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a b s t r a c t

In this study, the adsorption of Pb(II) on �-MnO2 as a function of various environmental conditions such as
contact time, pH, ionic strength, humic acid (HA)/fulvic acid (FA), and temperature was investigated using
batch techniques. The results indicated that the adsorption of Pb(II) on �-MnO2 was obviously dependent
ccepted 5 August 2010
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b(II)
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-MnO2

on pH but independent of ionic strength. The presence of HA/FA enhanced the adsorption of Pb(II) on �-
MnO2 at low pH, whereas reduced Pb(II) adsorption on �-MnO2 at high pH. The kinetic adsorption of Pb(II)
on �-MnO2 can be well fitted by the pseudo-second-order rate equation. The thermodynamic parameters
(�H◦, �S◦, and �G◦) were also calculated from the temperature dependent adsorption isotherms, and the
results suggested that the adsorption of Pb(II) on �-MnO2 was a spontaneous and endothermic process.

n �-M
umic acid
ulvic acid

The adsorption of Pb(II) o

. Introduction

Metal (hydr)oxides such as iron, manganese (hydr)oxides may
lay a very important role in adsorptions of heavy metal ions, and
urface adsorptions of heavy metal ions on the metal (hydr)oxides
an dominate the fate and transport of heavy metal ions to a
arge extent [1–10]. Manganese oxides are poorly crystalline oxides

hich are generally found in manganese-rich coatings. In the natu-
al environment, trace metals and radionuclides, such as Cr, Co, Ni,
u, Zn, Pb and UO2

2+ [4–10], can strongly interact with manganese
xides. �-MnO2 is one of the most important scavengers of trace
etals in soil, sediments and rocks. Adsorption of metal ions by �-
nO2 in aqueous phases is a critical process for the environmental

pplication of �-MnO2 in water treatment as well as for the envi-
onmental assessment of physicochemical behaviors of metal ions
n �-MnO2.

Natural organic matters such as humic acid (HA) and fulvic
cid (FA) are well known to exert strong effect on the adsorp-
ion of heavy metal ions on clay minerals and oxides [3,4]. Humic
ubstances (HSs) represent a major fraction of dissolved organic
ompounds which are widely present in environment. Whether
A or FA exerts an enhancing or reducing effect on heavy metal ion

dsorptions strongly depends on the complex behavior of heavy
etal ions with HA/FA in the ternary water–HS–mineral surface

ystems [3,4]. Most of the previous studies suggested that HSs pro-
ote the adsorption of heavy metal ions at low pH and reduce the

∗ Corresponding authors. Tel.: +86 551 5592788; fax: +86 551 5591310.
E-mail addresses: clchen@ipp.ac.cn (C. Chen), xkwang@ipp.ac.cn (X. Wang).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.08.014
nO2 was attributed to surface complexation rather than ion exchange.
© 2010 Elsevier B.V. All rights reserved.

adsorption at high pH [4,11–14,18]. The increase of adsorption is
explained by the adsorption of HSs on the mineral surface followed
by the interaction of heavy metal ions with surface adsorbed HSs,
whereas the reduction adsorption is explained by the formation of
soluble HS–metal ion complexes in solution, which stabilize metal
ions in aqueous solution [3,4]. In our laboratory, the adsorptions of
heavy metal ions on minerals in the absence/presence of HSs had
been extensively studied [3,4,11–18]. However, the investigation
about the effect of HSs on the adsorptions of heavy metal ions on
manganese oxides is still scarce.

In this work, we studied the adsorption of Pb(II) on �-MnO2
under various chemistry conditions. Pb(II) was selected as a model
heavy metal ion because of its extensive existence in environment.
The objectives of this work are: (1) to study the adsorption of Pb(II)
on �-MnO2 under various common conditions such as contact time,
pH, ionic strength, HSs and temperature by using batch technique;
(2) to determine the thermodynamic parameters (�H◦, �S◦, and
�G◦) of Pb(II) on �-MnO2 from the temperature dependent adsorp-
tion isotherms; and (3) to presume the adsorption mechanism of
Pb(II) on �-MnO2 and to estimate the possible application of �-
MnO2 in wastewater disposal.

