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bstract

The preparation, characterization, and sorption properties for Cu(II) and Pb(II) of manganese oxide coated sand (MOCS) were investigated.
scanning electron microscope (SEM), X-ray diffraction spectrum (XRD) and BET analyses were used to observe the surface properties of

he coated layer. An energy dispersive analysis of X-ray (EDAX) and X-ray photoelectron spectroscopy (XPS) were used for characterizing
etal adsorption sites on the surface of MOCS. The quantity of manganese on MOCS was determined by means of acid digestion analysis.
he adsorption experiments were carried out as a function of solution pH, adsorbent dose, ionic strength, contact time and temperature. Binding
f Cu(II) and Pb(II) ions with MOCS was highly pH dependent with an increase in the extent of adsorption with the pH of the media inves-
igated. After the Cu(II) and Pb(II) adsorption by MOCS, the pH in solution was decreased. Cu(II) and Pb(II) uptake were found to increase
ith the temperature. Further, the removal efficiency of Cu(II) and Pb(II) increased with increasing adsorbent dose and decreased with ionic

trength. The pseudo-first-order kinetic model, pseudo-second-order kinetic model, intraparticle diffusion model and Elovich equation model
ere used to describe the kinetic data and the data constants were evaluated. The pseudo-second-order model was the best choice among all

he kinetic models to describe the adsorption behavior of Cu(II) and Pb(II) onto MOCS, suggesting that the adsorption mechanism might be a

hemisorption process. The activation energy of adsorption (Ea) was determined as Cu(II) 4.98 kJ mol−1 and Pb(II) 2.10 kJ mol−1, respectively.
he low value of Ea shows that Cu(II) and Pb(II) adsorption process by MOCS may involve a non-activated chemical adsorption and a physical
orption.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The presence of heavy metals in the aquatic environment
s a major concern due to their extreme toxicity towards
quatic life, human beings, and the environment. Heavy metal
ons from wastewaters are commonly removed by chemical
recipitation, ion-exchange, reverse osmosis processes, and
dsorption by activated carbon. Over the last few decades,

dsorption has gained importance as an effective purification
nd separation technique used in wastewater treatment, and the
emoval of heavy metals from metal-laden tap or wastewater

∗ Corresponding author. Tel.: +86 371 67763707; fax: +86 371 67763220.
E-mail address: rphan67@zzu.edu.cn (R. Han).
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s considered an important application of adsorption processes
sing a suitable adsorbent [1,2].

In recent years, many researchers have applied metal oxides
o adsorption of heavy metals from metal-laden tap or wastewa-
er [3]. Adsorption can remove metals over a wider pH range and
ower concentrations than precipitation [4]. Iron, aluminum, and
anganese oxides are typically thought to be the most important

cavengers of heavy metals in aqueous solution or wastewater
ue to their relatively high surface area, microporous structure,
nd possess OH functional groups capable of reacting with met-
ls, phosphate and other specifically sorbing ions [5]. However,

ost metal oxides are available only as fine powders or are gener-

ted in aqueous suspension as hydroxide floc or gel. Under such
onditions, solid/liquid separation is fairly difficult. In addition,
etal oxides along are not suitable as a filter medium because of

mailto:rphan67@zzu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2006.02.021
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heir low hydraulic conductivity. Recently, several researchers
ave developed techniques for coating metal oxides onto the
urface of sand to overcome the problem of using metal oxides
owers in water treatment. Many reports have shown the impor-
ance of these surface coatings in controlling metal distribution
n soils and sediments [3,6,7].

In recent years, coated minerals have been studied because
f their potential application as effective sorbents [3,8,9]. Iron
xide coated meterials for heavy metal removal have been
roved successful for the enhancement of treatment capacity and
fficiency when compared with uncoated filter media, such as sil-
ca sand [10–14], granular activated carbon [15] and polymeric

edia [16,17]. For example, Edwards and Benjamin [7] found
hat coated media have similar properties to unattached coating

aterials in removing metals over a wide pH range, and that Fe
xide coated sand was more effective than uncoated sand. Bai-
ey et al. [18] used iron oxide coated sand to remove hexavalent
hromium from a synthetic waste stream. The influent contained
0 mg l−1 Cr(VI) and better than 99% removal was achieved.
atpathi and Chaudhuri [19] and Viraraghavan et al. [20] have
ecently reported on the ability of this medium to adsorb metals
rom electroplating rinse waters and arsenic from drinking water
ources, respectively. Green-Pedersen and Pind reported that a
errihydrite-coated montmorillonite surface had a larger specific
urface area and an increased sorption capacity for Ni(II) com-
ared to the pure systems [21]. Meng and Letterman [22] found
hat the adsorption properties of oxide mixtures are determined
y the relative amount of the components. They also found that
on adsorption on aluminum oxide-coated silica was better mod-
led assuming uniform coverage of the oxide rather than using
wo distinct surfaces [23]. Lo and Chen [8] determined the effect
f Al oxide mineralogy, amount of oxide coating, and acid- and
lkali-resistance on the removal of selenium from water. Bran-
ao and Galembecket reported that the impregnation of cellulose
cetates with manganese dioxide resulted in high removal effi-
ient of Cu(II), Pb(II), and Zn(II) from aqueous solutions [24].
l-Degs and Khraisheh [25] also reported that diatomite and
anganese oxide modified diatomite are effective adsorbents

