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Determination of solid waste sorption capacity for selected
heavy metals in landfills
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Abstract

The adsorption process is largely a surface-action phenomenon. In this study, sorption capacities for heavy metals on a solid waste matrix
were investigated. Five heavy metals (iron, copper, zinc, nickel and cadmium) were chosen because of their availability in any landfill site. The
conditions during all the experimental runs were pH 7.0, temperature 32◦C and suppressed microbial degradation. For adsorption isotherm
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Freundlich and Langmuir) calculations, fixed quantities of heavy metal ions were mixed with variable quantities of solid waste. Th
ass of adsorbate per unit mass of adsorbent was changed five times, by changing only the adsorbent amount. The results showe

equired to reach equilibrium varied from metal to metal but all reached equilibrium within the first 32 h. The relative potential of
f the individual metals and mixed metals on the solid waste matrix is Fe > Zn > Cu > Ni > Cd. The sorption capacity of domestic so
atrix for heavy metals is quite significant and this property might prove helpful for the in situ removal of heavy metals in landfill op
2005 Elsevier B.V. All rights reserved.
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. Introduction

Sanitary landfill is the most common method of disposal
f solid waste all over the world and is the oldest and the most
opular ultimate disposal option often enabling the reclama-

ion of derelict land to be achieved. It also has the advantages
f flexibility and reliability and it is quite easy to predict

he future costs of direct landfill. As well as municipal solid
aste, commercial and industrial wastes, which may contain
azardous substances, such as heavy metals, organic solvents,
adioactive wastes etc. are also received by landfills in many
ountries[1]. Batteries, paints, dyes and inks in paper, pes-
icides and fertilizers in yard waste are examples of house-
old and commercial wastes, which contain high quantities of
eavy metals. Incineration ash is another type of waste that

s disposed to landfills. High amounts of heavy metals are

∗ Corresponding author. Tel.: +90 212 3597257; fax: +90 212 2575033.
E-mail address:onayturg@boun.edu.tr (T.T. Onay).

present in this and could severely affect the overall proce
occurring in a landfill environment.

Leachates are liquid wastes produced at all landfill
as water percolates through refuse which contains signifi
amounts of heavy metals and other contaminants and
cause a potential pollution problem for surface and gro
waters. The characteristics of leachate change over time
the decay processes within the waste body. As a landfill
there is a change from a relatively short initial aerobic pe
of activity to a longer-time anaerobic decomposition pe
that has two distinct sub-phases: an acidic phase followe
a methanogenic phase. Leachate may be removed fro
base of the waste mass for immediate treatment or dis
or may be recycled within the waste mass to accelerate d
and defer treatment and disposal costs.

In the acidic phase leachates are generally “young”
have high levels of organic pollutants and volatile fatty a
(VFAs). The high concentration of VFAs results in pH v
ues as low as 4[2], and this acidic environment promo
increased concentrations of heavy metals in leachate[3]. The
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.02.011
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concentration of heavy metals is a function of the complex
formation with organics, the pH and the carbonate species.
The concentration increases with low pH and decreases
with increasing concentrations of carbonate species. In the
methanogenic phase, methane-forming bacteria degrade the
VFAs and reduce the organic strength of the leachate. The
decrease in the VFAs concentration causes a rise of pH to 7
or greater[4].

The potential leachate treatment methods are biological
[5] and physico-chemical[6,7], the latter being more appro-
priate for “old” leachate than “young” leachate[8]. One im-
portant process occurring inside the landfills is the adsorp-
tion of heavy metals onto the waste. However, there are no
quantitive data about heavy metal sorption potential of do-
mestic refuse in literature due to both the heterogeneity of
received refuse and the absence of standard procedures for
the determination of sorption characteristic of specific wastes
[9]. This study sets out to investigate the physical behavior
of solid waste with heavy metals at pH 7 to reflect typical
methanogenic phase conditions.

The main objective of this research was to investigate the
sorption kinetics of each metal (iron, copper, zinc, nickel and
cadmium) and hence the potential for adsorption of heavy
metals onto solid waste matrix, under one particular set of
physical conditions. This objective was achieved under a
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derived Freundlich isotherm can be defined as follows[10]:

x

m
= KfC

1/n
e (1)

wherex/m is unit of adsorbate added per unit of adsorbent
(mg/kg),Ce is equilibrium concentration of adsorbate in so-
lution (mg/L). Kf andn can be determined experimentally
by determining the degree of adsorptionx/mat different con-
centrationsCe. The information can then be plotted using the
following equation.

log
( x

m

)
= logKf + 1

n
logCe (2)

In a plot of the above equation, logKf will be the intercept
of the line whenCe is 1 mg/L, and it indicates the adsorption
capacities of the solid waste, 1/n is the gradient assuming a
linear relationship.

