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ABSTRACT

The sea nodule leaching residue/wastes (generated after recovery of copper, nickel, and
cobalt) are hazardous to the environment due to fine nature and heavy metal contents. Here,
we demonstrate highly efficient adsorptive remediation of aqueous lead using the residue
generated in reduction roast–ammonia leaching of sea nodules. Characterization of leached
sea nodule residue (SNR) revealed fine granulometry (d50 = 11.4 μm) and high surface area of
66.7 m2 g−1. Batch adsorption experiments are performed varying temperature, pH of solu-
tion, contact time, initial lead concentration, adsorbent dose, etc. to determine lead removal
capacity of SNR. Excellent adsorption capacity of lead onto SNR to the tune of 2,500 mg g−1

is achieved, which is quite high in comparison with other adsorbents. Kinetics and thermody-
namic aspects of adsorption are studied. The pseudo-second-order model is found applicable
to the lead removal kinetics. SEM and XRD investigations showed lead adsorbed on the
surface of SNR in the form of hexagonal crystalline hydrocerussite.
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1. Introduction

Hydrometallurgical treatment of sea nodule, while
recovering copper, nickel, and cobalt metals, generate
huge amount (normally 75% of the nodules treated) of
leach tailings or residue [1,2]. Sea nodule residues
(SNRs) mainly contain oxides/hydroxides of manga-
nese, iron, silicon, calcium, magnesium, aluminum,
etc. These residues are viewed as serious threat to the
environment if discarded untreated owing to their
very fine nature as well as heavy metals contents. To
alleviate the environmental problems associated with
the handling of these materials, a number of studies
have been carried out for its utilization such as pro-
duction of value-added materials, use as catalyst,

adsorbent, etc. [3]. Several value-added materials have
been produced using sea nodule leach tailings, which
also contribute to improve overall economics of sea
nodules processing [4–12]. In addition to this, sea
nodules residues contain MnO2/Mn2O3 giving rise to
Mn3+–Mn4+ couple suitable to catalyze many synthesis
and conversion reactions and hence, can be used as
catalyst for decomposition of H2O2, CO oxidation,
esterification of aliphatic acid (selectivity order being
formic > acetic > proponoic > n-butyric), oxidation of
benzene to phenol, degradation of azo dyes, etc.
[13–17]. However, the most interesting and extensively
studied application of leached SNR is the adsorptive
remediation of heavy metals from wastewater and
industrial effluents [18,19]. The fine nature and excel-
lent surface properties of residues generated in
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NH4OH/(NH4)2SO4 and NH4OH/(NH4)2CO3 leaching
of sea nodules have been successfully exploited for
adsorptive remediation of several anionic (PO2�

4 ,
SeO2�

3 , Cr2O
2�
7 , etc.) and cationic (Cd2+, Cu2+, Ni2+,

etc.) pollutants from wastewaters [20–27]. However,
lead adsorption from aqueous medium has not been
studied in details with the leached residue generated
in reduction roast–ammonia leaching process of sea
nodules. Therefore, present study has been aimed at
investigating the sorption properties of residue, gener-
ated in the NH4OH/(NH4)2CO3 leaching of sea nod-
ules, for the removal of lead from its aqueous
solution. This study is of importance as lead has been
found to be responsible for neurotoxicity of central
and peripheral nervous systems [28], apart from its
presence in drinking water, even in low concentration,
may cause diseases such as anemia, hepatitis,
nephrine syndrome, etc. [29].

In the present investigation, several parameters
have been varied to determine the lead adsorption
characteristics of leached sea nodules residue. The
lead removal data have been analyzed by widely
accepted isotherms and kinetics models. The mecha-
nism governing the lead removal by leached SNR has
also been discussed.

2. Materials and methods

2.1. Adsorbent

The SNR is prepared by reduction roasting–
ammoniacal leaching of sea nodules. For reduction
roasting, 100 mesh grounded sea nodules mixed with
fuel oil (12% v/w), heated at 750˚C in a muffle furnace
for 1.5 h and collected in a container purged with nitro-
gen gas to avoid oxidation of roasted product. Roast-
reduced sea nodule is then leached with 150 g L−1

ammonia solution, with oxygen supply (5 L min−1) at
pulp density of 10% and at room temperature for 4 h in
a glass reactor with continuous stirring. The leaching
slurry is filtered and residue is washed with deionized
water to remove the entrapped leach liquor. The
washed residue is air-dried for several days for
characterization and sorption studies.