or removing Pb2+, Cu2+, and Cd2+ ions. The sorption capac-
ty of Mn-diatomite was considerably increased compared to
he original material for removing the studied metals. Filtration
uality of diatomite is significantly increased after modification
ith Mn-oxides. Merkle et al. [26–28] reported that manganese
ioxide coated sand was effective for removal of arsenic from
round water in column experiments. Merkle et al. developed
manganese oxide coating method on anthracite to improve

he removal of Mn2+ from drinking water and hazardous waste
ffluent. They generated a filter media with an increased surface
rea after coating with manganese oxides and found manganese
xide coated media have the ability to adsorb and coprecipi-
ate a variety of inorganic species. Stahl and James [29] found
heir manganese oxide coated sands generated a larger surface
rea and increased adsorption capability with increasing pH as

ompared to uncoated silica sand.

Additional researchers have been investigated to evalu-
te coating characteristics. X-ray diffraction (XRD), X-ray
hotoelectron spectroscopy (XPS), Fourier transform infrared

(
(
o
i

aterials B137 (2006) 384–395 385

pectroscopy (FTIR), transmission electron microscopy (TEM),
nd scanning electron microscopy (SEM) have been used as
ell to identify components, distribution, and structure of

urface oxide coating [7,9,30,31]. An energy dispersive X-ray
EDAX) technique of analysis has been used to characterize
etal adsorption sites on the sorbent surface. Typically, oxide
as non-uniform over the surface as both the oxide and

ubstratum had been observed [7].
The research described here was designed to investigate

haracteristics of manganese oxide coated sand (MOCS) and
est the properties of MOCS as an adsorbent for removing
opper (II) and lead (II) from synthetic solutions in batch
ystem. SEM/EDAX, XRD, XPS and BET analysis were
mployed to examine the properties of adsorption reactions for
u(II) and Pb(II) ions on MOCS in water. The system variables

tudied include pH, MOCS dose, ionic strength, contact time
nd temperature. The kinetic parameters, such as Ea, k1, k2,
ave been calculated to determine rate constants and adsorption
echanism.

.1. Kinetic parameters of adsorption

The models of adsorption kinetics were correlated with the
olution uptake rate, hence these models are important in water
reatment process design. In order to analyze the adsorption
inetics of MOCS, four kinetic models including the pseudo-
rst-order equation [32], the pseudo-second-order equation [33],
lovich equation [34], and intraparticle diffusion model [35]
ere applied to experimental data obtained from batch metal

emoval experiments.
A pseudo-first-order kinetic model of Lagergen is given as

og(qe − qt) = log qe − K1t

2.303
(1)

pseudo-second-order kinetic model is

t

qt

= 1

(K2q2
e)

+ t

qe
(2)

nd

= K2q
2
e (3)

n intraparticle diffusion model is

t = Ktt
1/2 + C (4)

nd an Elovich equation model is shown as

t = ln(αβ)

β
+ ln t

β
(5)

here qe and qt are the amount of solute adsorbed per unit
dsorbent at equilibrium and any time, respectively (mmol g−1),
1 the pseudo-first-order rate constant for the adsorption process
min−1), k2 the rate constant of pseudo-second-order adsorption

g mmol−1 min−1), Kt the intraparticle diffusion rate constant
mmol g−1 min−1), h the initial sorption rate of pseudo-second-
rder adsorption (mmol g−1 min−1), C the intercept, α the
nitial sorption rate of Elovich equation (mmol g−1 min−1), and
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he parameter β is related to the extent of surface coverage and
ctivation energy for chemisorption (g mmol−1). A straight line
f log(qe − qt) versus t, t/qt versus t, qt versus ln t, or qt versus

1/2 suggests the applicability of this kinetic model and kinetic
arameters can be determined from the slope and intercept of
he plot.

.2. Determination of thermodynamic parameters

The activation energy for metal ions adsorption was calcu-
ated by the Arrhenius equation [36]:

= k0 exp

[−Ea

RT

]
(6)

here k0 is the temperature independent factor in g mmol−1

in−1, Ea the activation energy of the reaction of adsorption in
J mol−1, R the gas constant (8.314 J mol−1 K−1) and T is the
dsorption absolute temperature (K). The linear form is:

n k = −Ea

RT
+ ln k0 (7)

hen ln k is plotted versus 1/T, a straight line with slope – Ea/R
s obtained.