2. Experimental

2.1. Materials
All chemicals used in this experiment were purchased in ana-
lytical purity and used directly without any further purification. All
the reagents were prepared with Milli-Q water. HA and FA were
extracted from the soil of Hua-Jia county (Gansu province, China),

dx.doi.org/10.1016/j.cej.2010.08.014
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:clchen@ipp.ac.cn
mailto:xkwang@ipp.ac.cn
dx.doi.org/10.1016/j.cej.2010.08.014
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nd were characterized in detail in our earlier studies [18–20].
ross-polarization magic angle spinning (CPMAS) 13C NMR spec-
ra of HA and FA were divided into four chemical shift regions,
.e., 0–50 ppm, 51–105 ppm, 106–160 ppm and 161–200 ppm. The
our regions were referred to as aliphatic, carbohydrate, aromatic,
nd carboxyl regions. HA and FA have also been characterized as a
uite of three discrete acids with pKa values listed in Table S1. The
oncentrations of functional groups of HA and FA determined by
tting the potentiometric titration data using FITEQL 3.1 are given

n Table S1. In addition, the weight-averaged molecular weights
Mw) of dissolved HA and FA are evaluated according to the method
f Chin et al. [21], and the Mw values of dissolved HA and FA are
alculated to be 2108 and 1364, respectively.

.2. Preparation and characterization of ˇ-MnO2

�-MnO2 was prepared according to the modified method
escribed in detail in a previous study [22]. The surface functional
roups were characterized by Fourier transform infrared spec-
roscopy (FT-IR). As a consequence of the disruption of Mn–O–Mn
hains and partial leaching of Mn atom, formation of new hydroxyl
roups and H2O molecules are obviously found in �-MnO2 by FT-IR
nalysis. The FT-IR spectrum of the MnO2 sample is shown in Fig. 1.
he two peaks at about 520 and 720 cm−1 arise from the stretching
ibration of the Mn–O and Mn–O–Mn bonds [23,24]. The peak at
600 cm−1 is assigned to the bending vibration of H2O and OH−,
hich implies that hydroxyl groups exist in the as-synthesized
anostructures. The broad peak at 3200–3600 cm−1 can be assigned
o the stretching vibration of the water molecule and OH− in the lat-
ice. The peak at 1600 cm−1 is assigned to the bending vibration of
2O and OH−, which implies that hydroxyl groups exist in the as-

ynthesized nanostructures. Structural characterization of MnO2
as carried out by powder X-ray diffraction (XRD) in a Scintag XDS-

000 diffractometer with Cu K� radiation (� = 1.5418 Å) operated
t a voltage of 45 kV and current of 40 mA. The typical XRD pattern
s shown in Fig. 2. All the reflection peaks can be indexed to a �-

nO2 (JCPDS card 81-2261) phase. No peaks for other types or for

morphous MnO2 are observed in the XRD pattern, indicating high
urity and crystallinity of the final sample. The specific surface area
as obtained to be 398.55 m2 g−1 by the Brunauer–Emmett–Teller

BET) method.

Fig. 1. FT-IR spectrum of �-MnO2.
Fig. 2. XRD pattern of �-MnO2.

2.3. Adsorption experiments

All the experiments were carried out at T = 293.15 K and under
ambient conditions. The stock suspension of �-MnO2, NaClO4 solu-
tion, and Pb(II) stock solution were added into the polyethylene test
tubes. As Pb(II) stock solution was prepared at pH ∼ 3.5, a certain
volume of 0.1 or 1.0 mol L−1 NaOH was added into the system to
achieve the desired pH values and then the pH values of the sys-
tems were further adjusted by adding negligible volume of 0.1 or
0.01 mol L−1 HClO4 or NaOH. After the suspensions were shaken
for 24 h, the solid and liquid phases were separated by centrifuga-
tion at 9000 rpm for 30 min at the temperature controlled same to
that in the adsorption experiments. It is enough to obtain the clear
liquid phase.

