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a b s t r a c t

We report an in situ soft chemical synthesis of a novel hybrid material, cellulose–nanoscale-manganese
oxide composite (C–NMOC), and its application for Pb(II) removal from aqueous solutions. For compar-
ison, detailed Pb(II) adsorption studies were also performed with nanoscale-manganese oxide powder
(NMO), prepared through a similar route. Various spectroscopic and microscopic techniques were used
to characterize the as-synthesized materials. X-ray photoelectron spectroscopic (XPS) measurements
confirmed the existence of Mn(IV) phase in NMO whereas C–NMOC showed largely the Mn(III) phase.
The existence and uniform distribution of manganese oxide in cellulose fiber materials was confirmed
ellulose
ybrid materials
ead
anoscale-manganese oxide

by SEM and EDAX analyses. The adsorption studies reveal that the Pb(II) uptake onto C–NMOC is a fast
process and >90% of the uptake occurred within the first 10 min contact time. The Sips isotherm predicted
the equilibrium data well and the maximum Pb(II) uptake capacity of C–NMOC (4.64% Mn loading) was
estimeted to be 80.1 mg g−1. The Pb(II) adsorption capacity of C–NMOC (per gram of Mn present) was
several times higher than commercial manganese oxide (�-MnO2) and at least twice larger than NMO.

ce rev
The experimental eviden
NMO and C–NMOC.

. Introduction

Presence of heavy metals in water continues to be a major
oncern because of their toxicity, accumulation in the food chain
nd persistence in nature. Lead is one such heavy metal, which
nduces a multitude of physiological, biochemical, and behavioral
ysfunctions; particularly in children [1]. Among the top 20 haz-
rdous substances elaborated by the Agency for Toxic Substances
nd Disease Registry (ATSDR) and the U.S. Environmental Protec-
ion Agency (USEPA), lead occupies the second place, just below
rsenic [2]. Manufacture of storage batteries, paints and pigments,
il, fertilizers, ammunition, solder, plumbing fixtures, ceramics,
lass, cable coverings, radioactivity shields, lead smelting and min-
ng are the important industrial activities that contribute lead into
he aqueous medium [3–5]. Concentration of lead ions in many
ndustrial waters was reported to be as high as 200–500 mg l−1,

hich is very high in relation to the current water quality standard
f 0.1–0.05 mg l−1 [6]. Hence, it is mandatory to reduce the lead lev-

ls in drinking water, wastewater and water used for agriculture to
he maximum permissible concentration.

Though various physicochemical and biological methods have
een developed for removing lead from contaminated waters, it is
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eals that physisorption plays a dominant role in Pb(II) adsorption by both

© 2010 Elsevier B.V. All rights reserved.

best accomplished by adsorption on suitable adsorbents [5,7]. At
present, numerous sorbents have been tested for metal removal
from aqueous medium. Manganese oxides have been a subject
of interest in various fields including molecular adsorption due
to their outstanding structural multiformity combined with novel
chemical and physical properties [8]. Besides the ability to remove
a wide range of ions from wastewater, manganese oxides are inter-
esting in environmental remediation because of their low cost, less
toxicity and wide availability.

With the emergence of nanoscience and technology in the last
decade, research has been initiated to exploit the unusual and
unique properties of nanomaterials for environmental remedia-
tion [9–11]. Various methods of synthesis of manganese oxides are
available in the literature and the products are known to show
different physical and chemical properties. Among the various
methods available for controlled synthesis, the “soft chemistry”
routes, which are based on solution phase processes, are effective
for the synthesis of nanostructured materials with well-controlled
shapes, sizes, and structures [12,13]. Recent investigation shows
that various nanostructured manganese oxides can be prepared
through a simple route by the reduction of KMnO4 by organic

acids or alcohols [14,15]. The methodologies adopted in these syn-
theses are interesting because they are simple, fast, low cost and
eco-friendly. The process involves only one manganese precur-
sor, KMnO4, simplifying the post-synthesis treatment and thereby
increasing the viability in commercial applications. However, the

dx.doi.org/10.1016/j.jhazmat.2010.05.112
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Nomenclature

bL Langmuir isotherm constant (l mg−1)
Ce equilibrium concentration of Pb(II) in the solution

(mg l−1)
EDR mean free energy of adsorption (kJ mol−1)
k1 first-order rate constant of adsorption (min−1)
k2 second-order rate constant of adsorption

(g mg−1 min−1)
Kd distribution coefficient (ml g−1)
KF Freundlich isotherm constant (mg g−1) (mg l−1)−1/n

KS Sips isotherm constant (l g−1)
mS Sips isotherm exponent
M mass of the adsorbent (g)
n Freundlich isotherm exponent
qcal calculated solid phase Pb(II) concentration at equi-

librium (mg g−1)
qDR adsorption capacity of D–R isotherm (mol g−1)
qe amount of Pb(II) removed from aqueous solution at

equilibrium (mg g−1)
qexp experimentally measured solid phase Pb(II) concen-

tration at equilibrium (mg g−1)
qmL monolayer capacity of Langmuir equation (mg g−1)
qmS specific adsorption capacity of Sips equation at sat-

uration (mg g−1)
qS specific adsorption capacity of Sips equation at sat-

uration (mg g−1)
qt amount of Pb(II) adsorbed on the adsorbent surface

at any time, t (mg g−1)
R universal gas constant (8.314 J K−1 mol−1)
t reaction time (min)
T absolute temperature (K)
V volume of solution (ml)

