto stabilized-sludge surface, the experimental data was
fitted to the Freundlich and Langmuir isotherm equations.

The Freundlich sorption isotherm [37] is used in the linear
form as

log Qe = log kF + 1

n log Ce
, (5)

where KF (mg/g) and n (g/L) are the Freundlich constants, which
are the adsorption capacity of the adsorbent and the symp-
tom of the favorability of the adsorption process, respectively
[35].

Moreover, the Langmuir sorption isotherm [38] has been
widely applied to many adsorption processes and systems. The
basic assumption of Langmuir adsorption is the monolayer
adsorption on the adsorbent surface. It means no more adsorp-
tion of ions would occur at a non-active site, since the site was
occupied by one ion. The Langmuir adsorption isotherm can be
e
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Table 1
Chemical composition of raw heavy metal sludge and stabilized-sludge

Element Proportion (mg/g)

Raw sludge Stabilized-sludge

Ag 0.15 N.D.
Al 12.24 3.47
Ba 0.92 N.D.
Ca 121.33 106.63
Cd N.D. N.D.
Co 0.11 N.D.
Cr 0.39 1.28
Cu 13.07 14.2
Fe 17.64 42.09
Ga 0.06 N.D.
K 2.49 1.84
Mg 1.89 0.84
Mn 0.27 N.D.
Ni 1.36 0.7
Pb 2.27 N.D.
Si 65.63 67.85
Zn 1.08 1.62

D.L. (detection limit) = 0.1 mg/L (0.025 mg/g) and N.D. means the concentration
of metal ion is below detection limit.

from sulfuric acid extraction process and microwave stabiliza-
tion process of raw sludge. On the contrary, results reported in the
researches [30,31] indicated different phenomenon of adsorp-
tion of metal ions onto solid phase, goethite and Fe(OH)3. In
those studies, appreciable adsorption of cationic ions was at a
pH value below the pHzpc, even if the surface charge of the
adsorbents was mostly positive. Hence, the difference between
the stabilized-sludge and other solid adsorbent mentioned above
on adsorption may result from the existence of other functional
groups on other solid adsorbent.

Moreover, in Fig. 1, the surface charge declined steeply at
the pH ranges of 2–4 and 8–10, but maintained around −25 mV
at the pH of 4–8, the pH interval in which the whole adsorption
proceeded.

F
p

xpressed as

Ce

Qe
= 1

bQ0
+ Ce

Q0
, (6)

here b and Q0 are the sorption equilibrium constant, which
re the adsorption energy (L/g) and adsorption capacity (mg/g),
espectively.

. Results and discussions

.1. Characteristics of raw heavy metal sludge and
tabilized-sludge

Microwave-assisted digestion was performed for the analy-
is of chemical compositions of raw heavy metal sludge and
tabilized-sludge. As listed in Table 1, the major elements of
aw heavy metal sludge and stabilized-sludge were Ca, Si, Fe,
u and Al in decreasing sequence. The large amounts of Ca, Fe
nd Al may be attributed to the usage of lime, ferrous sulfate and
oly-aluminum chloride, respectively, in wastewater treatment
hile the Cu and Si came from the process of printed circuit
oard treatment.

Fig. 1 illustrated the variation of surface charge of stabilized-
ludge at different pH values. From the plot, the values of zeta
otential were all below 0 mV in the studying pH range and
t meant the negative charge was established on the surface of
tabilized-sludge at the adsorption process. The negative charge
f the surface may attribute to the high adsorption capacity of
ationic ions by electrostatic attraction. Further, the pHzpc of
tabilized-sludge were much smaller than that of sewage sludge
25], for the existence of metal oxide and sulfide oxide resulted
ig. 1. Variation of surface charge of stabilized heavy metal sludge with system
H.
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Fig. 2. The effect of initial pH on the adsorption of Cu(II) onto stabilized heavy
metal sludge. (· · ·) Initial pH vs. final pH. (—) Initial pH vs. Qe.