The concentration of Pb(II) was analyzed using atomic absorp-
tion spectrophotometer. To take into account of Pb(II) loss from
procedures except for �-MnO2 adsorption (i.e., Pb(II) adsorption
to tube wall), calibration curves were obtained separately under
otherwise identical conditions as the adsorption process but no
�-MnO2. Based on the attained calibration curves, the amount of
Pb(II) adsorbed on �-MnO2 was calculated by subtracting the mass
in the solution from the mass spiked. The adsorption of Pb(II) was
expressed in terms of distribution coefficient (Kd) and adsorption
(%), which were derived from Eqs. (1) and (2):

Kd = C0 − Ce

Ce

V

m
(1)

Adsorption (%) = C0 − Ce

C0
× 100% (2)

where C0 (mg L−1) is the initial concentration, Ce (mg L−1) is the
concentration in supernatant after centrifugation, m (g) is the mass
of �-MnO2, and V (L) is the volume of the suspension.

All the experimental data were the averages of duplicate or trip-
licate experiments. The relative errors of the data were about 5%.

3. Results and discussion

3.1. Time-dependent adsorption
Fig. 3 shows the adsorption of Pb(II) on �-MnO2 as a function
of contact time. As can be seen from Fig. 3, the adsorption of Pb(II)
on �-MnO2 increases very quickly at the initial contact time, then
the adsorption maintains high level with increasing contact time.
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Fig. S3 shows the acid–base titration data for �-MnO2. At pH < 4.2,
the surfaces were positively charged, and at pH > 4.2 the surfaces
were negatively charged. The zero point of change (pHzpc) is about
4.2. The increase of Pb(II) adsorption on �-MnO2 with increas-
ig. 3. Time dependent of Pb(II) adsorption on �-MnO2, pH = 5.50 ± 0.02,
= 293.15 K, I = 0.01 mol L−1 NaClO4, initial Pb(II) concentration = 10.0 mg L−1, adsor-
ent content = 1.0 g L−1.

he quick adsorption of Pb(II) on �-MnO2 suggests that chemical
dsorption rather than physical adsorption leads to Pb(II) adsorp-
ion on �-MnO2 [25]. The results suggest that several hours is
nough to achieve the equilibrium of adsorption of Pb(II) on �-
nO2. According to the above results, the shaking time is fixed at

4 h in the following experiments to ensure that the adsorption
eaction can achieve complete equilibrium.

In order to study the adsorption rate constant of Pb(II) on �-
nO2, the pseudo-first-order and the pseudo-second-order rate

quations were used to fit the kinetic adsorption of Pb(II) on �-
nO2. From Fig. S1A and Table S2, the pseudo-first-order rate

quation weakly fits the kinetic adsorption of Pb(II) on �-MnO2.
he pseudo-second-order rate equation is shown as follow [25]:

t

qt
= 1

2Kq2
e

+ 1
qe

t (3)

here qt (mg g−1) is the amount of Pb(II) adsorption on �-MnO2
t contact time t (h), and qe (mg g−1) is the equilibrium adsorption
apacity. K (g mg−1 h−1) is the pseudo-second-order rate constant.

linear plot of t/qt vs. t (Fig. S1B) was achieved, the correlation
oefficients (R2) of the pseudo-second-order rate equation for the
inear plots is very close to 1, indicating that the kinetic adsorption
f Pb(II) on �-MnO2 can be well fitted by the pseudo-second-order
ate equation.