2.2. Langmuir isotherm

Langmuir [11] proposed the first isotherm model which
assumed monolayer coverage of the adsorbent surface. The
most commonly used expression of the Langmuir equation
for describing adsorption data for solid–liquid systems is
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ange of fixed environmental conditions; initial concen
ion of metal solution that was fed on the solid waste m
es, pH of the whole mixture and temperature in the sy
ppropriate to the methanogenic phase of the solid was
omposition and suppressed micro-biological degradati
he solid waste. The variable condition was the amou
olid waste matrix that was prepared in laboratory. Thus
esearch was able to identify the dominant physical rem
rocesses with solid waste.

. Sorption isotherms

Sorption is a physical and/or chemical process in w
substance is accumulated at an interface between p
he overall rate of sorption of metals on a solid waste

rix depends on composition (density, surface area) o
olid waste, concentration of adsorbate (metal ion) in s
ion, solid waste to solution ratio, contact time history of
olute concentration with the solid waste, solution samp
rocedure, pH, temperature and biodegradable charac

ics of the solid waste.
A number of different equations can be used to predict

retical adsorption capabilities for different adsorbents.
his study, the Freundlich isotherm and Langmuir isoth
quations have been used to predict adsorption capab
f metals on the solid waste matrix.

.1. Freundlich isotherm

Freundlich isotherm is the oldest and most widely u
dsorption equation for solid–liquid system. The empiric
.

x

m
= KLMCe

1 + KLCe
(3)

herex is the amount or concentration of the solute adso
n mg,m is the mass of the adsorbent in kg,Ce is the equi
ibrium concentration of the solute in mg/L,KL andM are
onstants. The linearized expression of this equation is

1

x/m
= 1

KLMCe
+ 1

M
(4)

his equation is called the “Double-Reciprocal Langm
quation” and more suitable for situations in which the

ribution of equilibrium concentrations tends to be ske
owards the lower end of the range of the equilibrium c
entrations. An EPA report[12] concluded that the Langmu
onstant or affinity parameter (KL) is related to the bondin
nergy between the adsorbed ion and the adsorbent, b
pecific functional relationship is uncertain. Kinniburgh[13]
oted thatKL is best estimated from the slope of the ads

ion isotherm at very low concentrations. The constantM is
ccepted as the adsorption maximum of the adsorben
espect to the specific solute and is interpreted as the
um amount or concentration that an adsorbent can re

. Materials and methods

.1. Solid waste preparation

Composition of the synthetic solid waste was taken
ording to the average of a typical municipal solid wa
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composition (food waste 76%, paper 12%, plastic 4%, tex-
tiles 4% and yard waste 4%) determined for five districts in
Istanbul[14].

About 5 kg of solid waste was prepared in the laboratory.
As adsorption is a surface area phenomenon, it was consid-
ered necessary to increase the surface area of solid waste by
shredding it into small pieces as near as possible to about a
centimeter at any side. The solid waste was heated at 105◦C
for 24 h to evaporate all moisture and to kill microorganisms.
Moisture content of this solid waste was 71%. Finally, the
waste was cooled and kept dry until use.

3.2. Standard solution preparation

In these experiments, de-ionized water taken from a
standard laboratory was used throughout. Tap water and/or
distilled water could not be used since they may contain
inorganic salts and organic components that may affect
sorption capacity and interfere with the spectrophotometric
determination of the metals concentration[15]. Initial
metal concentration for individual solutions was taken as
40 mg/L for iron, 20 mg/L for copper, 20 mg/L for zinc,
20 mg/L for nickel and 2 mg/L for cadmium using the
highest availability to be found at any landfill site in Turkey
according to The Turkish Hazardous Waste Control Regu-
l tory
b
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The EPA[12] have suggested that the equilibrium time should
be defined as the minimum time needed to establish a rate of
change of the solute concentration in solution equal to or less
than 5% per 24-h interval. This definition is an operational
definition of equilibrium and is equivalent to a steady state.
Cast as an equation it may be written as

�C

�t
≤ 0.05 per 24-h interval (6)

Jones et al.[18]have suggested a less rigorous approach based
on the minimum time needed to establish a rate of change of
the solute concentration equal to, or less than, 10% during a
6-h period.

