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This paper presents the synthesis, structural characterization and Pb(II) adsorption behavior of K-birnessite
and H-birnessite samples. Changes in the surfaces and structure of birnessite samples were characterized by
means of infrared spectroscopy (IR), N2 gas adsorption and thermal analysis (TG–DTA) techniques. Adsorption
of Pb(II) by samples was investigated as a function of the initial Pb(II) concentration, solution pH, ionic
strength, temperature and inorganic ligand (NO3

−, Cl−). The Langmuir monolayer adsorption capacities of K-
birnessite and H-birnessite samples in 0.1 M NaNO3 solution at 298 K were estimated as 164.30 and
133.17 mg/g, respectively. Thermodynamic parameters such as change in free energy (ΔG), enthalpy (ΔH) and
entropy (ΔS) were evaluated for K-birnessite and H-birnessite to be −22.43 kJ/mol (at 298 K), 23.90 kJ/mol,
155 J/mol K, and −18.50 kJ/mol (at 298 K), 10.57 kJ/mol, 98 J/mol K, respectively.
+90 228 2160287.

l rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

There are increasing interests in layer-structure materials due to
their potential applications in adsorption, catalysis, ion-sieves, and
rechargeable batteries [1–4]. Birnessite is a layer-structuremanganese
oxide with edge-sharing MnO6 octahedra, and has been a subject of
intensive investigations due to its ion exchange [5], sorption [6], and
redox properties [7,8]. MnO6 layers of birnessite comprise edge-
sharing Mn(IV)O6 octahedra, Mn(III)O6 octahedra and cation vacan-
cies [6,9,10]. The vacancies in the structure of birnessite commonly
account for the negatively charged layer partially causing adsorption
of heavy metals and other pollutants in contaminated water systems
and soils.

Adsorption of metal ions by birnessites in aqueous phases is a
critical process for the environmental application of birnessites in
water treatment as well as for the environmental assessment of
physicochemical behaviors ofmetal ions on birnessites. Recent studies
indicated that the structure and surface properties of birnessites
strongly depend on chemical composition and synthesis procedures
[11,12]. The comparison of adsorption properties for different
birnessites and the relevance with their structures is essential for the
understanding of their behaviors due to their easily changeable valent
states and finely crystalline or poorly ordered forms. However, the
investigation about the effect of birnessite structure on the adsorptions
of heavy metal ions is still scarce.
The objectives of thiswork are: (1) to study the adsorption of Pb(II)
on birnessites under various common conditions such as pH, ionic
strength, inorganic ligands (NO3

− and Cl−) and temperature by using
batch technique; (2) to determine the thermodynamic parameters
such as change in free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) of
Pb(II) adsorption onbirnessites; (3) to characterize the used birnessite
samples by infrared spectroscopy (IR), BET and thermal analysis
(TG–DTA) techniques; and (4) topresume the adsorptionmechanismof
Pb(II) on birnessites.

2. Experimental

2.1. Materials

All reagents, such as NaCl, NaNO3, HNO3, NaOH, Pb(NO3)2 and Mn
(NO3)2.9H2O were all of analytical grade and all solutions were
prepared with double distilled water. All reagents used in this work
were purchased from Sigma-Aldrich. A solution of 1.0 mM Pb(II) was
prepared from Pb(NO3)2 by dissolution in deionised water. The stock
solution was diluted to prepare a working solution.

K-birnessite was prepared according to the redox method
described in [13]. 2.85 g Mn(NO3)2 was dissolved in 450 cm3 distilled
water. The 100 cm3 of a solution containing 1.1 g KMnO4 and 0.8 g
KOH was added from a fast-dripping burette. A dark Brown to black
precipitate was formed immediately and the solution was stirred
continuously for 1 h. After stirring, the ssupension was settled for
30 min. Then the excess supernatantwas removed and the concentrat-
ed suspensionwas centrifuged andwashed several timeswith distilled
water until the supernatatnt conductivity was below 1×10−4 M
KNO3. The K-birnessitewas treatedwith a 1 MHNO3 solution for 1 day
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at room temperature, and thenwashedwith distilled water, and dried
at 70 °C, which was designated as H-birnessite.

Infrared (IR) spectra of the birnessite sampleswere recorded in the
region 4000 to 450 cm−1 on a a Spectrum-100 FTIR spectrometer. The
thermal gravimetric (TG) and differential thermal analyses (DTA)
curves were obtained using a PRIS Diamond TG/DTG apparatus in a
static air atmosphere (heating rate: 10 °C min−1, platinum crucibles,
mass ~10 mg and temperature range: 30–1000 °C). A Tri Star 3000
(Micromeritics, USA) surface analyzer was also used to measure the
nitrogen adsorption isotherm at 77 K in the range of relative pressure
10−6 to 1. Beforemeasurement, the samplewas degassed at 300 °C for
2 h. The surface areas were calculated by the BET (Brunauer–Emmett–
Teller) method.

