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bstract

In the present work, the abilities of sewage sludge and pomace ashes to remove copper (Cu2+) ions from aqueous solutions are compared. Batch
dsorption experiments were performed in order to evaluate the removal efficiency of these materials. Effect of contact time, solution pH, ash
oncentration and temperature on the removal of Cu2+ was investigated. The results of batch equilibrium studies showed that the solution pH was
he key factor affecting the adsorption characteristics. In general, the amount of Cu removed increased as the solid concentration and pH increased,
nd then it remained constant over a wide pH region. The adsorption test of applying sewage sludge and pomace ashes into synthetic wastewater
evealed that the adsorption data of these materials for copper ions were better fitted to the Langmuir isotherm since the correlation coefficients for
he Langmuir isotherm were higher than that for the Freundlich isotherm. The estimated maximum capacities of copper adsorbed by sewage sludge
nd pomace ashes were 5.71 and 6.98 mg g−1, respectively. Experimental results indicated that the adsorption was favorable at higher pH and higher
emperature. Values of �G◦ ranging from −4.64 to −5.13 kcal mol−1 for sewage sludge ash and from −4.97 to −5.53 kcal mol−1 for pomace
sh suggest that the adsorption reaction is a physical process enhanced by the electrostatic effect. The values of �H◦ and �S◦ are, respectively,

.27 kcal mol−1 and 30.6 cal K−1 mol−1 for sewage sludge ash and 4.33 kcal mol−1 and 31.3 cal K−1 mol−1 for pomace ash. The mechanisms of
opper removal by these materials included adsorption and precipitation. The sewage sludge and pomace ashes are shown to be effective adsorbents
or this metal.

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

The potential sources of copper in industrial waste streams
nclude metal cleaning and plating baths, pulp, paper and paper-
oard mills, wood pulp production, fertilizer industry, etc. [1].
xcessive intake of copper results in its accumulation in the

iver. The chronic copper poisoning is related to hemochromato-
is when present in large amounts [2]. It is also toxic to fish life
ven when its content is in low amounts in natural waters [2].
emoval of heavy metals from contaminated aquatic systems
s deemed important for the protection of environmental health.
any technologies have been developed to remove heavy met-

ls from contaminated waters, such as chemical precipitation,
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on exchange, membrane separation, biological treatment, and
dsorption.

In the last few years, adsorption has been shown to be an
lternative method for removing trace metals from water and
astewater. Although, the adsorbents commonly recommended

or removal of heavy metals are alumina, silica, iron oxide and
ctivated carbon [3,4]. The high cost of activated carbon and
xides has inspired the investigators to search for suitable and
ow-cost adsorbents. Among these, the use of fly ash has received
articular attention as an economical adsorbent for removing
eavy metals from wastewater due to the ash’s content of alu-
ina (Al2O3), silica (SiO2), ferric oxide (Fe2O3) and calcium

xide (CaO). Fly ash is solid residue from incineration which

s found in abundance in the world. Fly ash with high content
f CaO or K2O/Na2O is considered as strong alkali material
nd presents high pH in water. A number of studies were con-
ucted to show the effectiveness of fly ash in the removal of

mailto:Jalel.Bouzid@tunet.tn
dx.doi.org/10.1016/j.jhazmat.2007.07.092
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Table 1
Chemical composition of sewage sludge and pomace ashes

Samples Composition

(%) mg kg−1

SiO2 Al2O3 CaO Fe2O3 SO3 P2O5 K2O MgO Na2O As Cu Ni Pb Zn

Sewage sludge ash 19.95 9.02 20.98 2.07 9.00 16.6 23.05 2.47 0.92 –a 0.28 –a 0.146 1.23
P 6.17
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omace ash 24.43 9.04 22.84 2.51 4.55 1

a Not detected.

eavy metals ions, organic compounds especially phenolic com-
ounds, dyes and other organic matters in waters [5–8]. The
urpose of this study is to compare two different ashes (sewage
ludge ash and pomace ash) corresponding to two abundant
nd wastes without any commercial value. However, they dis-
layed both adsorbing and neutralizing capacities. They were
or their ability to remove Cu2+ from an aqueous solution and
o assess the influence of different parameters such as contact
ime, solution pH, ash concentration and temperature on cop-
er adsorption by these materials. The adsorption isotherms and
echanisms of removal of copper ions by these materials are

valuated.