3.5. Laboratory procedure

Generally, two types of experimental techniques
were used to generate batch-sorption data: (i) constant
solid:variable solution method, mixing a range of aqueous
solutions—containing progressively decreasing solute
concentrations—with a fixed mass adsorbent, in all instances
and (ii) variable solid:constant solution method, mixing
batches of the same solute concentration, with progressively
increasing amount of absorbent.

The amount of adsorbate by weight was kept constant at
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ation [16]. These solutions were prepared in the labora
y using (NH4)2Fe(SO4)2·6H2O salt, CuSO4·5H2O salt,
nSO4·7H2O salt, NiSO4·6H2O salt and CdSO4·2.5H2O
alt. A mixed solution was prepared by using the s
oncentrations of each metal ion simultaneously.

.3. Solid waste:solution ratio

The term solid waste to solution ratio refers to the
io of the mass of the adsorbent to the mass of liquid.
olid:solution ratio of the ASTM procedure D4646 is 1
17], whereas EPA[12] suggests that the solid:solution ra
ay or may not have a profound effect on sorption data

ecommends the use of samples with a ratio varying
:4 to 1:10,000 to enable direct comparison of sorption d
or each time and each metal case, 650 mL of solution

aken to conduct the experiment. Arbitrarily 50, 90, 130,
nd 210 g samples on a wet weight basis of solid waste
sed as adsorbent matrix. The ratio varied for this experi

rom 1:13 to 1:3 for 50–210 g of solid waste mass.

.4. Measurement of equilibrium time

The equilibrium time in batch-sorption experiments is
ime interval in which the system reaches chemical equ
ium and the concentration of the products and reactants
o change with respect to time.

∂C

∂t
= 0 (5)
ll times and the amount of solid waste matrix was varie
L plastic bottle was used for each experiment. A meas
mount (50, 90, 130, 170 or 210 g) solid waste and 650 m
olution of any one ion (iron, copper, zinc, cadmium nic
r mixed) were added to this bottle. Continuous shaking
rovided using a heated water bath mechanical shake

emperature was maintained constant at 32◦C. The initial pH
as set at 7.0 using NaOH or HCl and the change of pH
onitored. Conductivity of the solution was measured at

erent times. The combination of all runs and measurem
pH, electrical conductivity (EC) and temperature inside
ottle) during a single test is tabulated inTable 1.

Degradation of organics within the waste by microbial
ion can cause an increase of acidity in the solution w
auses a drop in pH and sorption capacity of metals
he solution on solid waste. Sodium azide (NaN3 0.2% arbi-
rarily) was used to suppress the biological activity[19]. The
xperiments were conducted using translucent plastic b
o prevent photo-degradation of the solid waste matrix.

To determine equilibrium time and concentration, 10
amples were taken at 0.5, 1, 3, 5 h intervals until reac
1 h in 1 day. After 9 h overnight, samples were taken aga
0, 22, 24, 26, 28, 30 and 32 h intervals. Equilibrium con

ration of the solution was then used for isotherm calculat
Collected samples were monitored by using the Pe

lmer atomic adsorption spectrophotometer. Before u
he spectrophotometer all samples had to be prepar

standard way to break down their complex bonds.
tandard method, EPA method 3010A was used for sa
reparation.
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Table 1
Combination of all runs

Metal ion Solution condition Amount of solid waste (g) Number of runs Measurements

Fe, 40 mg/L Individual 50, 90, 130, 170, 210 5 pH, EC,T ◦C
Cu, 20 mg/L Individual 50, 90, 130, 170, 210 5 pH, EC,T ◦C
Zn, 20 mg/L Individual 50, 90, 130, 170, 210 5 pH, EC,T ◦C
Ni, 20 mg/L Individual 50, 90, 130, 170, 210 5 pH, EC,T ◦C
Cd, 2 mg/L Individual 50, 90, 130, 170, 210 5 pH, EC,T ◦C
Fe, Cu, Zn, Ni, Cd Mixed 50, 90, 130, 170, 210 5
Reference tests No feed metals 50, 90, 130, 170, 210 5