2.2. Adsorption dependence on Pb(II) concentration

The adsorption of Pb(II) by birnessite samples was performed by a
batch equilibrium technique at room temperature. Briefly, 0.050 g of
birnessite sample and 20 mL of Pb(NO3)2 solution were added in
50 mLpolypropylene centrifuge tubes. In the presentwork, adsorption
could not be carried out beyond pH 6.0 due to precipitation of Pb(OH)2
and therefore, the experimentswere done in the pH range 3.0–5.5. The
results reveal that adsorption increases with the increase in pH from
3.0 to 5.5 and the maximum adsorption is at pH 5.5, but we chose pH
5.0 to avoid hydrolysis of Pb(II). Ionic strength controlled at 0.1 M
KNO3 and the pH of the systemwasmaintained at 5.0. The initial Pb(II)
concentrations varied from 0.01 to 1.0 mM. A 24-h contacting period
was found to be sufficient to achieve equilibrium. All the measure-
ments were made in duplicate. For each sample, an experiment
without adsorbent was performed to test possible adsorption and/or
precipitation of metals onto the container walls. Preliminary exper-
iments showed that metal losses due to the adsorption onto the
container walls and to the filter paper were negligible. The adsorption
isotherm experiments were repeated in triplicate and the average
values were reported. Adsorbed Pb(II) was calculated from the
difference between the Pb(II) initially added to the system and that
remaining in the solution after equilibration by a Unicam 929 model
flame atomic absorption spectrophotometer. The dilutions induced by
the pH controlswere consideredwhile computing the amount of Pb(II)
adsorbed.

2.3. Effect of ionic strength, pH, inorganic ligand and temperature

Adsorption experiments were carried out in polyethylene test
tubes at 23±2 °C by using the batch technique. The reaction mixture
consisted of a total 50 mL containing 1 g/L adsorbent and the desired
concentration of Pb(II) ions. A solution of 1.0 mM Pb(II) was prepared
fromPb(NO3)2 by dissolving in deionisiedwater. The stockwas diluted
to prepare a working solution of 0.5 mM Pb(II). The ionic strengths of
0.01, 0.05 and 0.1 M NaNO3 were used to test their effects on Pb(II)
adsorbed by K-birnessite and H-birnessite at various initial Pb(II)
concentrations. Solution pH was adjusted with 0.1 M HNO3 or 0.1 M
NaOH, such that the equilibrium solutions had pH values ranging from
3.0 to 5.5. Preliminary kinetic studies indicated that Pb(II) adsorption
was characterized by a rapid initial adsorption (within 1 h) followed
by a much slower, continuous uptake. A 24-h contacting period was
found to be sufficient to achieve equilibrium. The separation of the
liquid from the solid phase was achieved by centrifugation at
4500 rpm for 20 min. The presence of co-ions in solution can affect
the adsorption of metal ions onto a charged surface. In this study, the
effect of co-ions in solution on adsorption capacity was also
investigated. NaCl was chosen and added to the Pb(II) solutions at
concentration of 0.01 M. Pb(II) adsorption in the presence of Cl− was
performed by equilibrating 0.05 g of birnessite sample in 20 mL of
0.25 M NaNO3 background electrolyte, 10 mL of Pb(II) working
solution, and 20 mL of a NaCl working solution (achieving 0.01 M
Cl−) in 50-mL polyethylene test tubes. These experiments were
performed in duplicate. The temperature was varied from 298 K to
318 K at a constant pH of 5.0. For these experiments, 124.2 and
41.4 mg/L Pb (II) solutionswere employed for 1 g/L of K-birnessite and
H-birnessite samples, respectively.

2.4. Desorption studies

In this experiment, desorption of Pb(II) from Pb-loaded birnessite
samples was performed using HNO3 solution at different concentra-
tions. Pb-loaded birnessite was exposed to 50 mL solution of different
HNO3 concentrations (0,001, 0,005, 0,01 and 0,1 M HNO3) in a batch
experimental study at 298 K for 2 h. The supernatant was decanted for
Pb(II) concentration measurement. Also, desorption experiments
were performed using 0.1 M HNO3 in a batch experimental study.
The Pb(II)-loaded K-birnessite and H-birnessite were washed with
deionised water, respectively, to remove any unadsorbed Pb(II). The
K-birnessite and H-birnessite were then re-suspended in 50 mL of
0.1 M HNO3 following the same equilibrium condition for the adsorp-
tion process. The solution mixture was filtered and the adsorbent
washed several times with distilled water in order to remove excess
acid. All experiments were carried out in triplicate with the mean of
the results reported.