. Materials and methods

.1. Adsorbent

The quartz sand was provided from Zhengzhou’s Company
f tap water in China. The diameter of the sand was ranged in
ize from 0.99 to 0.67 mm. The sand was soaked in 0.1 mol l−1

ydrochloric acid solution for 24 h, rinsed with distilled water
nd dried at 373 K in the oven in preparation for surface coating.
anganese oxide coated sand was accomplished by utilizing
reductive procedure modified to precipitate colloids of man-

anese oxide on the media surface. A boiling solution containing
otassium permanganate was poured over dried sand placed in
beaker, and hydrochloric acid (37.5%, WHCl/WH2O) solution
as added dropwise into the solution. After stirring for 1 h,

he media was filtered, washed to pH 7.0 using distilled water,
ried at room temperature, and stored in polypropylene bottle
or future use.

.2. Metal solutions

All chemicals and reagents used for experiments and anal-
ses were of analytical grade. Stock solutions of 2000 mg l−1

b(II) and Cu(II) were prepared from Cu(NO3)2 and Pb(NO3)2
n distilled, deionized water containing a few drops of concen-
rated HNO3 to prevent the precipitation of Cu(II) and Pb(II) by
ydrolysis. The initial pH of the working solution was adjusted
y addition of HNO3 or NaOH solution.
.3. Mineral identification

The mineralogy of the sample was characterized by X-ray
iffraction (XRD) (Tokyo Shibaura Model ADG-01E). Pho-

0
t
r
a

aterials B137 (2006) 384–395

omicrography of the exterior surface of uncoated sand and man-
anese oxide coated sand was obtained by SEM (JEOL6335F-
EM, Japan). The distribution of elemental concentrations for

he solid sample can be analyzed using the mapping analysis
f SEM/EDAX (JEOL SEM (JSM-6301)/OXFORD EDX,
apan). The existence of Cu(II) and Pb(II) ions on the surface
f manganese oxide coated sand was also confirmed by using
DAX. Samples for EDAX analysis were coated with thin
arbon film in order to avoid the influence of any charge effect
uring the SEM operation. The samples of MOCS and MOCS
dsorbed with copper/lead ions were also analyzed by X-ray
hotoelectron spectroscopy (XPS) (ESCA3600 Shimduz).

.4. Specific surface area and pore size distribution
nalyses

Analyses of physical characteristics of MOCS included spe-
ific surface area, and pore size distributions. The specific sur-
ace area of MOCS and pore volumes were test using the nitrogen
dsorption method with NOVA 1000 High-Speed, Automated
urface Area and Pore Size Analyer (Quantachrome Corpora-

ion, America) at 77 K, and the BET adsorption model was used
n the calculation. Calculation of pore size followed the method
f BJH according to implemented software routines.

.5. Methods of adsorption studies

Batch adsorption studies were conducted by shaking the
asks at 120 rpm for a period of time using a water bath cum
echanical shaker. Following a systematic work on the sorp-

ion uptake capacity of Cu(II) and Pb(II) in batch systems were
tudied in the present work.

The experimental process was as following: put a certain
uantity of MOCS into conical flasks, then, added the solute of
etals of copper or lead in single component system, vibrated

ometime at a constant speed of 120 rpm in a shaking water bath,
hen reached the sorption equilibrium after 180 min, took out

he conical flasks, filtrated to separate MOCS and the solution.
o other solutions were provided for additional ionic strength

xpect for the effect of ionic strength. The concentration of the
ree metal ions in the filtrate was analyzed using flame atomic
bsorption spectrometer (AAS) (Aanalyst 300, Perkin Elmer).
he uptake of the metal ions was calculated by the difference

n their initial and final concentrations. Effect of pH (1.4–6.5),
uantity of MOCS, contact time, temperature (288–318 K) was
tudied. The pH of the solutions at the beginning and end of
xperiments was measured. Each experiment was repeated three
imes and the results given were the average values.

.5.1. Effect of contact time and temperature on Cu(II) and
b(II) adsorption

A 2.0 g l−1 sample of MOCS was added to each 20 ml of
u(II) or Pb(II) solutions with initial concentration of Cu(II)

.315 mmol l−1 and Pb(II) 0.579 mmol l−1, respectively. The
emperature was controlled with a water bath at the temperature
anged from 294 to 318 K for the studies. Adsorbent of MOCS
nd metal solution were separated at pre-determined time inter-
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als, filtered and analyzed for residual Cu(II) and Pb(II) ion
oncentrations.