Greek symbols
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ˇ constant of D–R isotherm (mol2 kJ−2)
ε Polanyi potential

nvironmental remediation application of such nanostructured
anganese oxides, have been not explored much.
As far as field applications are concerned, using any metal oxides

ncluding manganese oxide in powder form, especially in nanosize,
as several engineering limitations: (i) difficulty in solid–liquid
eparation, (ii) low hydraulic conductivity, and (iii) leaching of
anoparticles along with the treated effluent. It is known that in
queous solutions, the presence of other ions can cause aggre-
ation of nanoparticles and thereby reduce the reactivity. This
henomenon of ion induced aggregation of nanoparticles in aque-
us suspension may be prevented by anchoring the nanoparticles
n suitable matrices. Natural cellulose fiber, an abundantly avail-
ble, economical, renewable, and environment friendly material
s gaining interest as a template because of its nanoporous sur-
ace features. It is also interesting as a filtering medium in water
nd wastewater treatment due to the potential synergistic proper-
ies that may arise from the combination of materials. This kind
f hybrid materials shows the inherent properties of the fibers,
n particular flexibility and strength, and also the high adsorption
roperties of the surface bonded nanoparticles. Recently, natural
ellulose fibers have been used as a substrate for in situ synthe-

is of metal and metal oxide nanoparticles [16,17]. Nanostructure
nd the high oxygen density of cellulose fibers appear to form an
ffective nanoreactor, suitable for the in situ synthesis and sta-
ilization of metal nanoparticles [18]. Alfaya and Gushikem [19]
ave studied aluminum oxide coated cellulose fibers modified
us Materials 181 (2010) 986–995 987

with n-propylpyridinium chloride silsesquioxane polymer for the
removal of Fe3+, Cu2+, and Zn2+ from ethanol solutions. Fischer
and Lieser [20] have synthesized cellulose exchangers carrying
chelating anchor groups for selective separation of uranyl ions.
Though limited reports are available on cellulose as a support for
metal/metal oxide nanoparticles, to the best of our knowledge, no
studies have been reported on the in situ synthesis of cellulose fiber
supported nanoscale-manganese oxide and its application as a filter
medium for scavenging heavy metals such as Pb(II).

In this paper, we explored the use of a novel cellulose-nanoscale-
manganese oxide composite (C–NMOC) for removing Pb(II) ions
from contaminated water. The performance of C–NMOC was
compared with unsupported nanoscale-manganese oxide (NMO)
prepared through a similar route. The studies report: (i) the syn-
thesis and detailed characterization of NMO and C–NMOC, (ii)
application of these materials for Pb(II) ions removal from aqueous
medium, and (iii) spectroscopic and microscopic studies to probe
the mechanism of Pb(II) removal by NMO and C–NMOC.

2. Materials and methods

2.1. Chemicals

Chemicals used in this study were of analytical grade. Potassium
permanganate and ethyl alcohol were procured from Merck Lim-
ited, India and Jiangsu Huaxi International Trade Co. Ltd., China,
respectively. Stock solution of 1000 mg l−1 of Pb(II) was prepared
from lead nitrate Pb(NO3)2 using distilled water. Required concen-
trations of the samples were prepared by serial dilutions of the
stock solution. Standard Pb(II) solution of 1000 mg l−1 for atomic
absorption spectroscopy (AAS) was procured from SRL Chemicals,
India.

2.2. Synthesis of adsorbents

C–NMOC composites were prepared by impregnating KMnO4
solution into cellulose fiber matrix (Lenzis AG, India) for 30 min.
KMnO4 impregnated cellulose fibers were subsequently reduced by
adding ethanol drop by drop under stirring. Stirring continued for
15 min and the reaction mixture was kept at rest for two hours. The
cellulose fibers changed their colour from golden brown to brown-
ish black with increasing manganese loading from 0.39 to 4.64%,
which indicates the formation of manganese oxide on the cellulose
fiber matrix. The concentration of manganese oxide loadings on cel-
lulose was varied by changing the molar concentrations of KMnO4
from 0.025 to 0.1 M. The composites specimens were then washed
with deionised water and dried at 60 ± 1 ◦C for 24 h and stored in
an air tight polythene cover for further use. The as-prepared sam-
ples were labeled as C–NMOC(A), C–NMOC(B), C–NMOC(C), and
C–NMOC(D), in increasing order of manganese loading.

NMO was synthesized by chemical reduction of KMnO4 by
ethanol, similar to a procedure described by Subramanian et al. [15].
In a typical synthesis, a known amount of KMnO4 was initially dis-
solved in deionised water. Subsequently, ethanol was added drop
by drop under stirring (15 min). The solution was kept at rest for
two hours and the brown colored precipitate obtained was filtered
and washed thoroughly with deionised water. The product was
dried at 60 ± 1 ◦C for 24 h, ground well and stored in an air tight
container for further use.