2.5. Data processing

The adsorption percentage of Pb(II) was calculated by the difference
of the initial and final concentration using the following equation:

R =
C0−Ceð Þ
C0

× 100 ð1Þ

where C0 is the initial concentration of Pb(II) solution (mg/L), Ce the
equilibrium concentration of the Pb(II) solution (mg/L), R is the
adsorbed percentage of Pb(II).

The equilibrium data have been analyzed using the Langmuir and
Freundlich isotherms and the characteristic parameters for each
isotherm have been determined [14,15]. The data conform to the
linear form of the Langmuir model [14] (Eq. (2)) expressed as follows:

Ce = qe = Ce = qm + 1= KLqm ð2Þ

where Ce is the equilibrium concentration of Pb(II) (mg/L) and qe is
the amount of the Pb2+ adsorbed (mg) per unit of birnessite (g). qm
and KL are the Langmuir constants related to the adsorption capacity
(mg/g) and the equilibrium constant (L/g), respectively.

The adsorption equilibrium datawas also applied to the Freundlich
model [15] (Eq. (3)) given as folows:

logqe = logKF + 1= nð ÞlogCe ð3Þ

where KF and n are the Freundlich constants related to adsorption
capacity and adsorption intensity, respectively. The Freundlich
parameters (KF and n) indicate whether the nature of adsorption is
either favorable or unfavorable.

The thermodynamic parameters of the adsorption process can be
determined from the experimental data as described before [16]. The
amount of Pb(II) ions adsorbed at equilibrium at different tempera-
tures (298-318 K) have been examined to obtain the thermodynamic
parameters for the adsorption system.

lnKd = ΔS = R−ΔH = RT ð4Þ

ΔG = ΔH−TΔS ð5Þ

Kd = qe = Ce ð6Þ
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where Kd is the distribution coefficient for the adsorption, ΔS, ΔH and
ΔG are the changes of entropy, enthalpy and Gibbs energy, T (K) is the
temperature, R (J mol−1 K−1) is the gas constant. The values of ΔH
and ΔS were determined from the slopes and intercepts of plots of ln
Kd vs. 1/T.

The desorption of Pb(II) from the solid phase was calculated as
follows:

Pb IIð Þ desorbed %ð Þ = Cd

Ca
× 100 ð7Þ

where Cd and Ca are the amount of Pb(II) released into the aqueous
solution and the amount of Pb(II) adsorbed onto birnessite (mg/L),
respectively.

3. Results and discussion

3.1. Material characterization

Fig. 1a,b shows the infrared spectra (IR) of the K-birnessite and H-
birnessite samples between 4000 and 450 cm−1. Fig. 1a shows the IR
spectrum of the K-birnessite sample. The broad peak at 3412 cm−1 is
due to stretching vibrations of is interlayer hydrates and some
hydroxyl groups not from hydrates but those directly bound to the
interlayer metal ions [17]. The peak at 1600 cm−1 is assigned to the
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Fig. 1. IR spectra of the K-birnessite (
bending vibration of H2O and structural OH groups, which implies
that hydroxyl groups exist in the K-birnessite.

Fig. 1b shows the IR spectrum of the H-birnessite sample. Several
absorption bands were observed at 3391, 1633, 1384, 1024, 823, 722,
570 and 520 cm−1, respectively. The 3391 cm−1 band should be
attributed to stretching vibrations of the O–H group of water
molecules and the lattice O–H groups or H3O+ which are formed by
M+/H+ ion exchange reactions occurring in the acid-treatment
process, and the 1633 cm−1 band are normally attributed to O-H
bending vibrations combined with Mn atoms. Some variations of
IR spectra are easily observed. Although bands in the region be-
tween 400 and 800 cm−1 could be assigned to Mn–O lattice vibration
[18–21], the position and intensity of these bands show some changes
between K-birnessite and H-birnessite. For K-birnessite sample, two
strong IR bands could be observed around 513 and 602 cm−31,
in good agreement with the IR characteristic bands of birnessites
[18–21].

In compare with the IR spectrum of K-birnessite sample, some
obvious changes canbeobserved forH-birnessite. Atfirst, the intensities
of Mn–O lattice vibration bands become weak and are shifted to
different wave numbers. The bands around 476 and 520 cm−1