. Experimental

.1. Materials and equipment

The sewage sludge sample used in this study was collected
rom Municipal Community Waste Water Treatment Plant in
he south of Tunisia (Sfax city). Pomace, the waste material
f olive oil industry, was obtained from olive oil factory in Sfax
Tunisia). The sampled dewatered sludge cake and pomace were
rst burned in a modular incinerator at 600 ◦C for 2 h to provide

ncineration ashes and then finely ground by a ball mill. The
round of sewage sludge and pomace ashes samples was further
creened by 100 �m sieve. The finer part of these ashes pass-
ng through the 100 �m sieve was collected, tested, and used
n the following experiments. The average diameter of the used
dsorbents particules was around 60 �m.

Scanning electron microscope (SEM) (Philips XL30) and
nergy dispersive X-ray analysis (EDAX) (Philips ED AX 9100)
ere used to characterize the ashes samples for constituent and
orphology. The surface area of ashes samples was determined

y a BET-N2 surface area analyzer (Model QS-7, Quantachrome
o., Greenvale, NY).

The pH of zero point of charge (pHzpc) was determined by
dding a known amount of adsorbent (0.1 g) to a series of bot-
les that contained 50 mL of deionised water. Before adding the
dsorbent, the pH of the solutions was adjusted to be in the
ange of 1.0–9.0 by the addition of either 0.1 M HNO3 or 0.1 M
aOH. These bottles were then rotated for 1 h in a shaker and
H values were measured at the end of the test. The pH of the

uspensions is represented as a function of the initial pH of the
olutions. The curve obtained theoretically cross the bisector of
xes at the point of zero charge. X-ray diffraction (XRD) pat-
erns of all ashes samples were obtained with a Philips X’Pert

0
I
t
4

3.40 2.62 2.67 –a –a –a –a –a

iffractometer using Cu K� radiation at 35 kV and 150 mA over
he range (2θ) of 0–60◦. Aqueous solutions containing copper
ons (Cu2+) at various concentrations were prepared from cop-
er salts (CuSO4·5H2O). All chemicals used for the treatment
f the different sorbents and for adsorption tests were of ana-
ytical quality. The various solutions are prepared in distilled
ater.
A pH meter (models pH 540 GLP) equipped with a com-

ined glass electrode SENTIX 41 was used to measure the pH of
he solutions. A preliminary calibration is systematically carried
ut using suitable buffer solutions. The concentrations of cop-
er ions were measured by an atomic absorption spectrometer
HITACHI Z-6100) by electrothermal atomization mode.

.2. Batch experiments

Batch experiments included: the kinetic studies, pH effect and
dsorption isotherms. Adsorption experiments for the kinetic
tudy were conducted as follow: a series of bottles contain-
ng 1–30 g L−1 ashes slurries and copper of concentration
00 mg L−1 were kept in a shaker at room temperature. After
haking for different time intervals, the samples were collected
nd analyzed for residual concentrations. Batch adsorption
xperiments for the effect of initial pH on the adsorption process
ere conducted by preparing a series of 100 mL solutions con-

aining various amounts of ashes (1–10 g L−1) and a fixed Cu(II)
oncentration of 500 mg L−1 in 200 mL polyethylene bottles at
ifferent pH’s. After initial pH adjustment in the range of 1–10
ith HNO3 or NaOH, the samples were incubated on a shaker

or 1 h at room temperature. At the end of the mixing, the pH
as measured. The ashes particles were separated from sus-
ensions by filtration through a 0.45 �m membrane filter. For
ach individual adsorption experiment, with a designed cop-
er concentration, a set of blank without ashes in the solutions
as conducted to check the background of copper hydroxide
recipitates. This background can serve as a reference level to
ssure that the total metal removal is not wrongly accounted
wing to metal hydroxide precipitate itself. Adsorption isotherm
tudies were conducted by adding 0.1 g of ashes to a 100 mL
olution containing various copper ion concentrations (10, 30,
0, 70, 100 mg L−1). The initial pH was maintained at 3 and
he suspensions were stirred for 1 h. After filtration through a

.45 �m membrane filter (MFS), the filtrates were analyzed.
n order to determine the effect of temperature on adsorp-
ion phenomenon, isotherms were established at 10, 23 and
0 ◦C.
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. Results and discussion

.1. Physicochemical characterizations of ashes

As determined by EDAX, the predominant chemical compo-
itions of sewage sludge and pomace ashes are given in Table 1.
hese results showed that the predominant chemical composi-

ions of these ashes samples include silicon oxide, aluminum
xide, calcite and other oxides are present in trace amounts. It
s thus expected that Cu(II) will be mostly adsorbed either by
ilica, alumina or by a combined influence of these oxides. In
ddition, the copper content in sewage sludge is 0.28 mg kg−1.
his value is lower than those reported (3.0–19.3 g kg−1) by Tay
nd Show [9], Tay and Yip [10] and Tay et al. [11]. For this rea-
on, the effect of copper ion, released from sewage sludge into
olutions, can be ignored in the following experiments.