2.3. Material characterization
The phase(s) present in the as-synthesized NMO, C-NMO and
Pb(II) adsorbed materials were determined via X-ray diffractom-
etry (Bruker AXS, D8 Discover, USA) using Cu K� radiation at
� = 1.5418 Å, operated at 35 kV and 25 mA. A scan step of 1 s and
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ig. 1. Photographs of manganese oxide loaded cellulose fibers (C–NMOC). Various
n. Pristine cellulose fibers are shown in inset of panel ‘D’.

tep size (2�) of 0.1◦ was applied to record the patterns in the range
rom 10 to 90◦ (2�). Surface morphology, elemental analysis and
lemental mapping studies were carried out using scanning elec-
ron microscopy (SEM) equipped with energy dispersive analysis
f X-rays (EDAX) (FEI Quanta 200, Czechoslovakia). High resolution
ransmission electron microscopy (HRTEM) images of the samples
ere obtained with JEM 3010 with a UHR polar piece (JEOL, Japan).
-ray photoelectron spectroscopic (XPS) analysis was done using
SCA Probe TPD of Omicron Nanotechnology. Polychromatic Mg
� was used as the X-ray source (h� = 1253.6 eV). Spectra in the
equired binding energy range were collected and an average was
aken. Beam induced damage of the sample was reduced by adjust-
ng the X-ray flux. Binding energy was corrected with respect to C
s at 285.0 eV. Manganese loading in the C–NMOC was quantified
y acid digestion method suggested by the National Environment
rotection Council [21]. Fourier transform infrared (FT-IR) spectra
ere collected (450–4000 cm−1) using PerkinElmer Spectrum One

T-IR spectrometer, USA.

.4. Lead(II) uptake studies

All the adsorption studies were carried out in 250 ml conical
asks. The working volume of the Pb(II) solution was taken as
00 ml and required dose of the as-synthesized adsorbents were
dded. Immediately after the addition of the adsorbents, the flasks
ere shaken at 160 ± 5 rpm in an orbital shaker (Rivera, India) at

0 ± 2 ◦C. Samples were withdrawn at predetermined time inter-

als and residual Pb(II) concentrations were measured using an
tomic absorption spectrophotometer (AAnalyst 700, PerkinElmer,
SA). Time dependent adsorption studies were done at two differ-
nt Pb(II) concentrations of 50 and 100 mg l−1. Isotherm studies
ere performed by varying the concentrations of the Pb(II) solu-
gs of Mn on cellulose fibers (A) 0.39% Mn, (B) 0.66% Mn, (C) 3.7% Mn and (D) 4.64%

tion over a wide range (50–500 mg l−1). Effects of adsorbent dose
and ionic strength were investigated at a pH of 5 ± 0.2 and Pb(II)
concentration of 100 mg l−1. Effect of pH on Pb(II) adsorption was
also carried out by varying the pH from around 2.5–5.5 and pH
above 5.5 were not tried to avoid any possible precipitation of lead
hydroxide [6]. The pH of the samples were adjusted using dilute
NaOH or HCl solutions.

2.5. Regeneration studies

The reusability of any used adsorbent mainly depends on the
ease with which the adsorbed solute desorbs from the spent adsor-
bent. In this study, the reuse potential of the Pb(II) adsorbed
C–NMOC was tested. Initially, 100 mg l−1 of Pb(II) was adsorbed
onto C–NMOC. After attaining equilibrium, the Pb(II) loaded adsor-
bents were separated from the solutions carefully and immersed
in 100 mL of various concentrations of HCl (0.05–0.3 M) for 30 min.
All other conditions were maintained as above. The concentration
of the solute leached into the elutant was estimated as described
earlier. In order to check the reusability of the regenerated adsor-
bents, 3 cycles of consecutive adsorption–desorption studies were
performed.

3. Results and discussion

3.1. Material characterization
3.1.1. Quantification of manganese loading in C–NMOC
Manganese loading on C–NMOC was quantified by acid diges-

tion method. For this, 1 g of C–NMOC was dissolved in aqua regia
similar to a procedure described by NEPC [21]. Fig. 1 (panels A–D)
shows the photographs of C–NMOC loaded with different amounts
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ig. 2. EDAX spectrum of C–NMOC (4.64% Mn loading) after Pb(II) adsorption. In
orresponding SEM image is shown in (a). FESEM micrographs of pristine cellulose
hows FESEM image of Pb(II) adsorbed C–NMOC (4.64% Mn loading).

f manganese oxide. The color of C–NMOC changed from golden
rown to brownish black upon increasing manganese loading from
.39 to 4.64%. Various Mn loaded C–NMOC are labeled with suffixes
, B, C and D with an increasing order of Mn loading. The C–NMOC
amples A, B, C and D contain 0.39%, 0.66%, 3.7% and 4.64% Mn,
espectively.