.2. Effect of solid content

The effect of �-MnO2 content on the adsorption of Pb(II) on
-MnO2 is shown in Fig. 4. The adsorption of Pb(II) from solu-

ion increases obviously with the increase in �-MnO2 content at
/V < 1.0 g L−1, and then increases very weakly with the increase in

olid content at m/V > 1.0 g L−1. As the �-MnO2 content increases,
he number of available sites for binding Pb(II) increases, which can
nhance the removal of Pb(II) from solution to �-MnO2 [3,4]. Sheng
t al. [4] studied Ni(II) adsorption on MnO2 as a function of solid
ontent, and similar results were observed. This experimental phe-
omenon indicates that the augmentation of solid content could
ot unboundedly increase the contact area between metal ions and
olid surface. Meanwhile, the competition adsorption between the

dsorbent molecules will also reduce the adsorption quantity of
olid particles. Thus, for the sake of reducing the cost of pollution
anagement in actual application, one should choose appropri-

te adsorbent content according to the initial concentrations and
equired removal efficiency of the specific metal ions.
Fig. 4. Effect of �-MnO2 content on Pb(II) adsorption on �-MnO2, pH = 5.50 ± 0.02,
T = 293.15 K, I = 0.01 mol L−1 NaClO4, initial Pb(II) concentration = 10.0 mg L−1.

3.3. Effect of pH and ionic strength

In order to determine the pH effect on adsorption capacity of
materials, solutions were prepared at different pH levels. Fig. 5
shows the adsorption of Pb(II) on �-MnO2 by varying pH from 2
to 12 at 293.15 K in 0.1, 0.01 and 0.001 mol L−1 NaClO4 solutions,
respectively. The variation of pH in solution before and after adsorp-
tion has also been determined. The solution pH after adsorption
changes a little to the acidic region, suggesting that H+ is released
during the adsorption process of Pb(II) on �-MnO2. The adsorption
of Pb(II) on �-MnO2 increases at pH 2–7, maintains high level at
pH 7–10, and then decreases sharply at pH > 10. Xu et al. [26,27]
also reported the same phenomena of Pb(II) adsorption on ben-
tonite and carbon nanotubes. The pH plays an important role in the
adsorption of heavy metals ions on adsorbents. The pH changes in
solution can affect the species distribution of metal ions in solu-
tion and the surface charge of the adsorbents via the dissociation
of functional groups and change of surface charge, promoting or
suppressing the adsorption of metal ions on adsorbent surface.
Fig. 5. Effect of ionic strength on Pb(II) adsorption on �-MnO2 as a function of
initial pH, adsorbent content = 1.0 g L−1, initial Pb(II) concentration = 10.0 mg L−1,
T = 293.15 K.
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ng solution pH may be attributed to the surface properties of
-MnO2 in terms of surface charges and dissociation of functional
roups. The surface of �-MnO2 contains a large number of bind-
ng sites and may become positively charged at pH < 4.2 due to
he protonation reaction on the surfaces (i.e., SOH + H+ ⇔ SOH2

+).
he electrostatic repulsion occurred between Pb(II) ions and the
dge groups with positive charge (SOH2

+) on �-MnO2 surface leads
o the low adsorption efficiency of Pb(II). At pH > 4.2, the surface
f �-MnO2 becomes negatively charged due to the deprotonation
rocess (i.e., SOH ⇔ SO− + H+) and electrostatic repulsion decreases
ith increasing pH due to the reduction of positive charge den-

ity on the adsorption edges, which enhances the adsorption of the
ositively charged Pb(II) ions through electrostatic force of attrac-
ion. The exact speciation of Pb(II) has a significant impact on the
emoval efficiency of �-MnO2, thus the removal selectivity of Pb(II)
y �-MnO2 is influenced by the character of Pb(II) complex that
redominates at a particular solution pH. Fig. S4 shows the rela-
ive distribution of Pb(II) species at ionic strength of 0.01 mol L−1

aClO4 from the hydrolysis constants (log k1 = 6.48, log k2 = 11.16,
og k3 = 14.16) [28]. It is clear that Pb(II) species present in the
orms of Pb2+, Pb(OH)+, Pb(OH)2