Total number of runs 35

3.6. Evaluation of procedures and equipment

For the evaluation of procedures and equipment, 10 sam-
ples were taken from a single test bottle containing 90 g solid
waste matrix with mixed metals solution at one arbitrary time
(repetitive measurements). All samples were then prepared
for standard testing and the concentration of each metal was
obtained from each of the samples. Sandard deviation for each
metal from the data of 10 samples was calculated. The stan-
dard deviation for Fe was 1.848 mg/L, for Cu 0.590 mg/L, for
Zn 0.315 mg/L for Ni 0.714 mg/L and for Cd 0.039 mg/L. The
obtained results from all 10 samples for five metal ions gave
a precision (percentage of deviation from the average point)
for procedures and equipment in the range of 3.39–5.65%.

3.7. Reference experiment

Five reference experiments were conducted for the five
different amounts of solid waste matrix (50, 90, 130, 170 and
210 g) to determine metal concentrations that were present
within the laboratory prepared solid waste matrix. De-ionized
water was used with the addition of NaN3 to suppress bio-
logical degradation under a constant initial pH of 7.0. The
amount of NaN3 was taken as 1.3 g for the 650 mL of de-
ionized water used in each case. The working environment
w as to
d e
r and
s . The

results were then used as reference or control data and were
subtracted from the measured concentrations of feed ion at
different times in the main test series.

Sorption at the solid/solution interface is an “innately
mathematical” process[20] in the sense that for sorption to
occur, desorption of some antecedent species must also occur.
Sparks[21] has noted that this effects exchange equilibrium
in batch systems, but not in flow systems. In this respect,
desorption behavior of the solid waste matrix was taken into
consideration for each case and these values were subtracted
from the measured experimental data.

4. Results and discussion

Batch sorption studies were conducted to investigate the
sorption capacities of Fe, Cd, Cu, Zn and Ni on solid waste
within a range of 50–210 g and to establish the equilibrium
time of accumulation. For each of the metal ions, significantly
rapid increase of sorption was observed within the first few
hours and a steady equilibrium was already reached in 32 h.
As an example,Fig. 1 shows equilibrium time of 11 h and
equilibrium concentration of 10.63 mg/L for Cu ion using
170 g solid waste matrix.

Solid waste has different components each representing a
d ents
h s are
c time
a , are

esidua
as the same as previously described. The objective w
etermine the effect of NaN3 on the solid waste matrix, th
ate of desorption of metals from the solid waste matrix,
ubsequent re-adsorption, during the experimental runs

Fig. 1. Change in r
ifferent percentage of the total; not all of these compon
ave metal ions within them, some of them have. Metal
oming out from them in contact with water at the same
s those components, which do not have any metal ion

l Cu ion concentration.
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Fig. 2. Time dependent concentration of Zn ion from 170 g of the solid waste mass.

adsorbing these metals. In some cases, desorption rate is
higher than adsorption rate within the solid waste and vice
versa. This depends on the amount of solid waste that does not
have metal ions and concentration of heavy metal within the
solid waste. Hence, before the results of sorption experiments
were evaluated, a number of runs was conducted to investigate
the desorption of metals from solid waste in de-ionized water
and subsequent re-adsorption. The results indicated that
desorption concentrations of each metal were approximately
1 mg/L. As an example,Fig. 2 shows the desorption of Zn
ion from 170 g of the solid waste matrix with different times.

The amount of heavy metals adsorbed by solid waste (x/m,
mg/kg) as a function of the equilibrium concentrations of
heavy metals (Ce, mg/L) was determined by linear sorption
isotherms inFig. 3. As can be seen from the figure, the sorp-
tion of heavy metals generally exhibited an S-type isotherm
characterized by an initially small slope that increases with
adsorptive concentration. Zinc and nickel in mixed heavy
metal solution and nickel in individual solution exhibited a
L-type isotherm characterized by an initial slope that does
not increase with the concentration of adsorptive in the solid.
However, the behavior of sorption is not completely clear and
can not be concluded from the figures because S-type sorp-
tion may be returned to an L-type after maximum saturation
in later stages.