.1.2. Microscopic analysis
FESEM micrographs of C–NMOC before and after Pb(II) adsorp-

ion are shown in inset of Fig. 2 (panel A–C). Unless otherwise
entioned, 4.64% Mn loaded C–NMOC sample was used for all Pb(II)

ptake studies. The images show that cellulose fibers are cylindrical
n shape with uniform dimensions (9.5–9.8 �m). At lower Mn load-
ng (0.39% Mn loading) (Fig. 2C), well dispersed manganese oxide
articles are seen on the cellulose surface. Particle size appears too
mall for observation under FESEM. At higher Mn loading, the entire
urface is modified and uniform coating is formed. EDAX analysis
onfirms the presence of Mn, O and Pb on the C–NMOC surface and
niform distribution of these elements (Fig. 2). The SEM micro-
raphs of as synthesized NMO and Pb(II) reacted NMO are shown
n Fig. S1 of supplementary data. From these images, it can be seen
hat NMO powders are agglomerated nanoparticles and they lose
he nanoscale features and become bigger size particles after Pb(II)
dsorption. The EDAX spectrum and the elemental imaging confirm
he presence of adsorbed Pb(II) on the NMO surface (Fig. S2 of sup-
lementary data). Fig. S3 of supplementary data show the HRTEM
icrographs of NMO particles. These images confirm that particles

re agglomerated whiskers in nanoscale and the particle size varies
rom 5 to 10 nm. A selected-area electron diffraction (SAED) pattern
f NMO is shown in Fig. S3 of supplementary data. This reveals the
anocrystalline nature of the material, which is consistent with the
RD observation.
.1.3. X-ray photoelectron spectroscopic analysis
The XPS survey spectra of C–NMOC(D) before and after Pb(II)

dsorption are given in Fig. 3A. The corresponding spectra for NMO
re shown in Fig. S4 (panel A) of supplementary data. These photo-
lectron peaks further confirm the existence of adsorbed Pb along
emental X-ray images of O K� (b), Mn K� (c), and Pb M� (d) of the sample. The
.64% Mn loaded C–NMOC (B), and 0.39% Mn loaded C–NMOC (C). Inset of panel ‘B’

with the principal elements Mn and O in NMO and C–NMOC. The
presence of small amounts of carbon on NMO surface is due to
surface contaminants. For further analysis of the chemical form of
adsorbate and adsorbent before and after exposure to Pb(II) ions,
detailed scans of Mn, O and Pb regions were performed. The XPS
spectrum of Mn 2p region in NMO shows the Mn 2p3/2 feature
at 642.7 eV with a separation of 11.7 eV from Mn 2p1/2, which is
agreement with Mn(IV) in MnO2 [22]. The XPS spectrum of Mn
2p after the adsorption of Pb(II) shows no shift and the bind-
ing energies match exactly with those of Mn 2p3/2 and 2p1/2 of
pristine NMO (Fig. S4 (panel B) of supplementary data). The decon-
voluted spectrum of O 1s shows peaks at 530.2, 531.6 and 532.8 eV
(Fig. S4 (panel C) of supplementary data). The low binding energy
peak at 530.2 eV can be assigned to lattice oxygen in the form of O2−

(characteristic of the oxygen in manganese oxides) [22]. The peak
at 531.8 eV can be assigned to surface adsorbed oxygen in the form
of OH− and the highest energy peak can be attributed to adsorbed
H2O. As in the case of Mn 2p, no shift in O 1s peaks was observed
after Pb(II) adsorption (data not shown). The XPS spectrum of Pb in
Pb(II) adsorbed NMO shows the doublet peaks at 138.4 eV (Pb 4f7/2)
and 143.2 eV (Pb 4f5/2) (Fig. S4 (panel D) of supplementary data).
The peak observed at 138.4 eV can be assigned to PbO [23,24]. This
shows a fixation of Pb(II) onto NMO. XPS data support no evidence
for the oxidation of Pb(II) to Pb(IV) nor the formation of new solid
phases, which is consistent with the XRD data.

Detailed photoelectron spectra of Mn 2p, O 1s and Pb 4f
in C–NMOC(D) and Pb(II) adsorbed C–NMOC(D) are shown in
Fig. 3B–D, respectively. From the data, it is clear that there is a 1.5 eV
shift in Mn 2p3/2 (641.2 eV) compared to NMO. The shift in Mn 2p
peak towards the lower binding energy clearly indicates that cel-
lulose plays a role in the oxidation state of manganese in C–NMOC.
Even though a scatter in binding energies of Mn 2p can be observed
in the litterateur, a decrease in binding energy generally points

towards a decrease in the oxidation state. According to literature,
Mn 2p3/2 binding energy value of 641.2 may be ascribed to Mn2O3
[25]. The decrease in binding energy could be attributed to the
effect of the support. Radhakrishnan and Oyama [26] reported that
the support influences the morphology, the electronic state, and



990 S.M. Maliyekkal et al. / Journal of Hazardous Materials 181 (2010) 986–995

F (b) af
t

t
l
t
(
r
c
M

d
T
t
T
a
c
w
o
o
a
a
p
p

3

P
T
h
a
p
d
t

ig. 3. X-ray photoelectron spectra of C–NMOC (4.64% Mn loading) (a) before and
races are shifted vertically for clarity.