0 and Pb(OH)3
− at various pH. The

pecies of Pb(II) in solution at different pH values is most impor-
ant for the removal of Pb(II) from aqueous solution to �-MnO2.
he precipitation constant of Pb(OH)2

0 is 1.2 × 10−15, and the pre-
ipitation curve of Pb(II) at the concentration of 10 mg L−1 is also
hown in Fig. 5. From the precipitation curve, one can see that Pb(II)
egins to form precipitation at pH ∼ 8.6 if no Pb(II) is adsorbed
n �-MnO2. However, ∼90% lead is adsorbed on �-MnO2 at pH
, and thereby at pH < 8.6, it is impossible to form precipitation
ecause of the very low concentration of Pb(II) remained in solu-
ion. The adsorption of Pb(II) on �-MnO2 at pH < 7 is not attributed
o the precipitation of Pb(OH)2. At pH < 7, the main species is Pb2+

nd the removal of Pb2+ is mainly accomplished by adsorption.
n the range of pH 7 ∼ 10, the removal of Pb(II) reaches maxi-

um and maintains high level. The main species at pH 7 ∼ 10 are
b(OH)+ and Pb(OH)2

0 and they can be easily adsorbed on the
egatively charged �-MnO2 surfaces. At pH > 10, the species of
b(OH)3

− begin to form and the negative Pb(OH)3
− is difficult to

e adsorbed on the negatively charged surfaces of �-MnO2. From
ig. S4, at pH > 8.6, the part precipitation of Pb(OH)2 may occur
o some extent. According to the above analysis, the optimum pH
ange to adsorb Pb(II) from solution by using �-MnO2 is from 7 to
.6.

Fig. 5 also shows that the effect of ionic strength on Pb(II) adsorp-
ion to �-MnO2 in the wide pH range is negligible. The results are
onsistent with those reported in the literatures [4,29–31]. Hayes
nd Leckie [32] have proposed that the effect of ionic strength on
he adsorption can be used to predict the adsorption mechanism.
-Plane adsorption can occur when ionic strength easily affects the
dsorption, otherwise, o-plane adsorption may occur. The results
f this work suggest that Pb(II) participates in an o-plane complex
eaction, without being affected by the �-plane complex reaction
f ionic strength. The ionic strength independent adsorption and
trongly pH dependent adsorption of Pb(II) on �-MnO2 indicate
hat the adsorption mechanism of Pb(II) is surface complexation
ather than ion exchange.

To illustrate the variation and relationship of pH, Ce, and qe,
erein, experimental data of Pb(II) adsorption in 0.1, 0.01 and
.001 mol L−1 NaClO4 were plotted as 3-D plots of pH, Ce, and qe

see Fig. S5). On the pH–qe plane, the lines are very similar to that
f pH–adsorption percentage (in Fig. 5); On the pH–Ce plane, the

rojection on the pH–Ce plane is just the inverted image of the
rojection on the pH–qe plane; On the Ce–qe plane, the projec-
ion is a straight line containing all experimental data. It is obvious
hat the initial concentration of Pb(II) in each experimental point is
he same. The following equation can describe the relationship of
Fig. 6. Effect of HA/FA on the adsorption of Pb(II) on �-MnO2 as a function of
initial pH, adsorbent content = 1.0 g L−1, initial Pb(II) concentration = 10.0 mg L−1,
I = 0.01 mol L−1 NaClO4, T = 293.15 K.