.5.2. Effect of pH on the sorption of Cu(II) and Pb(II) by
OCS
The effect of pH on the adsorption capacity of MOCS

as investigated using solutions of 0.157 mmol l−1 Cu(II) and
.393 mmol l−1 Pb(II) for a pH range of 1.4–6.5 at 293 K. A
0 g l−1 of MOCS was added to 20 ml of Cu(II) and Pb(II) solu-
ions. Experiments could not be performed at higher pH values
ue to low solubility of metal ions.

.5.3. Effect of MOCS dose
It was tested by the addition of sodium nitrate and calcium

itrate to the solution of Cu(II) and Pb(II), respectively. The dose
f adsorbents were varied from 10 to 80 g l−1 keeping initial con-
entration of copper 0.157 mmol l−1 and lead 0.393 mmol l−1,
espectively, and contact time was 180 min at the temperature of
93 K.

.5.4. Effect of ionic strength on Cu(II) and Pb(II)
dsorption

The concentration of NaNO3 and Ca(NO3)2 used ranged
rom 0 to 0.2 mol l−1. The dose of adsorbents were 20 g l−1,
he initial concentration of copper 0.157 mmol l−1 and lead
.393 mmol l−1, respectively, and contact time was 180 min at
he temperature of 293 K.

The data obtained in batch model studies was used to calculate
he equilibrium metal uptake capacity. It was calculated for each
ample of copper by using the following expression:

t = v(C0 − Ct)

m
(8)

here qt is the amount of metal ions adsorbed on the MOCS
t time t (mmol g−1), C0 and Ct the initial and liquid-phase
oncentrations of metal ions at time t (mmol l−1), v the volume of
he aqueous phase (l) and m is the dry weight of the adsorbent (g).

. Results and discussion

.1. Mineralogy of manganese oxide coated sand

The samples of sand coated with manganese oxide were dark
olored (brown–black) precipitates, indicating the presence of
anganese in the form of insoluble oxides. The X-ray diffrac-

ion spectrum (XRD) of the samples (data not shown) revealed
hat the manganese oxide were totally amorphous, as there was
ot any peak detected, indicative of a specific crystalline phase.
EM photographs in Fig. 1 were taken at 10,000× magnifi-
ations to observe the surface morphology of uncoated sand
nd manganese oxide coated sand, respectively. SEM images
f acid-washed uncoated quartz sand in Fig. 1(a) showed very

rdered silica crystals at the surface. The virgin sand had a rela-
ively uniform and smooth surface and small cracks, micropores
r light roughness could be found on the sand surface. Com-
aring the images of virgin (Fig. 1(a)) and manganese oxide

t
a
p
t

ig. 1. SEM micrograph of sample: (a) sand; (b) manganese oxide coated sand.

oated sand (Fig. 1(b)), MOCS had a significantly rougher sur-
ace than plain sand and the coated sand surfaces were apparently
ccupied by newborn manganese oxides, which were formed
uring the coating process. Fig. 1(b) also showed manganese
xides, formed in clusters, apparently on occupied surfaces. At
he micron scale, the synthetic coating was composed of small
articles on top of a more consolidated coating. In most regions
ndividual particles of manganese oxide (diameter = 2–3 �m)
ppeared to be growing in clumps in surface depressions and
oating cracks. The amount of manganese on the surface of the
OCS, measured through acid digestion analysis, was approx-

mately 5.46 mg Mn/g-sand.

.2. SEM/EDAX analysis

The elements indicated as being associated with manganese
xide coated were detected by the energy dispersive X-ray spec-

rometer system (EDAX) using a standardless qualitative EDAX
nalytical technique. The peak heights in the EDAX spectra are
roportional to the metallic elements concentration. The quali-
ative EDAX spectra for MOCS (Fig. 2(a)) indicated that Mn, O,
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ig. 2. EDAX spectrum of MOCS under: (a) adsorbed without copper and lead
on; (b) adsorbed copper ions; (c) adsorbed lead ions.

i, and K are the main constituents. These had been known as the
rincipal elements of MOCS. EDAX analysis yielded indirect
vidence for the mechanism of manganese oxide on the surface
f MOCS. The peak of Si occurred in EDAX showed that man-
anese oxides do not covered a full surface of the MOCS. If
he solid sample of MOCS caused a change of elemental con-
titution through adsorption reaction, it could be inferred that
anganese oxide has already brought about chemical interac-

ion with adsorbate. The EDAX spectrum for copper and lead
ystem was illustrated in Fig. 2(b and c). It could be seen that
opper and lead ion became one element of solid sample in
his spectrum. The reason was that copper and lead ions were
hemisorbed on the surface of MOCS.