he catalytic activity of manganese oxide particles. They reported a
ower energy shift in the positions of the LII and LIII Mn L-edge fea-
ures observed through near-edge X-ray absorption fine structure
NEXAFS) analysis. They also observed a variation in LIII/LII intensity
atio for MnOx dispersed on various supports. These observations
learly indicate that support plays a role in oxidation state of Mn in
nOx and the nature of the Mn active site on the surface.
As observed in the case of NMO, the O 1s peak in C–NMOC(D)

id not show significant variation before and after Pb(II) adsorption.
he low binding energy peak observed at 529.4 eV can be ascribed
o be characteristic of oxygen in manganese oxide of C–NMOC(D).
he intermediate binding energy peak can be ascribed to surface
dsorbed OH− and the highest energy peak can be largely due to
haracteristic oxygen in cellulose. Similar O 1s photoelectron peaks
ere observed, even after adsorption of Pb(II). However, the peak

bserved at lower binding energy (529.6 eV) can be ascribed to
xygen in lead oxide and manganese oxides. The peak observed
t 139 eV (Pb 4f7/2) shows the fixation of Pb(II) onto C–NMOC(D)
nd the peak can be ascribed to PbO [22]. XPS data does not sup-
ort the oxidation of Pb(II) to Pb(IV), nor the formation of new solid
hases.

.1.4. X-ray diffraction analysis
The XRD patterns of C–NMOC(D) and NMO before and after

b(II) adsorption are shown in Fig. S5 of supplementary data.
he XRD patterns of C–NMOC(D) and Pb(II) adsorbed C–NMOC(D)

ave no visible changes as such. C–NMOC showed a broad peak
t 2� = 21.7◦, which can be ascribed to the high intensity (0 0 2)
lane of cellulose. A weak peak at 2� = 12.2◦ is also observed. These
iffraction angles are characteristic of cellulose II crystal struc-
ure [27]. No visible crystalline peaks corresponding to manganese
ter Pb(II) adsorption. (A) Survey spectra and (B–D) spectra of various regions. The

oxide was observed even at a manganese loading of 4.64%, this may
be attributed to small crystallite size, which is apparently below
the detection limit of XRD or may be due to amorphous nature
of the manganese oxide prepared. X-ray patterns of NMO exhib-
ited broad peaks corresponding to (0 0 2), (1 0 0) and (1 1 0) planes.
These planes can be ascribed to poorly crystalline layered birnessite
structure [13,14]. The additional peak appeared in Pb(II) adsorbed
NMO can be attributed to the (1 1 1) plane of PbO. An increase in par-
ticle size was also evident from the decrease in width of the peaks
of Pb(II) adsorbed NMO. The relative sharpening of the peaks can
be attributed to the ion induced aggregation of manganese oxide
nanoparticles during Pb(II) adsorption.

3.1.5. Infrared spectroscopic analysis
Infrared spectroscopy was used to study the interaction of the

metal oxide with the support and the interaction of compos-
ites with Pb(II). Fig. 4 shows the FT-IR spectra of cellulose (a),
C–NMOC(D) before (b) and after (c) Pb(II) ions adsorption. The IR
band located at 1421 cm−1 can be assigned to the CH2 scissoring
motion and IR band at 896 cm−1 can be assigned to C–O–C stretch-
ing at the �-(1 → 4)-glycosidic linkage. The features of these two
bands are typical of type II crystalline (cellulose II) and amorphous
cellulose [27]. Absence of changes in the IR bands at 1421 cm−1

and 896 cm−1 also suggests that incorporation of manganese oxide
and adsorption of Pb(II) onto cellulose did not modify the initial
structure of cellulose. IR spectrum of NMO shows bands at 520 and

720 cm−1 and it is attributed to the stretching vibration of Mn–O
and Mn–O–Mn bonds in layered birnessite [28]. The IR spectrum of
the Pb(II) adsorbed NMO did not show any changes in the band posi-
tions. This indicates that no chemical modification has happened
to NMO after Pb(II) adsorption (data not shown).
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.2. Lead(II) removal studies

.2.1. Effect of adsorbent dose
Pb(II) adsorption by C–NMOC (A, B, C and D) and NMO as a func-

ion of adsorbent dose were studied and the results are shown
n Fig. 5A. Studies were also performed with bulk manganese

xide (BMO) and unmodified cellulose fibers as well. As expected,
he amount of Pb(II) adsorption increased with increase in adsor-
ent dose. Increased Pb(II) removal with increase in dose can be
ttributed to the availability of more and more binding sites for Pb

ig. 5. Effect of adsorbent dose on Pb(II) removal by various adsorbents. % Pb(II)
emoval as a function of adsorbent dose (A), unit Pb(II) uptake capacity as a func-
ion of manganese content in each adsorbent (B). X-axis scale for cellulose and
–NMOC = 10×; X-axis scale for NMO and BMO = 1×.
fter Pb(II) adsorption. A and B correspond to the total spectrum and an expanded
for clarity.