corresponding to birnessite structure are observed, suggesting the
maintenance of the structure [18–20]. Second, a new adsorption band
around 722 cm−1 is observed, which could be assigned to the char-
acteristic adsorbent of manganese oxides with tunnel structure [21].
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Detailed analysis of IR spectra in the region between 4000 and
400 cm−1 can be used to discern the location of Pb(II) cations. The
structural modifications of surface due to the adsorbed Pb(II) cations
influenced the fundamental vibrations of OH and Mn–O groups
(Fig. 2a,b). The stretching OH band for K-birnessite/Pb(II) was
moved to 3318 cm−1, broadened and decreased in intensity. The
absorbance at 1633 cm−1 dissapeared after lead adsorption process
onto K-birnessite sample, suggesting the removing of the absorbed
water with the replacement of the introduced lead species. The IR
spectrum of K-birnessite/Pb(II) has shown that Pb(II) ions locate
into the birnessite lattice, and also affects Mn–O vibrations in the
1200–450 cm−1 region (Fig. 2a). For the K-birnessite/Pb(II) sample, the
bands at 1080, 1066 and 1028 cm−1 were replaced by a broad band at
1062 cm−1. But for Pb(II) inserted K-birnessite sample, the four
medium bands (513, 602, 622 and 630 cm−1) changed to two ones
(616 and 505 cm−1) and a new band around 835 cm−1 was
observed. The change in the intensities and wavelenghts of the
bands in the 1200–450 cm−1 region confirm the involvement of the
Mn–O bond linkage in the Pb(II) adsorption process. The changes in the
intensities of these bands are also linked to Pb(II) adsorption, therefore
these bands can be considered as the indicator of Pb(II) adsorption
process. Their intensities are connected with the ion-exchange of K+ or
H+ cations for lead cations.

As the H-birnessite altered to H-birnessite/Pb(II), changes in the IR
absorption bands of the sample were noted at 3391, 1625, 1021, 823,
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Fig. 2. IR spectra of the K-birnessite/Pb(II) (
722, 570, and520 cm−1 (Fig. 2b). In the spectrumofH-birnessite/Pb(II),
the stretching OH band disappeared and, moreover, a new band
appeared near 3743 cm−1. The position of water band shifted from
1625 to 1604 cm−1 and the broad band at 1021 cm−1 in the H-
birnessite also disappeared upon Pb(II) adsorption process. The peak at
823 cm−1 disappeared, after lead adsorption onto H-birnessite sample.
Also, the position of the Mn–O bond vibration at 722 cm−1 remained
basically unchanged for the H-birnessite/Pb(II) sample, but some
broadening and an increase in intensity of this band vibration was
observed. After Pb(II) adsorption process, an increase in wavenumber
from 570 and 520 cm−1 in the H-birnessite/Pb(II) sample to 593 and
529 cm−1 was observed. These suggest that the lead adsorption may
have effected on the Mn–O lattice vibration bands.

As shown in Fig. 2a and b, a sharp band at 1384 cm−1 is observed
for birnessite samples [22]. This band shows that a large amount of
NO3

− is retained in the dried intercalated samples of the present work,
despite a thorough washing process applied in present work.
Accordingly, the occurrence of NO3

− reflects that there exist some
redundant positive-charged mangane aggregates outside the inter-
layer space of birnessites, and the NO3

− anions act as counterions to
neutralize the redundant positive charge present in the interparticles.
The presence of NO3

− in these samples is of academic importance,
since NO3

− could be utilized as an exchangeable site for other anions,
and the content of NO3

− could be controlled to some extent by
adjusting the experimental conditions.
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The thermal stability of K-birnessite and H-birnessite samples was
investigated by TG and DTA (Fig. 3a,b). The curve related to the K-
birnessite exhibited mass losses by 10.48 and 7.18% in temperature
ranges 20–200 and 200–1000 °C, respectively (Fig. 3a). The two
endothermic peaks in the DTA curve of K-birnessite in the range of
20–200 °C denote the release of different water species coordinated to
the interlayer cations and surface humidity. Therefore, the endother-
mic peak at 73 °C can be assigned to the evaporation of adsorbed
water, and the endothermic peak at 165 °C to the dehydration of the
cation-coordinated water from the interlayer space. The DTA curve
had a broad endothermic peak at 486 °C. This is probably due to the
departure of oxygen corresponding to its reduction into Mn2O3 [23–
26]. The exothermic peak at 526 °C corresponds to a structural
transformation reaction from the layered structure of K-birnessite to
the tunnel structure [27]. The TG curve gradually increased with no
distinct endothermic/exothermic peak in the range of temperature
between 519 and 750 °C. The K-birnessite structure completely
collapsed at 924 °C [28]. Therefore, the endothermic peak at about
884 °C in DTA curve corresponds to the transformation of K-birnessite
and Mn2O3 to Mn3O4. Thus, the TG curve between 312 and 848 °C
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indicates that both the manganese oxide phases, i.e. K-birnessite and
Mn2O3 coexists with a very slow transition towards Mn3O4.