Ce–qe:

VC0 = mqe + VCe (4)

Eq. (4) can be rearranged as:

qe = C0
V

m
− Ce

V

m
(5)

where V (L) is the volume of solution and m (g) is the mass
of �-MnO2. Thus, the experimental data of Ce–qe lies in a
straight line with a lope (−V/m) and intercept (C0·V/m). The slope
and intercept calculated from the Ce–qe line are −1 and 10,
which are quite in accordance with the values of V/m = 1 (L g−1)
and C0·V/m=10 (mg L−1 L g−1) (i.e., the values calculated from
V/m = 1 L g−1 and C0 = 10 mg L−1). The 3-D plots show the rela-
tionship of pH, Ce, and qe very clearly, i.e., all the data of Ce–qe

lie in a straight line with slope −V/m and intercept C0·V/m for
the same initial concentration of Pb(II) and the same �-MnO2
content.

3.4. Effect of HA and FA

Fig. 6 shows the pH dependence of Pb(II) adsorption on �-
MnO2 in the absence and presence of HA/FA. The presence of
HA/FA enhances the adsorption of Pb(II) on �-MnO2 at pH < 7,
while reduces Pb(II) adsorption at pH > 7. Fig. S6 shows the pH
dependence of HA/FA adsorption on �-MnO2. HA/FA adsorption
on �-MnO2 decrease from 85% to 20% with increasing pH from 2
to 10.5. HA/FA has a macromolecular structure, and only a small
fraction of the “adsorbed” groups are free to interact with Pb(II)
[3,4]. According to log Ka of dissociated HA/FA species, the distri-
butions of surface site concentrations of HA/FA as a function of
pH are shown in Fig. S7. The negatively charged species of HA/FA
increase with a rise in pH. The complexation between Pb(II) and
HA/FA is more stronger than that between Pb(II) and �-MnO2.
Besides, at low pH, the negatively charged HA/FA can be easily
adsorbed on positively charged �-MnO2, the strong complexation
ability of surface adsorbed HA/FA with Pb(II) should enhance the
adsorption of Pb(II) on �-MnO2. With increasing pH, the negatively

charged HA/FA is difficult to be adsorbed on negatively charged
�-MnO2. The free HA/FA forms soluble complexes of HA/FA–Pb(II)
in solution, and therefore reduces Pb(II) adsorption on �-MnO2.
It is generally regarded that the presence of HA/FA promotes the
adsorption of metal ions at low pH while declines the adsorption
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Fig. 7. Adsorption isotherms and the Langmuir, Freundlich models fitting for
Pb(II) on �-MnO2 at three different temperatures, adsorbent content = 1.0 g L−1,
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H = 5.50 ± 0.02, initial Pb(II) concentration = 2–20 mg L−1, I = 0.01 mol L−1 NaClO4.
ymbols denote experimental data, solid lines represent the fitting of the Langmuir
odel equation and doted lines represent the fitting of the Freundlich model.

t high pH [33,34]. The results are similar to the effect of HA/FA
n the adsorption of Ni(II) on goethite and Pb(II) on diatomite
3,15].

The adsorption curve of Pb(II) on �-MnO2 in the presence of HA
s quite similar to that in the presence of FA. The samples of HA and
A were extracted from the same soil samples, and thus they might
ave similar functional groups carboxyl groups, amine groups and
henolic groups. As is illustrated in Table S1, the quantitative con-
entrations of functional groups of HA are very similar to that of
A. These similar functional groups of HA and FA may interpret the
imilar adsorption curve of Pb(II) on �-MnO2 in the presence of
A/FA.

.5. Effect of temperature and thermodynamic data

The adsorption isotherms of Pb(II) on �-MnO2 at 293.15, 313.15
nd 333.15 K are shown in Fig. 7. One can see that the adsorption
sotherm is the highest at 333.15 K and is the lowest at 293.15 K,
ndicating that the adsorption of Pb(II) on �-MnO2 is promoted
t higher temperature. One possible interpretation of this phe-
omenon is that Pb(II) ions are dissolved in water and the hydration
heaths of Pb(II) ions have to be destroyed before their adsorption
n �-MnO2 and this dehydration process needs energy, and that the
dsorption of Pb(II) on �-MnO2 gives off energy. The endothermic
eaction exceeds the exothermic reaction and the result expresses
ndothermic process, so it is favored at high temperature [15].