adsorption. The results also show that incorporation of manganese
oxide onto cellulose fibrous matrix enhanced its Pb(II) adsorption
capacity significantly. A direct relationship between manganese
oxide loading in C–NMOC and Pb adsorption capacity was observed.
On the other hand, the plots of unit equilibrium adsorption capac-
ity (qe) versus quantity of manganese oxide in C–NMOC revealed
that the qe was significantly high at low manganese oxide load-
ing and reduced upon increasing the manganese oxide loading
on C–NMOC (Fig. 5B). These can be attributed to better disper-
sion of manganese oxide at lower loading. Generally, an adsorbent
concentration effect, i.e., a decrease in equilibrium uptake with
increase in the adsorbent dose, was observed with all the adsor-
bents tested. This is mainly because of unsaturation of adsorption
sites resulting from the lower adsorptive capacity utilization of the
adsorbent during the adsorption process. It is also worth to note
that a significant improvement in unit uptake capacity (per gram
of Mn) was observed for manganese oxide prepared on the cellu-
lose fiber compared to pristine NMO. The enhanced Pb(II) uptake
may be due to the well dispersed nature of the supported MnOx

and reduced interparticle collision and thereby reduced aggrega-
tion. Since, CNMOC(D) has shown maximum Pb(II) uptake capacity
per gram of material, further studies were restricted to C–NMOC(D)
alone. Now onwards, C–NMOC(D) is represented as C–NMOC.

3.2.2. Effect of pH
Influence of pH on Pb(II) adsorption by C-MNOC and NMO was

investigated and the data are shown in Fig. 6. It is clear from the
figure that Pb(II) adsorption by C–NMOC is less sensitive to pH vari-
ations compared to NMO. Optimum removal of Pb(II) by NMO was
achieved at pH 5 whereas C–NMOC removed more than 90% of the
Pb(II) even at an initial pH of 2.5.

In order to better assess the Pb(II) binding ability of adsorbents
at various pH, the coefficient of distribution (Kd) value was plotted
as a function of pH (Fig. 6). The Kd values were calculated using the
following mathematical expression.

Kd =
(

Ci − Ce

Ce

)(
V

M

)
(1)

It is reported that higher the Kd value, better is the binding abil-
ity of the target pollutant. In general, the Kd values in the range
of 103 ml g−1 are considered good, and those above 104 ml g−1 are

outstanding [29]. From the results it is clear that both NMO and
C–NMOC are outstanding adsorbents in removing Pb(II) ions from
aqueous solution. However, the Pb(II) binding ability of C–NMOC
is superior to NMO at lower pH values (pH < 4). It is also worth to
note that Kd vs pH plots of NMO sharply increases with increase in
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(0.1 M). Hence, one may be able to use such a system for removing
Pb(II) from water containing common salt, particularly with higher
amount of Pb(II).
ig. 6. Effect of pH on Pb(II) adsorption by NMO and C–NMOC (4.64% Mn loading).
1, b1, C, and D are plotted against initial pH; a2 and b2 are plotted against pH at
quilibrium uptake capacity; C and D plots represent log(Kd) value at various pHs.

H whereas it is relatively flat in the case of C–NMOC, indicating
ess sensitive nature of C–NMOC to pH.

Apart from the effect of pH on the extent of adsorption, it can
lso alter the solubility of the target metal. Hence, it is important to
now that Pb(II) removal at a particular pH has happened through
ead hydroxide formation or adsorption of divalent lead ion. Follow-
ng equations are used to calculate the pH at which lead hydroxide
tarts to form [30].

b(OH)2 ↔ Pb2+ + 2OH− (2)

H = 14 − log

[√
Pb2+√
Ksp

]
(3)

sp = [Pb2+][OH−]2 (4)

here Ksp is the solubility product of lead hydroxide ([Pb2+][OH−]2)
nd its value at 25 ◦C is 1 × 10−16 [31] and the initial Pb(II) con-
entration used was around 100 mg l−1 (0.483 mM), hence the
H at which Pb(OH)2 starts forming is about 7.7. Therefore, the
olution phase formation of Pb(OH)2 as the reason for Pb(II)
emoval can be ruled out since initial pH of the solution was kept
elow 5.5.

.2.3. Effect of ionic strength
The background salts may complex with oxide metals and com-

ete for adsorption sites. Hence, it is important to know the effect
f ionic strength on the adsorption of metal ions on oxide surfaces.
onic strength was tested by the addition of sodium chloride and
alcium nitrate to the solution of Pb(II) and the results are shown
n Fig. 7. Experimental data reveal that Pb(II) uptake capacity of
MO and C–NMOC decreased with increase in ionic strength. This
ecrease in binding affinity of Pb(II) with increase in ionic strength
ould be attributed to the competitive effect of background ions
uch as Na+ and Ca2+ for the Pb(II) adsorption sites. The other reason
ne could attribute to the decreased uptake capacity is due to the
nteraction between the positive metal ions with the anions present
n the background electrolyte and the formation of corresponding
b(II) salts. This can cause decrease in effective concentration of free
b(II) ions and hence uptake capacity. It is also known that at higher
onic strength, the activity of metal ions in solution decreases due

o increasing non-ideality of solution, and hence reducing uptake.
his increase in non-ideality is due to increasing electrostatic inter-
ction and results in the formation of ion pair [32]. Experimental
vidence also reveals that the addition of Ca2+ ions has predomi-
ant effect on Pb(II) uptake compared to Na+. This may be attributed
Fig. 7. Effect of ionic strength on Pb(II) adsorption by NMO and C–NMOC (4.64% Mn
loading).