The curve relating to the H-birnessite sample exhibited mass loss
16.6% at 20–200 °C and 17.1% at 200–1000 °C. This material has
endothermic peaks around 109, 499, 580, 870, and 943 °C, each
corresponding to a weight loss, and an exothermic peak around
553 °C were detected, as shown in Fig. 3b. The endothermic peak at
109 °C corresponds to the evaporation of (surface) adsorbed water in
the H- birnessite. The endothermic peaks around 499, 870, and 943 °C
can be assigned to the partial transformation of H-birnessite phase to
Mn2O3 (release of oxygen from the H-birnessite phase), transforma-
tion of a Mn2O3 phase to Mn3O4 phase (associated with the release of
oxygen) and collapsing of the H- birnessite, respectively. As shown in
Fig. 3b, TG curve for H-birnessite shows approximately smooth mass
loss in the range of temperature between 580 and 818 °C. This
indicates that the structure of the H-birnessite sample is stable. Also,
the stable range of thermogram between 580 and 818 °C indicates
that both the manganese oxide phases, i.e. MnO2 and Mn3O4 coexists
with a very slow transition towards Mn3O4. The endothermic peak at
870 °C for H-birnessite is assigned to the phase transformation of
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Mn2O3 to Mn3O4. In H-birnessite sample, the lower temperature for
Mn3O4 formation may be attributed to the latice irregularities and
dislocations within the crystals.

The dehydration of K-birnessite/Pb(II) occurs with a mass loss of
6.40% whereas this same process happens with a mass loss of 10.48%
for K-birnessite in the temperature range of 30–200 °C. The dehy-
droxilation of K-birnessite/Pb(II) occurs with amass loss of 3.3% in the
temperature range of 200–250 °C as a single-step process which gives
rise to an endothermic maximum at 230 °C (Fig. 4a) The same process
becomes in one stage in the range of 200–250 °C; a shoulder at 204 °C
with amass loss of 0.79% for K-birnessite. For lead adsorbed birnessites
DTA curves show an intense endothermic DTA signal at 300 °C. As is
known, decomposition of PbO2 to give Pb3O4 begins at 280 °C and is
complete at 400 °C [29,30].Morachevskii et al. [29] emphasized that all
lead oxides that are richer in oxygen than PbO completely decompose
into PbO and O2 at temperatures exceeding 600 °C and the only stable
oxide at higher temperatures is PbO. The final dehydroxilation stage is
accompanied by a peak at 506 °C, a a shallow endotherm at 446 °C. It is
noted that in the range of 600–900 °C, no peak has been appeared on
DTA curve of K-birnessite/Pb(II) sample. In overall, it was observed
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that the parent sample (K-birnessitte) was stable up to higher
temperatures rather than the lead-adsorbed K-birnessite sample. A
possible explanation is that performing lead-adsorption results in
almost framework distortion. It is known that such distortion and the
loss of crystallinity occur to a far greater extent in the sample including
bigger cations, whichmake themmore prone to thermal collapse than
the parent sample. This is in agreement with our results as lead is a
bigger cation than potasium.

TG–DTA analysis for H-birnessite/Pb(II) is reported in Fig. 4b as an
example of thermal stability characterization. The evolution of adsorbed
and cation-coordinated water species from H-birnessite/Pb(II) is
represented by an endothermic peak at 73 °C and a shoulder at
177 °C, respectively, in the range of 30–200 °Cwith a mass loss by 6.1%.
The amount of adsorbed water removed for H-birnessite/Pb(II) (4.1%)
is lower than that of K-birnessite/Pb(II) (8%). This result indicated that
the large size of lead cation results in the reduction of the micropore
volume accessible to water molecules and consequently, decreasing
the packing efficiency of water molecules in themicropore H-birnessite
cavities. The mass losses by 0.65% determined which are accompanied
by the endothermic peaks centred at 238 and 267 °C in the range of
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200–270 °C, respectively (Fig. 4a,b) are attributed to the hydration
shells around lead cations as a 2-step dehydroxilation process,
respectively. Also, this results showed that lead promoted the
dissociation of water and the formation of hydroxyl groups. Thermal
analyses of lead containing H-birnessite show a similar behaviour
to that of parent sample in the range of 500–1000 °C, but with
lower weight losses, being 9.7% for H-birnessite sample and 8.8%
for H-birnessite/Pb(II) sample. The changes in the high temperature
effects, ca. 872 °C, are also remarkable. At this temperature, the phase
transformation of Mn2O3 to Mn3O4 of the birnessite structure happens.
This effect is observed at nearly same temperature and becomes less
intense in the presence of lead cation.

The characteristics of the porous structure, including the BET
surface area, the pore volume, and the pore size, obtained from the
conventional nitrogen isotherm analysis are presented in Table 1. The
H ion-exchange process leads to a simultaneous porewidening and an
increase in both the pore volume. As shown in Table 1, H-birnessite has
the higher surface area and total pore volume and the lowermicropore
volume than K-birnessite. HNO3 treatment increases K-birnessite's
surface area and total pore volume,which not comes from the increase
in micropores. The potassium ions may screen out some of the
birnessite surface roughness, which becomes inaccessible for the
nitrogen molecules and then decreases the BET surface area. Another
possibility heading to the reduction of the BET surface area comes from
the fact that potasium cation may clog some of the smaller pores, i.e.,
the pore blocking effect occurs.
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3.2. Adsorption isotherms and parameters

The effect of temperature on the adsorption equilibrium was
investigated under isothermal conditions in the temperature range of
298–318 K. The parameters for the isotherms obtained from Figs. 5 to
8 are presented in Table 2. The temperature of solution plays an
important role in the whole adsorption processes. The regression
coefficients obtained from the Langmuir and Freundlich models are
higher than 0.94, suggesting that both the Langmuir and Freundlich
models can be employed to describe the adsorption isotherms of K-
birnessite and H-birnessite for Pb(II) at the temperature range
studied.