X-ray diffraction analysis results of sewage sludge and
omace before and after heating for 2 h at 600 ◦C are presented
n Fig. 1a and b, respectively. It can be seen that an increase
n temperature definitely increases the level of mineralization
ince more peaks appear. In the case of materials obtained at
00 ◦C, the degree of mineralization is much lower. The samples
f sewage sludge and pomace dried at 105 ◦C are predomi-
antly amorphous. Combustion at 600 ◦C results in formation

f aluminosilicates, calcite and the oxides of aluminum, iron,
agnesium, sodium and potassium [12].
The BET surface areas of sewage sludge and pomace ashes

re found to be 50.85 and 146.4 m2 g−1, respectively. These

Fig. 1. X-ray diffraction patterns of (a) sewage sludge and (b) pomace before
and after combustion at 600 ◦C.

Fig. 2. Scanning electron micrograph of (a) sewage sludge; (b) sewage sludge ash; (c) pomace; (d) pomace ash.
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The fit to the linear form of the models was examined by cal-
culation of the linearity coefficient (R2). Regression values (R2)
presented in the Table 2, indicate that the adsorption data for
Cu(II) removal fitted well the Langmuir model than the Fre-

Table 2
Freundlich and Langmuir constants for Cu(II) adsorption on sewage sludge ash
and pomace ash at 23 ◦C

Langmuir
model

Freundlich
model
ig. 3. Kinetic study for copper ion adsorption on (a) sewage sludge ash and
b) pomace ash. Experimental condition: initial Cu(II) = 500 mg/L, T: 23 ◦C and
sh concentrations (1–30 g/L).

esults revealed that the sewage sludge and pomace ashes are
orous materials with significant pore surface area.

Fig. 2a–d shows SEM images of the sewage sludge and
omace before and after combustion at 600 ◦C. It can be seen
hat the surface morphologies of the raw and calcined samples
re obviously different. SEM observation of samples heated at
00 ◦C (Fig. 2b and d) indicates the common feature of porous
nd irregular morphology of these ashes resulting in a large SBET.

.2. Effect of contact time

The time-course of adsorptive removal of Cu(II) and their
ptake by sewage sludge and pomace ashes is shown in Fig. 3a
nd b, respectively. The rate of Cu(II) removal is found to be
ery rapid during the initial 30 min, and thereafter, it decreases
onsiderably. No significant change in copper ion removal is
bserved after about 60 min. Hence, further experiments were
arried out by fixing a contact time of 60 min for Cu2+ sorption
n sewage sludge and pomace ashes.

.3. Equilibrium adsorption isotherms

Langmuir adsorption isotherm can be successfully applied
o model the equilibrium adsorption data in a metal–surface
ystem. The general form of the Langmuir equation is:
Ce

qe
= 1

Qb
+ Ce

Q
(1)

here Ce is the equilibrium concentration of adsorbate
mg L−1), qe the amount adsorbed at equilibrium (mg g−1

C
C

ig. 4. The linear fitting of the Langmuir isotherms for Cu2+ adsorption on
ewage sludge ash and pomace ash at 23 ◦C and pH 3.

dsorbent), and Q (mg g−1) and b (L mg−1) are the Langmuir
onstants related to the adsorption capacity and energy, respec-
ively. When Ce/qe is plotted against Ce, a straight line with slope
/Q and intercept 1/Qb is obtained (Fig. 4), which shows that
he adsorption of copper follow Langmuir isotherm model. The
angmuir parameters, Q and b, are calculated from the slope
nd intercept of the graphs and are given in Table 2.

The experimental data was well correlated (R2 > 0.99) to the
angmuir equation. The fitted results indicate that the magnitude
f Q is closely related to the kind of adsorbent. The adsorption
ffinity constants, b, are, respectively, for sewage sludge and
omace ashes equal to 0.06 L mg−1 and 0.11 L mg−1.