The Langmuir model was first used to describe the adsorption
f gas molecules onto a metal surface [35,36]. However, this model
as been used successfully in many other processes. The form of the
angmuir isotherm can be represented by the following equation
35,34]:

e = bqmaxCe

1 + bCe
(6)

q. (6) can be expressed in linear form:

1 1 1 1

qe

=
qmax

+
bqmax

·
Ce

(7)

here Ce is the equilibrium concentration of Pb(II) remained in
olution (mg L−1), qe is the amount of Pb(II) adsorbed per weight
nit of solid after equilibrium (mg g−1), qmax (maximum adsorption
g Journal 164 (2010) 49–55 53

capacity) is the amount of Pb(II) at complete monolayer cover-
age (mg g−1), and b (L g−1) is a constant that relates to the heat
of adsorption.

The Freundlich isotherm model allows for several kinds of
adsorption sites on the solid surface and represents properly the
adsorption data at low and intermediate concentrations on hetero-
geneous surfaces [35,37]. The model has the following form:

qe = kF Cn
e (8)

Eq. (8) can be expressed in linear form:

log qe = log kF + n log Ce (9)

where kF (mg1−n g−1 Ln) represents the adsorption capacity when
metal ion equilibrium concentration equals to 1, and n represents
the degree of dependence of adsorption at equilibrium concentra-
tion.

The experimental data of Pb(II) adsorption on �-MnO2 (Fig. 7)
are regressively simulated with the Langmuir and Freundlich mod-
els and the results are given in Fig. S8. The related values calculated
from the two models are listed in Table 1. One can conclude from fit
curves shown in Fig. 7 and R2 values and that the Langmuir model
simulates the experimental data better than the Freundlich model.
The fact that the adsorption data of Pb(II) according to the Langmuir
isotherm indicates that the binding energy on the whole surface of
�-MnO2 is uniform. In other words, the whole surface has identical
adsorption activity and therefore the interaction of adsorbed Pb(II)
ions is negligible and Pb(II) ions are adsorbed by forming almost
complete monolayer coverage of the �-MnO2 particles [38]. More-
over, �-MnO2 has a finite specific surface and adsorption capacity,
thus the adsorption could be better described by the Langmuir
model rather than by the Freundlich model, as an exponentially
increasing adsorption was assumed in the Freundlich model.

The thermodynamic parameters (�H◦, �S◦ and �G◦) for Pb(II)
adsorption on �-MnO2 can be calculated from the temperature
dependent adsorption isotherms. The values of standard enthalpy
change (�H◦) and standard entropy change (�S◦) can be calculated
from the slope and y-intercept of the plot of ln Kd vs. 1/T (Fig. S9)
by applying the following equations:

ln Kd = �S
◦

R
− �H

◦

RT
(10)

where R (8.314 J mol−1 K−1) is the ideal gas constant, and T (K) is
the temperature in Kelvin.Free energy changes (�G◦) is calculated
from:

�G
◦ = �H

◦ − T�S
◦

(11)

The evaluation of thermodynamic parameters (see Table 2) pro-
vides an insight into the adsorption mechanism of Pb(II) on
�-MnO2. A positive value of the standard enthalpy change (�H◦)
indicates that the adsorption process is endothermic. The low value
of �H◦ also suggests that the endothermic process of Pb(II) adsorp-
tion on �-MnO2 is weak. As is expected for a spontaneous process
under the experimental conditions, it is clear that the free energy
changes (�G◦) of Pb(II) adsorption on �-MnO2 is more negative
at higher temperature, which demonstrates that the spontaneity
of the adsorption process increases with the rise in temperature.
The positive value of entropy change (�S◦) implies some structural
changes in adsorbate and adsorbent during the adsorption process,
which leads to an increase in the disorderness of the solid-solution
system [39]. In principle, �H◦, �S◦, and �G◦ on basis of unite mass
of reactants at a given temperature should be independent on the