The Langmuir monolayer adsorption capacities varied from 164.30
to 189.13 mg/g for K-birnessite, these values varied from 133.17 to
147.42 mg/g for H-birnessite in the range of temperature between
298 and 318 K. The increase of adsorption capacities of K-birnessite
and H-birnessite for Pb(II) ions with increase in temperature indicates
the endothermic nature of the adsorption processes. It is known that
the adsorption process takes place by two consequent processes fast
diffusion and slow complexation. The increase in temperature not
only increases the rate of diffusion of the Pb(II) ions present in the
bulk solution to the birnessite surfaces but also increases the rate of
complexation with the functional groups present on the birnessite
surfaces. The adsorption constant, KL, also increased from 0.182 to
0.265 L/mg for K-birnessite and that for H-birnessite increased from
0.017 to 0.020 L/mg with increasing temperature from 298 to 318 K.
Large values of KL indicates that the equilibrium is predominantly
Table 1
Porous structure parameters of the K-birnessite and H-birnessite samples.

Sample SBET Sext.a Smic. Vt Vmic. Dp
b

(m2/g) (m2/g) (m2/g) (cm3/g) (cm3/g) (nm)

K-birnessite 34.24 28.56 5.68 0.169 0.0027 19.79
H-birnessite 42.44 38.79 3.46 0.210 0.0015 19.84

a Sext = Smeso.
b 4V/A by BET.
driven toward the right, leading to the formation of the adsorbate-
adsorbent complex. The value of KL for H-birnessite is greater than
that for K-birnessite. This result indicates that the adsorption of Pb(II)
by H-birnessite requests less energy than that of K-birnessite.
Moreover, the high value of KL has been related to specifically
adsorbed metal at high energy surfaces with low dissociation
constants; while the low value of KL appears to be related to
adsorption at low energy surfaces with high dissociation constants.
So, the low KL value of H-birnessite may indicate that the adsorption
of Pb(II) on H-birnessite occurred mainly on specific adsorption
positions.

The equilibrium data also fitted to Freundlich equation (Figs. 6
and 8), a fairly satisfactory empirical isotherm can be used for non-
ideal adsorption. KF relates the multilayer adsorption capacity and n
intensity of adsorption, which varies with the heterogeneity of the
adsorbent [31–33]. A relatively nbb1 indicates that adsorption intensity
is favorable over the entire range of concentrations studied, while nN1
means that adsorption intensity is favorable at high concentrations but
much less at lower concentrations [31,33]. The Freundlich adsorption
capacity (KF) for the H-birnessite sample was found to be lower than
that for the K-birnessite. In the adsorption systems, the n values are
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Fig. 6. Freundlich isotherm plot for the adsorption of Pb(II) onto K-birnessite sample at
different temperatures. Initial pH=5.0, m=1 g/L, ionic strenght (IS) is 0.1 M NaNO3

(controlled by NaNO3).
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Table 2
Langmuir and Freundlich isotherm parameters for the adsorption of Pb(II) onto
birnessite samples.

Sample T (K) Langmuir constants Freundlich constants

qm KL R2 n KF R2

(mg/g) (L/mg) ((mg/g)(L/mg)1/n)

K-birnessite 298 164.30 0.182 0.998 2.50 36.56 0.949
308 180.35 0.218 0.954 2.25 41.96 0.996
318 189.13 0.265 0.968 2.32 47.40 0.992

H-birnessite 298 133.17 0.017 0.999 1.72 5.90 0.981
308 134.93 0.018 0.998 1.75 6.34 0.991
318 147.42 0.020 0.997 1.65 6.70 0.986
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higher than 1 which point out that adsorption intensity is favorable at
high concentrations.

The adsorption capacities of the birnessites for the removal of Pb(II)
have been compared with those of various adsorbents reported in
literature and the values of adsorption capacities have been presented
in Table 3. The values are reported in the formofmonolayer adsorption
capacity. The experimental data of the present investigation are
comparable with the reported values [11,34–42].