Dot mapping can provide an indication of the qualitative
bundance of mapping elements. The elemental distribution
apping of EDAX for the sample of MOCS and MOCS

dsorbed copper or lead ions is illustrated in Fig. 3. The bright
oints represented the single of the element from the solid sam-
le. A laryer of manganese oxide coating is clearly shown in
he dot map for Mn in Fig. 3(a), and a high density of white

ots indicates manganese is the most abundant element. Results
ndicated that manganese oxide was spread over the surface of

OCS, and was a constituent part of the solid sample. The ele-
ent distribution mapping of EDAX for the sample of MOCS

Fig. 3. EDAX results of MOCS (white images in mapping represent the cor-
responding element): (a) adsorbed without copper and lead ion; (b) adsorbed
copper ions; (c) adsorbed lead ions.
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coating of manganese oxide increased the surface area of sand
to 0.712 m2 g−1, while average pore diameter decreased from
51.42 to 42.77 Å. This may be caused by the increase in both

Table 1
Specific surface areas and average pore diameters for sand and various MOCS

Surface area (m2 g−1) Average pore diameter (Å)

Sand 0.674 51.42
Unadsorbeda 0.712 42.77
Adsorbedb 0.552 39.64
Fig. 4. XPS wide scan of the manganese oxide coated sand.

eacting with copper and lead ions is illustrated in Fig. 3(b and
). Copper or lead ions were spread over the surfaces of MOCS.
esults indicated that manganese oxide produces chemical bond
ith copper or lead ions. Thus, copper or lead element was a

onstituent part of the solid sample.

.3. Surface characterization using the X-ray photoelectron
pectroscopy (XPS)

XPS analyses were performed on samples of MOCS alone
nd reacting with copper or lead ions. The wide scan of MOCS
s presented in Fig. 4. It can be noticed that the major elements
onstituent are manganese, oxygen, and silicon. Detailed spectra
f the peaks are shown in Fig. 5.

Manganese oxides are generally expressed with the chemical
ormula of MnOx, due to the multiple valence states exhibited by

n. Therefore, it is reasonable to measure the average oxidation
tate for a manganese mineral [37]. The observation of the Mn
p3/2 peak at 641.9 eV and the separation between this and the
n 2p1/2 peak of 11.4 eV indicates the manganese exhibited

xidation between Mn3+ and Mn4+ as shown from the auger
lot, but it can be seen to show Mn4+ predominantly from the
n 2p3/2 peaks [38].
The large peak in Fig. 5(b) is a sum of the two peaks at

29.3 and 533.1 eV, which can be assigned to O 1s; a low bind-
ng energy at 529.7 eV, which is generally accepted as lattice
xygen in the form of O2− (metal oxygen bond). This peak is
haracteristic of the oxygen in manganese oxides. The second
eak at 533.4 eV can be assigned to surface adsorbed oxygen in
he form of OH− [38].

As seen the XPS spectra of the sample of MOCS reacting
ith copper, Fig. 6(a) shows the binding energies of the observed
hotoelectron peaks of Cu 2p3/2, 2p1/2. The binding energy of
he Cu 2p3/2 peak at a value of 933.9 eV shows the presence of
opper (+2).
The XPS spectra obtained after Pb(II) adsorption on MOCS
s presented in Fig. 6(b). Fig. 6(b) shows that doublets charac-
eristic of lead appear, respectively, at 138.3 eV (assigned to Pb
f7/2) and at 143.8 eV (assigned to Pb 4f5/2) after loading MOCS

D

Fig. 5. XPS detailed spectra of MOCS: (a) Mn 2p3/2; (b) O 1s.

ith Pb(II) solution. The peak observed at 138.3 eV agrees with
he 138.0 eV value reported for PbO [39]. This shows a fixation
f lead onto MOCS during the process.

.4. Specific surface area and pore size distribution
nalyses

The specific surface areas for sand and MOCS under
n/adsorbed Pb(II) ions are summarized in Table 1. Plain
ncoated sand had a surface area of 0.674 m2 g−1. A surface
esorbedc 0.701 42.71

a Without reacting with Pb(II) ions.
b After reacting with Pb(II) ions.
c After soaking with 0.5 mol l−1 acid solution.
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ig. 6. XPS detailed spectra of MOCS reacting with (a) copper; (b) lead.

nner and surface porosity after adding the manganese oxides
dmixture. After reacting with Pb(II) ions, the pore size distribu-
ion of MOCS had been changed, and parts of pores disappeared
hrough the adsorption process. The results indicated the parts of
ores were occupied with Pb(II) ions and average pore diameters
ecreased simultaneously, compared with unadsorbed MOCS,
he surface area value of adsorbed MOCS is decreased, varying
rom of 0.712 to 0.552 m2 g−1. Besides, pore size distribution
f desorbed MOCS was similar to that of unadsorbed MOCS.
he surface area of desorbed MOCS increased and average pore
iameter also increased after regeneration with acid solution.
he results indicated Pb(II) ions could be desorbed from the
urface site of micropore and mesopores.