initial mass of reactants. From Table 2, it is worth to note that the
obtained �H◦, �S◦, and �G◦ at variable initial Pb(II) concentrations
are different. One possible interpretation was that in lower concen-
trations of Pb(II) ions, Pb(II) ions were completely solvated in water
and Pb(II) ions were combined with more water molecules shown
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Table 1
The parameters for Langmuir and Freundlich fitting of Pb(II) adsorption on MnO2.

T (K) Langmuir Freundlich

qmax (mg g−1) 1/b (L mg−1) R2 kF (mg1−n Ln g−1) n R2

293.15 13.57 8.16 0.947 1.776 0.635 0.954
313.15 14.64 4.98 0.952 2.784 0.576 0.924
333.15 16.72 3.69 0.972 3.778 0.567 0.932

Table 2
Thermodynamic parameters for the adsorption of Pb(II) on MnO2.

C0 (mg L−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1) �G◦ (kJ mol−1)

293.15 K 313.15 K 333.15 K

8 19.13 124.94 −17.50 −19.99 −22.50
12 19.21 122.11 −16.58 −19.03 −21.47

i
t
h
i
s
i
�
e

3

m
c
w
w
w
w
w
r
t

F
p

14 17.44 115.56
16 16.05 109.55

n Fig. S10A, and in order for Pb(II) ions to adsorb, the dehydra-
ion sheath process of Pb(II) ions needed more energy. However, in
igher concentrations of Pb(II) ions, Pb(II) ions were partly solvated

n water and Pb(II) ions were combined with less water molecules
hown in Fig. S10B, and the dehydration sheath process of Pb(II)
ons needed less energy. Therefore, the obtained values of �H◦,

S◦, and �G◦ at variable initial Pb(II) concentrations are different,
specially in the case of higher initial Pb(II) concentrations.

.6. Regeneration

The repeated availability of �-MnO2 for Pb(II) removal through
any cycles of adsorption/desorption is quite crucial for the appli-

ation of �-MnO2 in the removal of Pb(II) from wastewater in real
ork [15]. Herein, the recycling of �-MnO2 in the removal of Pb(II)
as investigated. After adsorption, desorption was carried out by
ashing out �-MnO2 adsorbed Pb(II) with acetic acid and Milli-Q
ater, then �-MnO2 was dried at 75 ◦C. We found that the recycling

as valid for at least five times shown in Fig. 8 to give a satisfied

emoval percentage even in the fifth round. This result suggests
hat �-MnO2 can be employed repeatedly in Pb(II) adsorption.

ig. 8. Recycling of �-MnO2 for the removal of Pb(II), adsorbent content = 1.0 g L−1,
H = 5.50 ± 0.02, initial Pb(II) concentration = 10.0 mg L−1, I = 0.01 mol L−1 NaClO4.
−16.44 −18.75 −20.96
−16.06 −18.25 −20.44

4. Conclusions

From the results of Pb(II) adsorption on �-MnO2 under
our experimental conditions, the following conclusions can be
obtained:

(1) The adsorption of Pb(II) on �-MnO2 is rather quick and the
kinetic adsorption is fitted by the pseudo-second-order model
very well.

(2) The adsorption of Pb(II) on �-MnO2 is dependent on pH but
independent of ionic strength in a wide pH range. The adsorp-
tion of Pb(II) on �-MnO2 is mainly dominated by surface
complexation.

(3) The presence of HA/FA enhances the adsorption of Pb(II) on
�-MnO2 at low pH, while inhibits Pb(II) adsorption at high pH.

(4) The thermodynamic analysis derived from temperature
dependent adsorption isotherms indicates that the adsorp-
tion reaction of Pb(II) on �-MnO2 is endothermic and
spontaneous.
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