3.3. Effect of ionic strength, pH and inorganic ligand

Adsorption of Pb(II) on birnessite samples in the pH range of 2.0–
5.5 is shown in Fig. 9 in 0.01, 0.05 and 0.1 M NaNO3 solutions,
respectively. The ionic strength dependence of lead's removal from
solution by birnessite samples can be used to distinguish between
non-specific and specific adsorption. This might indicate that the
influence of the ionic strength on the activity coefficients of lead ions,
which limit their transfer to the adsorbent surfaces. Also, the effect of
ionic strength on metal adsorption process from aqueous solution is
used to distinguish between ion exchange and surface complexation.
The strong pH and ionic strength dependent adsorption indicates that
adsorption of metal cation is controlled by ion exchange and surface
complexation mechanism. Generally, surface complexation is pH
dependent, whereas ion exchange is ionic strength dependent.
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Fig. 8. Freundlich isotherm plot for the adsorption of Pb(II) onto H-birnessite sample at
different temperatures. Initial pH=5.0, m=1 g/L, ionic strenght (IS) is 0.1 M NaNO3

(controlled by NaNO3).
The adsoption curves for K-birnessite and H-birnessite samples are
characterized by one distinct adsorption edge. For example, when the
concentration of NaNO3 varied from 0.01 to 0.1 M, the adsorption
amount of Pb(II) at pH 5.5 was decreased from 102.0 to 88.5 mg/g for
K-birnessite, and 55.0 to 39.0 mg/g for H-birnessite. This may be due
to the following two reasons: i — The effect of ionic strength on lead
adsorption may be explained by the formation of outer-sphere
complexes since Na+ in the background electrolyte could compete
with the lead ions adsorbed on the outer-sphere adsorption sites and
reduced the adsorption, whereas Na+ would not have competed for
the inner-sphere sites [43]. ii — The electrostatic attraction seems to
be a significant mechanism, as indicated by the results where at high
ionic strength, the increased amount of NaNO3 can help to render the
surface of the birnessite samples not easily accessible to Pb(II) ions.
According to the electrical diffuse double layer theory, when solid
adsorbent is in contact with sorbate species in solution, they are
bound to be surrounded by an electrical diffused double layer, the
thickness of which is significantly expanded by the presence of
electrolyte. Such expansion may be inhibited the approaching
between birnessite particles and Pb(II) cations. Due to these reasons,
the decreasing amount of adsorbed lead ions with increasing NaNO3

concentration may be explained by the ions at the birnessite surface
contributing the adsorption and complexation of Pb(II). From Fig. 9, it
can see that the adsorption of Pb(II) on K-birnessite above pH 5.5 is
weakly dependent on the ionic strength of the medium. The ionic
strength independent adsorption at pH value above 5.5 suggests that
inner-sphere complexation/chemical adsorption is the main adsorp-
tion mechanism of Pb(II) onto K-birnessite. The ionic strength
dependent adsorption indicates that ion exchange or outersphere
complexation contributes to Pb(II) adsorption on H-birnessite at pH
value above 3.0.
Table 3
Adsorption results of Pb(II) ions from the literature by various adsorbents.

Adsorbent Adsorption capacity (mg/g) Ref. no

Mn oxide minerals 379.6–21.8 11
Birnessites with different average
oxidation states

375.9–108.6 34

Low grade manganese ore 142.85 35
Na-birnessite 117.5 36
β-MnO2 13.57 37
CeO2 nanoparticles 189 38
Fe3O4 nanoparticles 83 38
TiO2 nanoparticles 159 38
Iron oxide nanoparticles 36.0 39
Al2O3 17.5 40
Al2O3-supported iron oxide
(300 K, pH 5)

28.98 41

Diatomite (pH 5, 24 h) 24.0 42
Mn-diatomite (pH 5, 24 h) 99.0 42
K-birnessite (IS=0.1 M NaNO3) 164.30 In this study
MCB (IS=0.1 M NaNO3) 133.17 In this study

IS: Ionic strength (controlled by NaNO3).
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Fig. 10 shows the adsorption curves of Pb(II) on birnessite samples
as a function of pH in 0.01 M NaNO3 and NaCl solutions, respectively.
The adsorbed Pb(II) in the presence of inorganic ligands may be also
attributed to a high specifity of the surfaces for Pb(II) relative to
ligands. The adsorption of Pb(II) ions by the birnessite samples was
influenced by the presence of Cl− and NO3

− (Fig. 10). The amount of
adsorbed lead on K-birnessite and H-birnessite samples in the 0.01 M
Cl− systemwas decreased in the range of pH between 3.0 and 6.0. The
Table 4
Thermodynamic parameters for the adsorption of Pb(II) onto raw and pre-treated mangan

Sample ΔH ΔS
(kJ mol−1) (J mol−1 K−1)

β-MnO2 10.36 124.94
MnO2 coated carbon nanotubes 0.0353 22.93
MnO2 coated zeolite 9.35 200
MnO2 coated sand 18.2 117
K-birnessite 23.90 155
H-birnessite 10.57 98
results demonstrate that anions affect Pb(II) adsorption on birnessite
sample. This phenomenon may be contributed by the facts that:
(I) Cl− and NO3

− can form soluble complexes with Pb(II) ion in
solution (e.g. PbClx(2−x)−, Pb(NO3)x(2−x)−) and by that reduce or
completely disable sorption at birnessite. (II) NO3

− ligand forms less
stable complex with Pb(II), which results with higher effect at
sorption efficacy. (III) Adsorption of Cl− to birnessite surface is a little
easier than NO3

− and Cl− adsorption on the surface of birnessite
changes the surface properties of the sample and decreases the
availability of binding sites for Pb(II).