The results of copper ion sorption onto sewage sludge and
omace ashes were also analyzed by using the Freundlich model
o evaluate parameters associated to the sorption behaviour. The
reundlich equation has been widely used and is applicable for

sothermal adsorption. The Freundlich equation has the general
orm:

nqe = lnKf + 1

n
lnCe (2)

here qe is the amount of metal ions adsorbed per unit weight
mg g−1 adsorbent), Ce the equilibrium concentration (mg L−1)
f adsorbate, and Kf and n are the Freundlich constant. When
og qe is plotted against log Ce, a straight line with slope 1/n
nd intercept log Kf is obtained. The intercept of line, log Kf, is
oughly an indicator of the adsorption capacity and the slope, 1/n,
s an indicator of adsorption intensity. The Freundlich parame-
ers for the adsorption of copper ions are also given in Table 2.
Q (mg g−1) b (L mg−1) R2 Kf 1/n R2

u2+ on sewage sludge ash 5.71 0.06 0.99 0.86 0.39 0.97
u2+ on pomace ash 6.98 0.11 0.99 1.6 0.32 0.98
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Table 3
Adsorption capacity of Cu(II) by various adsorbents

Adsorbent pH Surface area (m2 g−1) Q (mg g−1) Source

Sewage sludge ash 3 50.85 5.71 This study
Pomace ash 3 146.4 6.98 This study
Fly ash 5 5.77 1.2 Panday et al. [13]
Fly ash (I) 5 0.34 0.34–1.35 Bayat [14]
Fly ash (II) 5 0.11 0.09–1.25 Bayat [14]
Bagasse fly ash 4 – 2.26–2.36 Gupta et al. [15]
Fly ash 5 1.15 1.7–8.1 Ayala et al. [16]
Olive stone waste 5.5 0.18 2.02 Fiol et al. [17]
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where zero zeta potential occurs is defined as pHzpc. A pHzpc
of 2.2 was obtained for both, sewage sludge and pomace ashes.
For pure oxides, such as silica, alumina, and ferric oxides pHzpc
values are 2.0, 6.7, and 8.5, respectively [21,22]. It is speculated
owdered waste sludge –
n electrochemically oxidized activated carbon cloth (EOACC) 5
ctivated carbon (Ceiba pentandra hulls) 6

ndlich model (R2 = 0.99 and 0.98, respectively) for all ashes.
onsequently, the sorption of copper ions on sewage sludge and
omace ashes follows the Langmuir isotherm model where the
ptake occurs on homogeneous surface by monolayer sorption
ithout interaction between sorbed molecules.
A comparison of Cu(II) adsorption capacities onto vari-

us adsorbents was calculated using the Langmuir isotherm
Table 3). The Cu(II) adsorption capacity of sewage sludge ash
s equal to 5.71 mg g−1 while this for pomace ash is equal to
.98 mg g−1. These values were significantly higher than fly
sh [13–16] and lower than that of powder activated carbon
101.6 mg g−1) [19]. Intuitively, this may be attributed in part to
he small specific surface area (50.85 m2 g−1) of sewage sludge
sh and (146.4 m2 g−1) of pomace ash compared to that of com-
ercial activated carbon (e.g. 532 m2 g−1 for powder). Other

arameters such as pH and temperature have influences on the
dsorption process to various degrees.

.4. Effect of pH on Cu(II) adsorption

The percentage of Cu(II) removed as a function of equilib-
ium pH and solid concentration using, respectively, sewage
ludge ash and pomace ash are shown in Fig. 5a and b. Since the
lanks were used to check the background of copper hydroxide
recipitates, data points in the cited above figures are the original
xperimental ones without any correction related to the precipi-
ation effect. The results indicate that the adsorption reaction is
reatly affected by pH and adsorbent concentration. In general,
he amount of Cu(II) adsorbed increased as solid concentration
nd pH increased, and sharply reached a 99% removal at pH
.2, then it remained constant over a wide pH region. The low
emoval efficiency observed at low pH can be attributed in part
o competition between H+ and Cu2+ ion on the surface sites.
ndeed, at pH < 2.5, the Cu(II) removal was negligible, whereas
he removal increased abruptly in the pH range from 2.5 to 5.0
or an adsorbent concentration of 1 g L−1. However, as the adsor-
ent concentration increased to 10 g L−1, the abruptly increasing
dsorption narrowed to pH between 3.0 and 5.0. Clearly, the

bove results indicated that increasing adsorbent concentration
ended to shift the adsorption edge to the acidic region. Because
he copper hydroxide precipitates, Cu(OH)2(s), were found only
t about pH > 5.3 (see the solid symbols in both Fig. 5a and b),