and
Z etal
i
w idual
c r Zn,
1 he
m kg
f or
C eavy
m ion
s ther
m mber
o
t ree
s l the

soils decreased in the order: Pb� Ni > Cd. Accumulation of
metals Cu, Co, Ni, Pb, Cd and Zn by gellan gum (GG) gel
beds was also studied by Lazaro et al.[23] and maximum
metal uptake sequence was Pb > Cu > Ni≈ Zn = Co > Cd. On
the other hand, removal rates of heavy metals rose by in-
creasing the amount of solid waste (Fig. 4). Both individ-
ual and mixed heavy metal solutions indicated same removal
trend except zinc; Cd > Fe > Zn > Cu > Ni for individual and
Cd > Zn > Fe > Cu > Ni for mixed solution. The maximum re-
moval rates of initial metal concentrations were obtained at
high solid waste and low residual concentrations and were
81% for Cd, 72% for Fe, 64% for Zn, 49% for Cu and 27%
for Ni of individual solution and were 88% for Cd, 84% for
Zn, 70% for Fe, 60% for Cu and 29% Ni. Removal rates and
sorption affinities of these heavy metals were not compared
to each other because of the different initial concentrations
of feed metal solution prepared according to the amounts
given in the Turkish Hazardous Waste Control Regulation
[16]. Removal efficiency of cadmium was much higher than
other metals and reached to 81–88% for both solutions. This
might be related to low concentration of cadmium (2 mg/L)
in solution. However, from the view point of sorption, cad-
mium uptake by solid waste was the lowest. When the heavy
metals (Ni, Zn and Cu) having the same concentration were
compared, sorption and removal of Ni for both individual and
m and,
Z an be
r avy
m ) are
6 124
f

was
d uir
e d
h tion
i c-
i
i y of
a the
s d
The slope of isotherms increased particularly for Fe
n, indicating high sorption affinities for these heavy m

ons. The maximum metal sorption (x/m)max by solid waste
as obtained at low solid waste amount and high res
oncentrations, and was 205 mg/kg for Fe, 125 mg/kg fo
00 mg/kg for Cu, 38 mg/kg for Ni, 18 mg/kg for Cd. In t
etal mixture, (x/m)max was 145 mg/kg for Fe, 126 mg/

or Zn, 100 mg/kg for Cu, 42 mg/kg for Ni, 16 mg/kg f
d. A smaller amount of Fe was adsorbed from the h
etal mixture compared to the sorption from a single

olution. There was no vital change in the sorption of o
etals. This sorption sequence is confirmed by a nu
f studies exist in literature. Veeresh et al.[22] investigated

he capacity of metal accumulation (Cd, Ni and Pb) in th
oils of India and concluded that sorption capacity in al
ixed solution was lower than Zn and Cu. On the other h
n was the highest of the three. The affinity sequence c
elated to large atomic weight and ionic radius of the he
etals. Atomic weights (g) and ionic radius (picometers
5.39 and 134 for Zn; 63.55 and 128 for Cu; 58.70 and

or Ni, respectively[24].
The mathematical description of sorption isotherms

etermined by the application of Freundlich and Langm
quations. InFig. 5, the sorption of individual and mixe
eavy metals are shown by plotting Freundlich adsorp

sotherms. As described in Eq.(2). KF, the sorption capa
ty, can be determined from the intercept and 1/n, indicat-
ng to the degree of non-linearity between the capacit
dsorbent and equilibrium solute concentration, from
lope of its linear form.KF and n values were calculate



228 A. Suna Erses et al. / Journal of Hazardous Materials B121 (2005) 223–232

Fig. 3. Linear sorption isotherms for Fe, Cd, Cu, Zn and Ni ions from individual and mixed solution.

using the least squares method and tabulated inTable 2.
The KF value of Cd for individual solution, calculated as
47.28 mg1−1/n L1/n/kg, was found to be highest among met-
als. The lowestKF values, on the other hand, were observed
for Cu ion of individual solution and Ni ions of both indi-
vidual and mixed solutions, which were about 3.07× 10−5,
1.92× 10−5 and 2.62× 10−5 mg1−1/n L1/n/kg, respectively.
The nonlinearity (n< 1) of isotherms in most cases was ob-
served in this study (Table 2). The values ofn ranged from

0.169 to 1.951. Potential of adsorption for individual metal
on solid waste matrix using Freundlich constantKF was
in order of: Cd≥ Fe > Zn > Cu≥ Ni and for mixed metals,
Fe≥ Zn≥ Cd > Cu > Ni.