.5. Effect of contact time and temperature on Cu(II) and
b(II) adsorption

Effect of contact time and temperature on the adsorption
f the copper(II) and lead(II) on MOCS was illustrated in
ig. 7(a and b). The uptake equilibrium of Cu(II) and Pb(II)

ere achieved after 180 min and no remarkable changes were
bserved for higher reaction times (not shown in Fig. 7). The
hapes of the curves representing metal uptake versus time
uggest that a two-step mechanism occurs. The first portion

a
t

ig. 7. Effect of contact time on Cu(II) and Pb(II) ions adsorption at pH 4 and
arious temperatures: (a) adsorption capacity vs. time; (b) adsorption percent
s. time (C0(Cu) = 0.315 mmol l−1, C0(Pb) = 0.579 mmol l−1).

ndicates that a rapid adsorption occurs during the first 30 min
fter which equilibrium is slowly achieved. Almost 80% of total
emoval for both Cu(II) and Pb(II) occurred within 60 min. The
quilibrium time required for maximum removal of Cu(II) and
b(II) were 90 and 120 min at all the experimental temperatures,
espectively. As a consequence, 180 min was chosen as the reac-
ion time required to reaching pseudo-equilibrium in the present
equilibrium” adsorption experiments. Higher removal for cop-
er and lead ions was also observed in the higher temperature
ange. This was due to the increasing tendency of adsorbate
ons to adsorb from the interface to the solution with increasing
emperature and it is suggested that the sorption of Cu(II) and
b(II) by MOCS may involve not only physical but also chem-

cal sorption. The metal uptake versus time curves at different
emperatures are single, smooth and continuous leading to sat-
ration, suggesting possible monolayer coverage of Cu(II) and
b(II) on the surface of MOCS [40].

.6. Effect of pH on the sorption of Cu(II) and Pb(II) by
OCS
It is well known that the pH of the system is an important vari-
ble in the adsorption process. The charge of the adsorbate and
he adsorbent often depends on the pH of the solution. The man-
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anese oxide surface charge is also dependent on the solution pH
ue to exchange of H+ ions. The surface groups of manganese
xide are amphoteric and can function as an acid or a base [41].
he oxide surface can undergo protonation and deprotonation

n response to changes in solution pH.
As shown in Fig. 8, the uptake of free ionic copper and lead

epends on pH, increasing with pH from 1.4 to 5.1 for Cu(II)
nd 1.4 to 4.3 for Pb(II). Above these pH levels, the adsorption
urves increased very slightly or tended to level out. At low pH,
u(II) and Pb(II) removal were inhibited possibly as result of
competition between hydrogen and metal ions on the sorp-

ion sites, with an apparent preponderance of hydrogen ions. As
he pH increased, the negative charge density on MOCS sur-
ace increases due to deprotonation of the metal binding sites
nd thus the adsorption of metal ions increased. The increase in
dsorption with the decrease in H+ ion concentration (high pH)
ndicates that ion exchange is one of major adsorption process.
bove pH 6.0, insoluble copper or lead hydroxide starts precip-

tating from the solution, making true sorption studies impossi-
le. Therefore, at these pH values, both adsorption and precipita-
ion are the effective mechanisms to remove the Cu(II) and Pb(II)
n aqueous solution. At higher pH values, Cu(II) and Pb(II) in
queous solution convert to different hydrolysis products.

In order to understand the adsorption mechanism, the varia-
ion of pH in a solution and the metal ions adsorbed on MOCS
uring adsorption were measured, and the results are shown in
ig. 8. The pH of the solution at the end of experiments was
bserved to be decreased after adsorption by MOCS. These
esults indicated that the mechanism by means of which Cu(II)
nd Pb(II) ion was adsorbed onto MOCS perhaps involved an
xchange reaction of Cu2+ or Pb2+ with H+ on the surface and
urface complex formation.

According to the principle of ion-exchange, the more metal
ons that is adsorbed onto MOCS, the more hydrogen ions are
eleased, thus the pH value was decreased. The complex reac-
ions of Cu2+ and Pb2+ with manganese oxide may be written
s follows(X = Cu, Pb and Y = Pb) [42]:
MnOH + X2+ � MnO−X2+ + H+ (9)

MnO− + X2+ � MnO−X2+ (10)

Fig. 8. Effect of pH on adsorption of Cu(II) and Pb(II) by MOCS.

Γ
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( MnOH) + X2+ � ( MnO−)2X2+ + 2H+ (11)

( MnO−) + X2+ � ( MnO−)2X2+ (12)

MnOH + X2+ + H2O � MnOXOH + 2H+ (13)

MnOH + 2Y2+ + H2O � MnOY2OH2+ + 2H+ (14)

qs. (9)–(14) showed the hydrogen ion concentration increased
ith an increasing amount of Cu(II) or Pb(II) ion adsorbed on

he MOCS surface.