3.2. Effect of the initial pH

In general, the pH values affect the species of heavy metals in
the aqueous solutions, and the removal of heavy metals increases
as the pH value rises. The pH value herein ranged from 3 to 8,
and the surface charge of the stabilized-sludge also changed.
From the calculation of solubility products (Ksp), the formation
of Cu(OH)2, the precipitating form, of 30 mg/L copper solution
occurred as the pH value is beyond 6 [32]. As depicted in Fig. 2,
the final pH was over 6 while the initial pH was above 5. Fur-
thermore, the precipitation formed at pH 6, with the Qe at the
value of 29.7 mg/g (99% removal). On the other hand, the Qe
was around 23 mg/g when the final pH was 5.6 (initial pH at 4).
This means that the decrease of copper ions in the solution ions
does not only attribute to the formation of Cu(OH)2, but also the
adsorption of copper ions on the stabilized-sludge surface at the
studied pH range. However, at lower initial pH values, below
4, the influence of adsorption is responsible for the reducing of
copper ions in the solution.

Also note that the final pH maintained at a constant of pH 7.2
as the initial pH was above 6, which played the role of buffer in
this system. This suggests that the process is a suitable applica-
tion on heavy metals removal because of its neutral and clean
effluent.
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Fig. 3. The adsorption kinetics of Cu(II) ions onto stabilized heavy metal sludge
(L/S = L/g). (�) 0.08 g, (©) 0.1 g, (�) 0.12 g, (�) 0.15 g.

per ions onto stabilized-sludge were plotted. From the linear
regression analysis, the R2 value was 0.4983 for the former and
0.4942 for the latter for the initial concentration of 30 mg/L at
25 ◦C. These relationships were not illustrated herein owing to
the lower correlation coefficient.

The relationship of T/Qt versus T for the pseudo-second order
kinetic model in Eq. (4) is demonstrated in Fig. 4. The result of
linear regression analysis of this curve showed that the correla-
tion coefficient R2 of the pseudo-second order model was greater
than 0.995 at the equilibrium time of 120 min. This large agree-
ment between experiment data and the pseudo-second-order
model implied that, compared with the lower correlation coef-
ficients of the first two models, the pseudo-second order kinetic
model seemed to be more suitable for simulating the adsorption
of copper onto stabilized-sludge surface. Moreover, for it also
could be regarded as an activated sorption mechanism for chemi-
cal reaction was important and significant in the rate-controlling
step [36].

F
h
0

.3. Adsorption kinetics

Fig. 3 shows the relationship between contacting time and Qt,
he amount of solute adsorbed per unit adsorbent at any time.
he curve rose steeply within the first 5 min, and Qt reached a
onstant at the 60 min mark. Furthermore, from the preliminary
tudy, a 12-h equilibrium experiment was performed. The equi-
ibrium concentration of copper ions in this adsorption study
id not vary obviously from 90 min to 12 h. Consequently, the
quilibrium time of later adsorption experiments was therefore
etermined at the 90 min mark.

The relationships of Qt versus T1/2 and log(Qe − Qt) versus
for the intraparticle diffusion model and pseudo-first-order
odel expressed in Eqs. (1) and (3) of the adsorption of cop-
ig. 4. Pseudo-second-order kinetics of Cu(II) ions absorption onto stabilized
eavy metal sludge at 25 ◦C and initial pH 4 ± 0.3. (�) 0.08 g, (©) 0.1 g, (�)
.12 g, (�) 0.15 g.
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Table 2
The calculated Freundlich and Langmuir constants and correlation coefficients at pH 4 ± 0.3 and varying temperatures

Temperature (◦C) Freundlich Langmuir

n (g/L) KF (mg/g) R2 b (L/g) Q0 (mg/g) R2

15 14.86 15.22 0.9503 19.32 17.58 0.9993
25 15.06 18.78 0.9943 19.47 22.57 0.9981
35 12.82 20.06 0.9868 19.62 23.53 0.9998
45 10.81 22.58 0.9624 55.14 25.91 0.9994
55 9.11 24.86 0.9762 50.77 28.25 0.9990

Table 3
Langmuir coefficients and thermodynamic parameters

Temperature (◦C) Langmuir Thermodynamic parameters

a KL �G◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (J/mol/K)

15 17.18 83.1 −2.53 5.49 27.91
25 20.66 121.0 −2.84
35 21.19 157.3 −3.09
45 22.08 226.5 −3.43
55 22.52 261.1 −3.63

3.4. Adsorption isotherm

The adsorption isotherm study is basically essential when dis-
cussing an adsorption system. The data of adsorption isotherm
for copper ions onto the stabilized-sludge at a constant temper-
ature of 25 ◦C and initial concentration of 30 mg/L was listed in
Table 2. It is also interpreted that the complete adsorption could
not be reached at that situation for the Q0 behind 30 mg/g.