F
p

– 27.7 Kargi et al. [18]
532 101.6 Harry et al. [19]
521 20.38 Madhava et al. [20]

t confirmed that the removal of Cu by these ashes at pH < 5.3
as mainly accomplished by adsorption reaction. Up to 95–99%
f Cu(II) removal was achieved at pH >5.3, possibly owing to
he concurrent precipitation of Cu(OH)2(s) and the adsorption
eaction that occurred simultaneously. As shown in Fig. 5a and
, the solution pH is clearly a key factor affecting the adsorption
haracteristics of Cu(II) onto these ashes. The high dependence
n pH for Cu(II) adsorption could be attributed to the surface
harge of hydrolyzed adsorbent and the hydrolysis of Cu(II) ion
pecies are both greatly pH-dependent. The pH value of IEP
ig. 5. Effect of pH on the removal of Cu (II) on (a) sewage sludge ash and (b)
omace ash.
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and the values of �H◦ and �S◦ for sewage sludge and pomace
ashes, respectively, were determined from the slopes and inter-
cepts. Table 4 lists the calculated thermodynamic parameters.
It is noted that all �G◦ values shown in Table 4 are negative.
ig. 6. Amount of Cu(II) adsorbed on sewage sludge ash and pomace ash.

hat the lower pHzpc value of sewage sludge and pomace ashes
articles is attributed to high silica content (Table 1) versus that
f alumina and ferric oxides. The Cu(II) adsorption on sewage
ludge and pomace ashes may be attributed to the interaction
ith surface silica sites with only small contribution from the

lumina and iron sites. According to literature [23], the complex
eactions of copper ion (Cu2+) with hydrous silicon oxide are
isted as follows:

Si–OH + Cu2+ ↔ –Si–O−Cu2+ + H+ (3)

Si–O− + Cu2+ ↔ –Si–O−Cu2+ (4)

(–Si–OH) + Cu2+ ↔ (–Si–O−)2Cu2+ + 2H+ (5)

(–Si–O−) + Cu2+ ↔ (–Si–O−)2Cu2+ (6)

In aqueous solution, surface charge developed from the
ydration is an important first step for metal adsorption. Since
hese adsorbents have a low pHzpc, negatively charged surface
hould be expected under the pH range investigated. It is noted
hat the sharply increasing adsorption is in the region of pH
.0–5.0. In this region, the major adsorbed cationic Cu(II) would
e Cu2+ [13]. As pH increased from 3.0–5.0, it is expected
hat sewage sludge and pomace ashes surfaces became more
egatively charged. Thus more favorable electrostatic attraction
orces enhanced cationic copper ions adsorption as pH increased.
onsequently, the higher the pH retained, the larger the amount
f Cu(II) will be adsorbed as show in Fig. 6. Although pomace
sh has low adsorption capacity with regard to the H-type acti-
ated carbon such as (EOACC) [19], it can be obtained cheaply in
arge quantity. Because of its high alkaline nature, sewage sludge
sh can be attractive to be used in acidic industrial wastewaters
reatment process.

.5. Effect of adsorption temperature

The effect of temperature on the adsorption isotherm was
nvestigated under isothermal conditions in the temperature

ange of 10–40 ◦C. Fig. 7a and b shows the temperature depen-
ence of Cu(II) adsorption into sewage sludge and pomace ashes,
espectively. The experimental results indicate that the mag-
itude of Cu(II) adsorption is closely related to the solution

F
a

Materials 152 (2008) 838–845 843

emperature. The adsorption capacity increase when tempera-
ure increases from 10 to 40 ◦C. Agrawal et al. [24] conducted
comparative adsorption study of copper on various industrial

olid wastes including sea nodule residue, fly ash and red mud.
hey found that there was no appreciable effect of temperature
n the metal removal on fly ash and red mud. However, other
nvestigations showed that Cu2+ adsorption on fly ash increased
ith increasing temperature from 20 to 40 ◦C [16]. In order to
ain insight into the thermodynamic nature of the adsorption
rocess, several thermodynamic parameters for the present sys-
em were calculated. The changes of Gibbs free energy (�G◦),
nthalpy (�H◦), and entropy (�S◦) were calculated using the
ollowing thermodynamic functions:

G◦ = −RTx lnK (7)

n K = �S◦

R
− �H◦

RT
(8)

Fig. 8a and b shows the van’t Hoff plots of ln K versus 1/T
ig. 7. Cu(II) adsorption isotherm on (a) sewage sludge ash and (b) pomace ash
t different temperatures.
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Table 4
Thermodynamic parameters of Cu(II) adsorption on sewage sludge and pomace ashes