A second common model is the sorption isotherm equa-
tion developed by Langmuir, which describes the formation
of a monolayer of solute molecules on the adsorbent surface.
Fig. 6shows the sorption of individual and mixed heavy met-
als by plotting Langmuir adsorption isotherms. The processes

Fig. 4. Removal rates of heavy metals for individual and mixed solutions.
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Fig. 5. Freundlich isotherm for Fe, Cd, Cu, Zn and Ni ions from individual and mixed solution.

were linearized by the double-reciprocal Langmuir equation
because better fits were obtained with this model.KL (L/kg)
is a constant related to the energy or net enthalpy of adsorp-
tion, M (mg/kg) (the adsorption maximum) is the amount

Table 2
Freundlich isotherm constants for individual and mixed solution

Solution Heavy
metals

KF (mg1−1/n L1/n/kg) n r2

Individual metal
ion solution

Fe 12.46 1.241 0.74
Cd 47.28 0.408 0.94
Cu 3.07× 10−5 0.169 0.94
Zn 0.067 0.318 0.87
Ni 1.92× 10−5 0.195 0.94

Mixed metal
ions solution

Fe 22.84 1.951 0.79
Cd 16.22 1.238 0.94
Cu 0.39 0.462 0.90
Zn 20.69 1.289 0.98
Ni 2.62× 10−5 0.197 0.97

of solute adsorbed per unit weight of adsorbent in forming
complete monolayer on the surface.KL andM values were
also calculated using the least squares method and given in
Table 3. KL values were highest for Cd in both individual

Table 3
Langmuir isotherm constants for individual and mixed solution

Solution Heavy
metals

KL (L/kg) M (mg/kg) r2

Individual metal
ion solution

Fe 0.023 431.6 0.79
Cd 1.103 6.608 0.97
Cu 0.094 10.59 0.99
Zn 0.073 32.90 0.92
Ni 0.055 6.019 0.90

Mixed metal
ions solution

Fe 0.052 189.6 0.78
Cd 0.760 33.55 0.95
Cu 0.050 55.28 0.93
Zn 0.055 337.9 0.98
Ni 0.051 6.573 0.92



230 A. Suna Erses et al. / Journal of Hazardous Materials B121 (2005) 223–232

Fig. 6. Langmuir isotherm for Fe, Cd, Cu, Zn and Ni ions from individual and mixed solution.

and mixed solution. This can be explained that the sites re-
sponsible for cadmium adsorption at low concentration are
characterized by much higher energies than those at higher
concentrations. TheM values were firstly higher for Fe and
then for Zn in both solutions indicating their high adsorp-
tive capacities. Potential of sorption for individual metal on
solid waste matrix in terms of Langmuir constantM was in
the order of: Fe > Zn≥ Cu > Cd≥ Ni and for mixed metal,
Zn > Fe > Cu≥ Cd > Ni. However, whenM values of solid
waste are compared to the values of other sorbents in lit-
erature, it can be concluded that the sorption capacity of
solid waste is low. Yavuz et al.[25] studied the removal
of Mn(II), Co(II), Ni(II) and Cu(II) from aqueous solution
using a raw kaolinite and found that the sorption of these
metals on kaolinite conformed to the linear form of Lang-
muir adsorption equation. LangmuirM constants for each
metal were found as 0.446 mg/g for Mn, 0.919 mg/g for Co,
1.669 mg/g for Ni, 10,787 mg/g for Cu at 25◦C, respectively.
On the other hand, Ho et at.[26] investigated a new sorbent

system (tree fern) for Zn(II), Cu(II) and Pb(II) removal from
aqueous solutions. The experimental results were analyzed
by using Langmuir, Freundlich and Redlich-Peterson equa-
tions and correlation coefficients for fitting the Langmuir and
Redlich-Peterson equations were significantly better than the
coefficients for Freundlich equation. According to the eval-
uation using the Langmuir equation, the maximum sorption
capacities of metal ions onto tree fern were 7.58 mg/g for Zn,
10.6 mg/g for Cu and 39.8 mg/g for Pb.

When the coefficient of determination (r2) is used as a cri-
terion for this study, copper, nickel, cadmium and zinc sorp-
tions fit the Langmuir plot. Copper, nickel, cadmium and zinc
sorption isotherms also agreed with the Freundlich model.
However, the general trend observed in sorption profiles in
Figs. 5 and 6revealed that the sorption data were better inter-
preted with the Langmuir equation. On the other hand, iron
behaved inconsistently. This may be explained by the pres-
ence of complex-forming ligands in the solid waste which
complicates the prediction of relative metal cation sorption
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affinity. For iron sorption equilibrium in both Freundlich
and Langmuir models, correlation coefficients were lowest
(r2 < 0.80).