The KF and n of Freundlich adsorption isotherm were deter-
mined from the plot of LnQe (natural logarithm Qe) versus LnCe
(natural logarithm Ce) and Q0 and b of Langmuir adsorption
isotherm can be calculated by the slope and intercept of Ce/Qe
versus Ce indicated which were listed in Table 2. The Langmuir
adsorption capacity (Q0) was 22.57 mg/g at 25 ◦C, which was
greater than many other solid wastes, such as tree fern, sewage
sludge and herbaceous peat with the adsorption capacity of 10.6,
3.2–4.1 and 4.84 mg/g, respectively [19,25,35]. Furthermore, as
the system temperature rose, the adsorption capacity (Q0) and
b rose to about 17.58, 22.57, 23.53, 25.91 and 28.25 mg/g and
19.32, 19.47, 19.62, 55.14 and 50.77 L/g, respectively. These
results imply that the adsorption capacity and intensity of copper
ions onto stabilized-sludge were enhanced at higher tempera-
tures, indicating clearly that that equilibrium of adsorption is
temperature-dependent. This effect may be due to the fact that
at higher temperatures, an increase in movement of the solute to
adsorbent [39]. It also can be explained by the fact that the total
e
S

t
e
i

�

ln(KL) = �S◦

R
− �H◦

RT
, (8)

where R is the universal gas constant (1.987 cal/mol/K), T is the
temperature in Kelvin (K) and KL is the Langmuir coefficient
calculated from the following equation

Qe = aKLCe

1 + KLCe
. (9)

The Langmuir coefficients, a (mg/g) and KL (L/mg) can be
obtained from the slope and intercept of 1/Qe versus 1/Ce and
�H◦ and �S◦ were determined from the slope and intercept of
van’t Hoff plots of ln KL versus 1/T as listed in Table 3. The neg-
ative values of �G◦ at 15, 25, 35, 45 and 55 ◦C represent that the
adsorption of copper ions onto stabilized-sludge is a spontaneous
reaction. The positive value of �H◦, 5.49 kJ/mol, indicates that
the adsorption of copper/stabilized-sludge system belongs to
endothermic reaction, which is similar to the result of Lang-
muir isotherm study in this research. Furthermore, depending
to the positive and high value of entropy (�S◦), 27.91 J/mol/K,
a higher randomness tendency between the interface of solid
and aqueous phase exists in the process of adsorption. For the
characters of spontaneous reaction, endothermic reaction and
high randomness, the adsorption of copper ions onto stabilized-
sludge may be enhanced at higher temperature.

4

s

1

nergy of sorbate was increased with increasing temperature.
imilar situations were displayed in other studies [19,26].

The effect of temperature also could be studied by some
hermodynamic parameters, such as Gibbs free energy (�G◦),
nthalpy (�H◦) and entropy (�S◦) determined with the follow-
ng equations [24].

G◦ = −RT ln(KL), (7)
. Conclusion

The adsorption of copper ions onto stabilized-sludge was
tudied and leads to the following conclusions:

. The surface charge of stabilized-sludge was whole negative at
the pH range of 2–11, indicating the high adsorption capacity
and affinity of metal ions onto stabilized-sludge.
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2. The removal of copper ions increased as the initial pH rose,
and the final pH maintained at a constant of pH 7.2 while the
initial pH is from 6 to 8.

3. In the kinetic study, the adsorption of copper ions onto adsor-
bent was fitted to three kinetic models but only the pseudo-
second order model was with great correlation coefficient
(R2 = 0.994). This result shows the adsorption of copper ions
onto stabilized-sludge to be an activated adsorption mecha-
nism.

4. The experimental data was also analyzed by the Freundlich
and Langmuir adsorption isotherm equations and the corre-
lation coefficient of the Langmuir equation was better than
the coefficient for the Freundlich equation.

5. In the isotherm experiment, both the Q0 and b increased
as the temperature rose from 15 to 55 ◦C. This implies that
the adsorption of copper ions onto stabilized-sludge was an
endothermic reaction which can also be demonstrated by the
thermodynamic study with the parameters, �G◦, �H◦ and
�S◦.

6. The adsorption capacity of copper ions onto stabilized-sludge
was around 23 mg/g, which was greater than that on many
other solid wastes. Therefore, the stabilized-sludge seemed
to be a good adsorbent on metal ions removal in aqueous
solution.
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