.7. Effect of MOCS dose

Fig. 9 shows the adsorption of Cu(II) and Pb(II) as a function
f adsorbent dosage. It was observed that percent adsorption
f Cu(II) and Pb(II) increased from 29 to 99% and 19 to 99%
ith increasing adsorbent load from 10 to 80 g l−1, respectively.
his was because of the availability of more and more binding
ites for complexation of Cu(II) ions. On the other hand, the
lot of adsorption per unit of adsorbent versus adsorbent dose
evealed that the unit adsorption capacity was high at low doses
nd reduced at high dose. There are many factors, which can con-
ribute to this adsorbent concentration effect. The most important
actor is that adsorption sites remain unsaturated during the
dsorption reaction. This is due to the fact that as the dosage
f adsorbent is increased, there is less commensurate increase
n adsorption resulting from the lower adsorptive capacity uti-
ization of the adsorbent. It is readily understood that the number
f available adsorption sites increases by increasing the adsor-
ent dose and it, therefore, results in the increase of the amount
f adsorbed metal ions. The decrease in equilibrium uptake with
ncrease in the adsorbent dose is mainly because of unsaturation
f adsorption sites through the adsorption process. The corre-
ponding linear plots of the values of percentage removal (Γ )
gainst dose (ms) were regressed to obtain expressions for these
alues in terms of the ms parameters. This relationship is as
ollows:
for Cu(II):

= ms

0.221 + 6.61 × 10−3ms
(15)

Fig. 9. Effect of dosage of MOCS on Cu(II) and Pb(II) removal.
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Fig. 11. Pseudo-one-order kinetic plots for the adsorption of Cu2+ and Pb2+ ions
onto MOCS at various temperatures.
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or Pb(II):

= ms

0.444 × 10−3 + 3.85 × 10−3ms
(16)

hese equations can be used to derive the percentage Cu(II) and
b(II) adsorbed onto any MOCS dose within this experimental
onditions due to the high values of correlation coefficient (r) of
u(II) 0.972 and Pb(II) 0.951, respectively.

.8. Effect of ionic strength on Cu(II) and Pb(II) adsorption

Ionic strength effects are of some importance in the study of
etal ion adsorption at oxide mineral–water interfaces. It was

ested by the addition of sodium nitrate and calcium nitrate to
he solution of Cu(II) and Pb(II), respectively. The results of
he removal of Cu(II) and Pb(II) in the presence of NaNO3 or
a(NO3)2 was shown in Fig. 10. It was seen that the increase

n the salt concentration resulted in a decrease of Cu(II) and
b(II) uptake by MOCS. This trend indicated that the bind-

ng efficiency decreased when salt concentration increased in
he metal solution, which could be attributed to the competitive
ffect between heavy metal ions and cations from the salt for the
ites available for the sorption process. The results also showed
hat the addition of calcium ions had a more significant influ-
nce for the sorption of Cu(II) and Pb(II) on MOCS than that
f sodium ions. This could be due to the greater atomic weight
nd electronegativity [43]. Another factor was that increasing
onic strength resulted in the effective concentration decreasing
bout Cu(II) and Pb(II) and the equilibrium uptake decreased.
s Ca(II) has greater contribution for ionic strength than Na(I),

he effect of Ca(II) on equilibrium uptake is bigger than Na(I).
hirdly, the positive charge of Ca(II) is bigger than Na(I) and
uring the process of competing adsroption Ca(II) is easier to
inding relative sites.
.9. Determination of kinetic constants

In order to analyze the adsorption kinetics of Cu(II) and Pb(II)
ons, four kinetic models were applied to experimental data.

ig. 10. Effect of salt concentration on the sorption of Cu(II) and Pb(II) by
OCS.

F
a
t
r

F
o

ig. 12. Pseudo-second-order kinetic plots for the adsorption of Cu2+ and Pb2+

ons onto MOCS at various temperatures.
igs. 11–14 show the plots of linearized form of four models
t all temperature. The straight-line plots of log(qe − qt) versus
, t/qt versus t, qt versus ln t, and qt versus t1/2 for these kinetic
eaction for adsorption of Cu(II) and Pb(II) onto MOCS have

ig. 13. Elovich equation model plots for the adsorption of Cu2+ and Pb2+ ions
nto MOCS at various temperatures.
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Table 2
Kinetic parameters for the adsorption of Cu2+ and Pb2+ at various temperatures by MOCS

Metal ions T (K) qe,exp × 10−3 Pseudo-first-order kinetic model Intraparticle diffusion model

K1 qe × 10−3 r1 Kt × 10−4 C × 10−3 rt

Cu2+ 294 4.90 0.0191 2.14 0.983 2.08 2.43 0.936
303 5.33 0.0293 2.34 0.968 2.39 2.71 0.889
318 6.15 0.0219 2.15 0.951 2.36 3.49 0.875