Temperature (◦C) Sewage sludge ash Pomace ash

�G◦ (kcal mol−1) �H◦ (kcal mol−1) �S◦ (cal mol−1 K−1) �G◦ (kcal mol−1) �H◦ (kcal mol−1) �S◦ (cal mol−1 K−1)

10 −4.64 4.27 30.6 −4.97 4.33 31.3
2
4

T
h
T
−
t
o
c
d
i
[
e
f
a
s
r

F
p

a
t
w
p
a
�

f
p
a
a
t

3 −4.85 4.27 30.6
0 −5.13 4.27 30.6

his suggests that the adsorption process is spontaneous with
igh preference of Cu(II) for sewage sludge and pomace ashes.
he free energy (negative values) increases (from −4.97 to
5.13 kcal mol−1 in the case of sewage sludge ash and from −5

o −5.53 kcal mol−1 in the case of pomace ash with an increase
f temperature from 10–40 ◦C, which clearly shows that the pro-
ess is favorable at higher temperature. Similar results have been
emonstrated in the adsorption of metals onto hydrous solids
ncluding activated carbon, TiO2, alumina, zeolite, and fly ash
25–27]. The changes of energy for physical adsorption are gen-
rally smaller than that of chemisorption. The changes of energy

−1
or physical adsorption are in the range of 0 to −4.7 kcal mol ,
nd that of chemical adsorption −19 to −95 kcal mol−1 [28]. As
hown in Table 4, the magnitude of adsorption free energy (�G◦)
anging from −4.64 to −5.13 kcal mol−1 for sewage sludge ash

ig. 8. Relationship between 1/T and ln K for (a) sewage sludge ash and (b)
omace ash.
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−5.23 4.33 31.3
−5.53 4.33 31.3

nd from −4.97 to −5.53 kcal mol−1 for pomace ash suggests
hat the adsorption can be considered as physical adsorption,
hich was enhanced by the electrostatic effect. As mentioned
reviously, the negatively charged hydrous ash surface is favor-
ble for the adsorption of cationic Cu(II) ions. The values of
H◦ and �S◦ range, respectively, from 4.27 to 30.6 kcal mol−1

or sewage sludge ash and from 4.33 to 31.3 cal mol−1 K−1 for
omace ash. This suggests that the adsorption is spontaneous
nd endothermic [29]. The isotherms in Fig. 7a and b show
lso that the amount of Cu2+ adsorbed on pomace ash is better
hen on sewage sludge ash at different temperatures. Since the
nteraction with surface silica sites is the main responsible for
he adsorption of copper ions, the high Cu2+ retention may be
ttributed to the high silica content of pomace ash compared to
ewage sludge ash particles (Table 1).

. Conclusion

The present study aimed to investigate the ability of sewage
ludge and pomace ash in the removal of Cu(II) from aqueous
olutions. The data showed that the solution pH was the key
actor affecting the adsorption characteristics. In general, the
mount of Cu adsorbed increases as solid concentration and
H increase, and sharply reaches a 99% removal at pH 7.2,
hen it remains constant over a wide pH region. The marked
u(II) removal was observed in the acid to neutral region, which
an be attributed to the concurrent of Cu(OH)2(s) precipita-
ion and the adsorption reactions. In the region of pH3.0–5.0,
he Cu(II) removal is controlled by the adsorption and the

ajor cationic copper adsorbed would be Cu2+. The equilib-
ium adsorption could be described by Langmuir adsorption
sotherm. The sewage sludge and pomace ashes adsorption
apacities of Cu(II) range from 5.71 to 6.98 mg g−1 and was
ffected by the pH. The adsorption capacity, however, is not
ighly affected by temperature in the range 10–40 ◦C. Experi-
ental results indicate that the adsorption is favorable at higher

H and higher temperature. Values of �G◦ ranging from −4.64
o −5.13 kcal mol−1 for sewage sludge ash and from −4.97
o −5.53 kcal mol−1 for pomace ash suggest that the adsorp-
ion reaction is a physical process simultaneously enhanced
y the electrostatic effect. The values of �H◦ and �S◦ range
rom 4.27 to 30.6 kcal mol−1 for sewage sludge ash and from
.33 to 31.3 cal mol−1 K−1 for pomace ash, respectively. The

xperimental studies showed that sewage sludge and pomace
shes could be used as an alternative, inexpensive and effec-
ive material to remove high amount of toxic Cu(II) ions from
astewaters.
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