to higher positive charge of Ca2+ and hence higher competition for
the binding sites [24]. From the Fig. 7, it can also be seen that NMO
has greater influence on ionic strength compared to C–NMOC. This
can be attributed to ion induced aggregation of NMO particles and
hence reduced reactivity. However, the possibility of such aggrega-
tion can be less in C–NMOC due to less interparticle collision. Even
though some reduction in Pb(II) removal by C–NMOC was observed
with increase in salt concentrations, a significant amount of Pb(II)
removal was obserevd even at high background ionic strength
Fig. 8. Comparison of pseudo-first-order (A) and pseudo-second-order (B) kinetic
plots with experimental data for adsorption of Pb(II) by C–NMOC (4.64% Mn loading).
E: experimental; P: predicted.
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Table 1
Pseudo-first-order and pseudo-second-order rate parameters obtained for the adsorption of Pb(II) by C–NMOC (4.64% Mn loading) and NMO.

Adsorbents Pb conc. (mg l−1) Pseudo-first-order-rate parameters Pseudo-second-order-rate parameters

k1 (min−1) qe (mg g−1) RMSE �2 k2 (g mg−1 min−1) qe (mg g−1) RMSE �2

C–NMOC 45.9 0.45 8.88 0.099 0.009 0.098 9.35 0.242 0.048
84 0.077 0.053 18.80 0.519 0.133

30 0.288 0.005 96.62 3.610 0.760
70 0.150 0.009 190.5 2.690 0.702
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from these model fits are given in Table 3. The classical L and F
models (two parameter models) showed poor correlation with the
experimental data compared to three parameter models. All the
‘three-parameter’ models tested were able to predict the adsorp-
tion onto both NMO and C–NMOC fairly well, which is evident from

Table 3
Isotherm parameters obtained for the adsorption of Pb(II) by C–NMOC (4.64% Mn
loading) and NMO from fitting experimental equilibrium data with various isotherm
models.

Isotherm models Model parameters Estimated model parameters

NMO C–NMOC

Freundlich KF (mg g−1) (mg l−1)−1/n 207.39 32.6
91.1 0.47 17.93 0.3

NMO 45.9 0.43 91.43 2.2
91.1 0.46 180.72 1.1

.2.4. Kinetics of adsorption
The effects of contact time and initial Pb(II) concentrations were

nvestigated in this study. The kinetics of Pb(II) uptake capacity
f C–NMOC at various initial concentrations of Pb(II) is shown in
ig. 8. The corresponding data for NMO is shown in Fig. S6 of sup-
lementary data. From these figures, it is apparent that adsorption
f Pb(II) onto NMO and C–NMOC is a fast process and most of the
dsorption happened in a short period (<10 min) and the system
chieved pseudo equilibrium at 60 min of contact time from the
ommencement of the adsorption process. Rapid adsorption com-
ared to bulk particles may be attributed to relatively large surface
rea, greater density of reactive sites on the particle surfaces, and/or
igher intrinsic reactivity of the surface sites [33].

To understand the process better, experimental kinetic data of
b(II) adsorption by NMO and C–NMOC were analysed with vari-
us reaction kinetic models including Lagergren pseudo-first-order
34,35] and Ho’s pseudo-second-order [36] reaction rate models.

athematical representations of these models are given in Eqs. (5)
nd (6).

seudo-first-order equation : qt = qe(1 − e−K1t) (5)

seudo-second-order equation : qt = q2
ek2t

1 + qek2t
(6)

A non-linear approach was used to find the best-fitting model
nd kinetic parameters, which were found by trial and error method
y means of Microsoft’s spreadsheet, Excel® software package
sing solver add-in option [37]. The simulated plots along with
xperimental ones for C–NMOC are depicted in Fig. 8. The corre-
ponding data for NMO are given in Fig. S6 of supplementary data.
omparing the experimental and model predicted kinetic profiles,
e see that both the models have described the kinetic data fairly
ell. However, the model predicted kinetic parameters and their

ssociated error measurements show (Table 1) that pseudo-first-
rder equation is more appropriate in predicting the experimental
ata.

.2.5. Adsorption equilibrium
An accurate mathematical description of equilibrium adsorp-

ion capacities is indispensable for reliable predictive modeling of
dsorption systems. Several adsorption isotherm models, includ-
ng two, three and four parameter models, have been introduced

ver the years, for these purposes. However, each model has its own
imitations because of the underlying assumptions involved in their
espective derivation. No single model developed so far is applica-
le generally for describing the adsorption contact process [38]. A
articular isotherm may fit the experimental data accurately under

able 2
wo and three parameter isotherm models.