Pb2+ 294 7.71 0.0180 3.49 0.981 3.24 3.77 0.952
303 8.33 0.0256 4.03 0.991 3.47 4.32 0.944
318 8.56 0.0268 4.01 0.996 3.45 4.57 0.943

Metal ions T (K) Pseudo-second-order kinetic model Elovich eqation

K2 qe × 10−3 h × 10−4 r2 α × 10−3 β r4

Cu2+ 294 27.3 5.00 6.83 0.999 8.55 1578 0.995
303 29.9 5.51 9.08 1.00 7.26 1323 0.979
318 32.0 6.26 12.5 1.00 19.7 1318 0.978

P 2+ 977
1
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e
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b 294 15.9 7.84 .
303 16.2 8.61 12.
318 17.0 8.83 13.

lso been tested to obtain the rate parameters according to Eqs.
1)–(5). Kinetic parameters for four kinetic model and correla-
ion coefficients of Cu(II) and Pb(II) under different temperature
ere calculated from these plots and listed in Table 2.
The validity of these kinetic models was checked and depicted

n Figs. 11–14. Among these figures, Fig. 12 showed a good
greement of dynamical data with pseudo second-order kinetic
odel. As shown in Table 2, the values of r2 of pseudo second-

rder kinetic model for Cu(II) and Pb(II) are extremely high
>0.998) and followed by those of the Elovich equation, pseudo
rst-order equation and intraparticle diffusion equation, respec-

ively (Table 2). Moreover the equilibrium sorption capacities
or second-order correlation were much more reasonable when
ompared with experimental results than those of the first-order
ystem because all of the equilibrium sorption capacities, q1,

f pseudo first-order were lower than experimental results. The
heoretical q2 agreed perfectly with the experimental qe,exp val-
es. These suggest that the sorption systems do not follow a

ig. 14. Intraparticle diffusion model plots for the adsorption of Cu2+ and Pb2+

ons onto MOCS at various temperatures.

c
c
s
a
f
P
i

4

g
T
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•

0.998 14.1 1029 0.996
0.999 19.2 952 0.994
0.999 24.9 961 0.992

seudo first-order reaction and the pseudo second-order sorption
echanism be predominant. In most cases, the pseudo first-order

quation of Lagergen did not apply well throughout the whole
ange of contact times and is generally applicable over the initial
tage of the adsorption processes. So the overall rate of the metal
ons sorption process appeared to be controlled by the chemical
rocess. For the pseudo second-order model, the rate constant
nd the initial sorption rate, h, increase with an increasing of tem-
erature (Table 2). An increase in temperature results in slightly
ncreasing the q2. The pseudo first-order, Elovich equation and
ntraparticle equations do not give a good fit to the experimental
ata for the sorption of meatl ions. The adsorption process could
e best described by the second-order equation. This suggests
hat the rate-limiting step may be the chemical adsorption [44].

The values of rate constant from the pseudo-second-order
an be used to calculate the activation energy of sorption pro-
ess. The energy of activation (Ea) was determined from the
lope of the Arrhenius plot of ln k2 versus 1/T (figure not shown)
ccording to Eq. (7) and was found to be 4.98 and 2.10 kJ mol−1

or Cu(II) and Pb(II), respectively, showing that Cu(II) and
b(II) adsorption process by MOCS is a non-activated chem-

cal adsorption [40], which confirm their chemical nature.

. Conclusion

In this study, the adsorption potential of MOCS was investi-
ated for the removal of Cu(II) and Pb(II) from aqueous systems.
he kinetics of adsorption of Cu(II) and Pb(II) onto MOCS
re studied at different temperature. The following results are
btained:

The coated sand had higher specific surface area and more

clusters of manganese oxide particles on the occupied surface
because of the attachment of manganese oxide. SEM/EDAX
analysis provides the evidence for specify adsorption of metal
ions on the surface of MOCS.
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The XPS spectra indicated that the valence states of the sub-
stituted the manganese ions had a highly mixed state of Mn3+

and Mn4+, copper and lead ions were Cu2+ and Pb+2.
The study of the pH effect shows that the amount of Cu(II) and
Pb(II) adsorbed increases with pH and becomes insignificant
for a value of pH above 5.1 and 4.3 for Cu(II) and Pb(II),
respectively.
Cu(II) and Pb(II) adsorption capacity of MOCS increase with
an increasing of temperature and decrease with an increasing
of salt concentrations, respectively.
The adsorption kinetics study of the Cu(II) and Pb(II) are in
accordance with the pseudo-second-order model. This indi-
cates that the adsorption may be controlled by chemical sorp-
tion.
It is evident that MOCS is a good sorbent for Cu(II) and
Pb(II) and it can be suggested for the removal of heavy metal
from wastewater. Moreover, the rapid uptake allows to con-
sider carrying out the sorption of heavy metals on column
filled with the MOCS because the contact time between the
metal solution and the adsorbent is generally short in this
process.
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