3.4. Thermodynamic studies

ΔG, ΔH and ΔS values were calculated as−22.43 kJ/mol (at 298 K),
23.90 kJ/mol and 155 J/mol K for K-birnessite sample, and
−18.50 kJ/mol (at 298 K), 10.57 kJ/mol and 98 J/mol K for H-birnessite
sample (Table 4). The negative values for the Gibbs free energy change,
ΔG, show that the adsorption process for the two birnessite samples is
spontaneous and the degree of spontaneity of the reaction increases
with increasing temperature. The increase in adsorption with temper-
ature may be attributed to the increase in the number of active surface
sites available for adsorption on the adsorbent and the decrease in the
thickness of the boundary layer surrounding the adsorbent with
temperature. The positive values of ΔH indicate the endothermic
behavior of adsorption reaction. This fact was proved by the increase in
the adsorption of Pb(II) with temperature in Section 3.2. The positive
values ofΔH suggest that a large amount of heat is consumed to transfer
the Pb(II) ions from aqueous into the solid phase. This result may be
explain by the following reasons: The higher Pb(II) removal due to
increasing temperature may be attributed to intereaction taking place
between the adsorption sites of K-birnessite and Pb(II). The exchange of
the Pb(II)withH+need the bondbreaking of OHgroups onK-birnessite
surface, which is an endothermic process. Also, the sorption of Pb(II)
require a diffusion process, which is an endothermic process; i.e., the
rise of temperature favors Pb(II) transport within the particles of K-
birnessite. The positive values of ΔS reflect the affinity of the birnessite
samples for Pb(II) and indicate the increased randomness at the solid–
solution interface due to the decreases in the hydration of the adsorbing
Pb(II) cations. Pb(II) cations must give up a larger share of their
hydration water before they could introduce the surface. Such a release
of water from Pb(II) cations causes the positive values of ΔS.

Thermodynamic data on Pb (II) ions adsorption on manganese
oxides are scarce and the reported values of adsorption thermody-
namic parameters have been presented in Table 4. The experimental
adsorption thermodynamic data of the present investigation are
comparable with reported values.

3.5. Desorption of Pb(II)

The result of the desorption test carried on birnessite samples using
different HNO3 concentrations is presented in Fig. 11. As seen, the
desorption efficiency increased with the increase in HNO3 concentra-
tion. No significant desorption was observed in the deionised water;
ese oxide samples.

ΔG (kJ mol−1) Ref. no

298 K 303 K 313 K

−17.93 −19.18 −20.43 [37]
−6.80 −7.03 −7.26 [44]

−50.25 −52.25 −54.25 [45]
−16.67 −17.84 −19.01 [46]
−22.43 −23.99 −25.54 In this study
−18.50 −19.48 −20.45 In this study
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while almost 45 and 14% desorption for K-birnessite and H-birnessite
birnessite samples, respectively, was obtained at 0.1 M HNO3. This
suggests that the adsorption of Pb(II) onto birnessite samples is
irreversible, and the bonding between the active sites and the adsorbed
Pb(II) is strong.

4. Conclusions

In the present work, a cheap, readily available and effective
adsorbent material has identified birnessite as a potentially attractive
adsorbent for the treatment of Pb(II) contaminated aqueous solutions.
The adsorption of Pb(II) by birnessite samples was influenced by pH,
ionic strength, and the presence of inorganic ligands. The adsorption
isotherm studies indicate that the adsorption of Pb(II) follows both
the Langmuir and Freundlich isotherms. Three phases, K-birnessite,
Mn2O3 and Mn3O4, coexisted at below 848 °C. The sharp transition at
about 884 °C shows a high transition rate of K-birnessite andMn2O3 to
higher oxide phase (Mn3O4). The endothermic peak at 870 °C for H-
birnessite is assigned to the phase transformation of Mn2O3 to Mn3O4.
It is clearly seen that adsorbed lead cation influenced significantly the
thermal behavior of the birnessite samples with regard to their
dehydration and dehydroxilation capacities. Adsorbed lead cation
influenced significantly the thermal behavior of the birnessite
samples with regard to their dehydration and dehydroxilation
capacities. It was observed that the parent sample (K-birnessitte)
was stable up to higher temperatures rather than the lead-adsorbed
K-birnessite sample. A possible explanation is that performing lead-
adsorption results in almost framework distortion.
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