Model Mathematical expressions Model parameters

Langmuir qe = qmLbLCe
1+bLCe

qmL (mg g−1), bL (l mg−1)

Freundlich qe = KFC1/nF
e KF (mg g−1) (mg l−1)−1/n , nF

Sips qe = qmS(KSCe)ms

1+(KSCe)ms KS (l mg−1), qmS (mg g−1), mS
Fig. 9. Two and three parameter isotherm model plots for the adsorption of Pb(II)
onto C–NMOC (4.64% Mn loading).

one set of conditions, but may fail entirely under another set of con-
ditions. Some of the important isotherm models reported in the
literature that can explain solid–liquid equilibrium are: Langmuir
(L), Freundlich (F), and Sips (S). Table 2 gives the mathematical rep-
resentations of the isotherm models. More details of these models
are available elsewhere [38,39].

Fig. 9 shows various isotherms plots obtained for the adsorption
of Pb(II) by C–NMOC. The corresponding figure for NMO is given in
Fig. S7 of supplementary data. The estimated isotherm parameters
n 9.20 4.33
RMSE 25.59 8.28
�2 23.61 15.13

Langmuir qmL (mg g−1) 326.74 75.04
bL (l mg−1) 10.80 1.25
RMSE 25.65 2.50
�2 30.10 0.60

Sips qmS (mg g−1) 395.77 80.10
KS (l g−1) 2.25 1.02
mS 0.35 0.89
RMSE 9.96 1.49
�2 3.45 0.33

Dubinin–
Radushkevich

qDR (mol g−1) 314.19 35.85
ˇ (mol2 kJ−2) 0.01 0.06
EDR (kJ mol−1) 6.20 2.89
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he low RMSE and Chi-square (�2) values. Among the three param-
ter models tested, S isotherm predicted the data more closely
nd accurately for C–NMOC and the predicted uptake capacity was
ound to be 80.10 mg g−1. The experimental evidence shows that
he unsupported NMO is having Pb(II) uptake capacity in excess of
70 mg g−1. The uptake capacity figures show that the as-prepared
anoadsorbents (C–NMOC and NMO) are superior in scavenging
b(II) from aqueous medium in comparison to many media (sup-
orted and unsupported) investigated recently [5,40–43].

.3. Free energy of adsorption

Dubinin–Radushkevich (D–R) isotherm can be used to find the
ree energy of adsorptions and hence the adsorption mechanism
44]. The mean free energy of adsorption (EDR), defined as free
nergy change when 1 mol of ion is transferred from infinity in
olution to the surface of the solid, can be estimated using the Eqs.
7)–(9).

DR = 1
(2ˇ1/2)

(7)

nqe = lnqDR − ˇε2 (8)

= RT ln
(

1 + 1
Ce

)
(9)

2
A straight line plot of ln(qe) vs ε shown in Fig. S8 of supplemen-
ary data can be used to find ˇ and hence the mean free energy of
dsorption. The values of EDR found in this study were 2.9 kJ mol−1

or C–NMOC and 6.2 kJ mol−1 for NMO, suggesting that electrostatic
orce plays dominant role in the adsorption process [45].

ig. 10. Regeneration of spent C-NOMC by acid treatment. (A) Effect of acid concen-
ration on Pb(II) desorption, (B) Pb(II) uptake (%) by C–NMOC in three consecutive
ycles of adsorption process.
ous Materials 181 (2010) 986–995

3.4. Regeneration

Adsorption process is more economically viable if the adsor-
bent can be regenerated and reused in many cycles of operation.
This study aimed at developing a proper regeneration protocol for
spent C–NMOC. The results show that an optimum HCl concentra-
tion of 0.1 M could elute more than 98% of the adsorbed Pb(II). No
significant variation in Pb(II) desorption was observed above 0.1 M
HCl (Fig. 10A). For checking the reuse potential of the adsorbent,
successive adsorption–desorption cycles were conducted. The data
reveals that C–NMOC has good reuse potential and no significant
reduction in adsorption can be seen with repeated use. At the end
of third cycle, the adsorption efficiency was reduced only <10%
(Fig. 10B).

4. Conclusions

A novel hybrid adsorbent, C–NMOC was synthesized through a
simple soft chemistry route. The synthesis process involves only
one manganese precursor, KMnO4, simplifying the post-synthesis
treatment and thereby increasing the viability in commercial appli-
cations. An environmental remediation application of C–NMOC was
investigated using Pb(II) as the model pollutant. A nanostructured
manganese oxide was also synthesized and its performance was
compared with C–NMOC in removing Pb(II). The following conclu-
sions were derived from the data.

• C–NMOC and NMO prepared through soft chemistry route are
found to be excellent candidates for removing Pb(II) from aque-
ous solutions.

• As far as practical applicability is concerned, C–NMOC is more
promising and is effective over a wide pH range compared to
NMO. Reduced sensitivity to pH makes this adsorbent more
attractive for cleaning up industrial effluents, especially effluents
having low pH.

• The kinetics of Pb(II) removal by both C–NMOC and NMO are
quick and the kinetic data can be well described by a pseudo-
first-order equation. Sips model was found to be more suitable in
describing the equilibrium data. Physisorption plays a significant
role in the adsorption processes.

• A lower shift in the Mn 2p binding energy was found for supported
manganese oxide in comparison to the unsupported material,
indicating that support plays a role in deciding the exact oxidation
state of Mn.

• Regeneration study reveals that the as-synthesized adsorbent can
be used multiple times by treating the spent adsorbent by an acid
like HCl.
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