The effect of isotherm shape can be used to predict
whether a sorption system is “favorable” or “unfavorable”
[26]. According to Hall et al.[27], the essential features
of the Langmuir isotherm can be expressed in term of a
dimensionless constant separation factor or equilibrium
parameterKR, which is defined by the following relationship:

KR = 1

1 + KL × C0
(7)

whereKR is a dimensionless separation factor,C0 is initial
concentration (mg/L) andKL is a Langmiur constant
(L/mg). The parameterKR indicates the shape of the
isotherm accordingly:KR > 1 (unfavorable);KR = 1 (linear);
0 <KR < 1 (favorable) andKR = 0 (irreversible). The values
of KR for both individual and mixed metal solutions were
approximately the same (0.99). TheKR values indicate that
sorption is favorable for all metals and reaches to linearity.

The ionic strength of the solution has both direct and in-
direct effects on sorption data. The extent of these effects
depends on the concentration, composition and change of
the ionic constituents. Atkins[28], Bohn et al.[29], Bolt
and Buggenwert[30], Garrels and Christ[31], Stumm and
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NaN3. However, high temperature, continuous shaking and
breakdown of metallic salt in solution may cause the drop in
pH from 7.0 to near 6.5.

The effect of temperature on sorption data was linked to
the thermodynamics of the sorption process. The experiment
was conducted at a constant temperature of 32◦C by using
a mechanical shaker with hot bath. Inside temperature of the
test bottles fluctuated between 32 and 33◦C throughout the
test period for both individual and mixed metal solution ex-
periments without showing any significant variation.

5. Conclusions

The main findings of these experiments are as follows:

• Domestic waste has a significant and potentially useful
capacity for adsorbing and retaining heavy metals.

• All five metals reached equilibrium concentration within
the first 32 h for all five cases either individually or in mixed
solutions.

• Solid waste was good biosorbent of heavy metals with
an experimental (x/m)max of (mg/kg ww) 205 for Fe, 125
for Zn, 100 for Cu, 38 for Ni, 18 for Cd from individual
solution and of 145 for Fe, 126 for Zn, 100 for Cu, 42 for
Ni, 16 for Cd from mixed solution.
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organ[32] have discussed the effect of ionic strength
orption data and they concluded that ionic strength ma
ect sorption in two ways: by changing solute activity, and
hanging the thickness and properties of the diffuse ele
al double layers associated with colloidal particles. With
elp of the shielding effect of neighboring ions, the acti
f most solutes tends to decrease as the ionic strength
olution increases. Griffin and Jurinak[33], describe a linea
elationship between ionic strength and electrical condu
ty,

S = 0.0127× EC (8)

here IS is ionic strength in moles per litre and EC is ele
al conductivity in milisiemens per centimeter. In the stu
onductivity data generally showed increasing trend. A
xample, conductivity of Zn in individual solution with 170
f the solid waste matrix increased from 4.82 ms/cm at 0
.92 ms/cm at 20 h. The ionic strengths were calculate

ng electrical conductivity measured during the experim
nd as proportional to conductivity, ionic strength sho

ncreasing trend; from 0.061214 to 0.062484.
The ionic strength of each individual and mixed m

olution changes slightly with time during the experim
al run, that can be attributed to the changes in pH. It
een observed that although the initial pH was always 7
ropped gradually and remained steady after 5–7 h at pH
f 6.5–6.7 for different amounts of the solid waste matrix

ons.
It should be noted that, in order to determine the s

ion capacity of the solid waste matrix for heavy metals
ttempt was made to stop the biological degradation u
Solid waste showed a high affinity for Zn when compa
to an equimolar of Cu and Ni.
The experimental results were analyzed by using both
undlich and Langmuir equations and the correlation c
ficients for fitting the Langmuir equation were better t
the coefficients for Freundlich equation.

The sorption capacity of domestic solid waste matrix
eavy metals is a quite significant mechanism and this p
rty might be successfully used for in situ heavy metal a
ation in landfills.

cknowledgments

The authors would like to acknowledge Dr. John T. Tur
chool of Engineering, University of Manchester and
rhan Yenigun, Institute of Environmental Science, Boga
niversity for their help in this research and for time-to-ti
nline advice. The financial support by the Research F
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