2.2. Characterization

Chemical analyses of SNR are determined by com-
bination of conventional wet chemical methods [30]
and atomic absorption spectrometer (Perkin Elmer
AAnalyst 400). Surface area measurement and pore
size analysis are conducted using Quantachrome
4000E surface area analyzer (Nova Instruments, USA).
Size analysis of SNR is carried out in Malvern

Mastersizer after ultrasonic liberation of particles.
Point of zero charge of SNR is determined by acid–
base titration method reported by Huang and Ostavic
[31]. The microscopic features of the samples are char-
acterized by field emission scanning electron micro-
scope (Nova NanoSEM 430).

2.3. Lead removal studies

The synthetic stock solution of lead (Pb(II)) of
1,000 mg L−1 is prepared by dissolving 1.598 g Pb
(NO3)2 in deionized water. Solutions of 0.01 M HNO3

and 0.01 M NaOH are used for pH adjustment. 0.1 N
KNO3 is used to maintain the ionic strength in all the
adsorption experiments. All the chemicals are AR
grade and procured from Merck Specialities Pvt. Ltd.,
Mumbai. Pb(II) removal characteristics of SNR are
evaluated through batch kinetics and equilibrium
experiments. For kinetic studies, typically, 100 mL of
Pb(II) solution at desired concentration with appropri-
ate amounts of SNR in a 250-mL-stoppered conical
flask is shaken using a water bath shaker. Samples are
withdrawn at certain time interval and remaining Pb
(II) in the filtrate is analyzed by atomic absorption
spectrometer (PerkinElmer AAanalyst 400). The
amount of Pb(II) per gram of the SNR, Qt (mg g−1) at
time t is calculated using Eq. (1).

Qt ¼ Co � Ctð ÞV
w� 1; 000

(1)

where Co and Ct are the initial Pb(II) concentration
(mg L−1) and Pb(II) in solution, respectively, V is the
volume of solution in mL, and w the mass of sorbent
in gram. The equilibrium adsorption experiments are
carried out to investigate the effect of various parame-
ters, such as pH of the Pb(II) solution (3–8), initial Pb
(II) concentration (50–1,000 mg L−1), adsorbent dose
(25–2,000 mg L−1), and temperature (303–323 K) under
fixed equilibration time obtained by kinetics experi-
ments. For the desorption studies, Pb(II)-loaded SNR
is transferred into 250-mL-deionized water adjusted to
different pH values in the range of 2–7 maintained by
0.1 M HNO3 and 0.1 M NaOH and shaken for 2 h at
303 K. Thereafter, SNR is filtered/centrifuged and the
filtrate is analyzed to determine the concentration of
the desorbed metals. Desorption (%) is calculated by
Eq. (2).

Desorption ð%Þ ¼ Amount ofmetal ion desorbed

Amount ofmetal ions loaded on SNR
� 100

(2)
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3. Results and discussion

3.1. Characterization of adsorbent

Detailed chemical analyses of SNR are given in
Table 1. The manganese, iron, and silicon are the major
constituents along with lime, magnesia, and alumina.
The particle size distribution (Fig. 1) exhibits fine nature
of SNR with mean particle diameter (d50) of 11.4 μm.
The pore size distribution of SNR is shown in Fig. 1
depicting wide range of pore width (0.36–106 nm)
spanning from micro- (<2 nm), meso- (2–50 nm) to the
macro- (>50 nm) pores (Inset Fig. 1). Fig. 2(a) shows the
SEM image of SNR, which reveals aggregated bodies of
small particles of various sizes. High-resolution SEM
image (Fig. 2(b)) of a particle revealed ribbon-like fila-
mentous structure having filaments of ~30–40 nm
width. Surface area is determined as 66.7 m2 g−1 in

SNR. The pHpzc of SNR, determined by titrimetric
procedure, was found to be about 6.5, which is higher
than that reported for sea nodules (4.5–4.7) [32,33]. The
higher value may be due to lowering of buffering
capacity of metal hydr(oxides) due to dehydration in
the reduction roasting of manganese nodules. Detailed
XRD and IR characterization of SNR carried out previ-
ously showed presence of MnCO3, Mn2SiO4, and
Mn2SiO3(OH)2·H2O phases [27,34]. Absorption bands
in SNR at 1,470, 1,070, and 870 cm−1 were attributed to
the ν(C–O) and δ(OCO) vibrations of the carbonate ion
[34]. This indicated the formation of MnCO3 in SNR
during the reduction–roasting–leaching cycle for the
processing of manganese nodules.

3.2. Effect of time and initial concentration on adsorption

The time course of Pb(II) adsorption onto SNR,
studied with the solutions containing 50, 100, 150, 200,
500, and 1,000 mg L−1 Pb(II), SNR dose of 100 mg L−1,
pH 5.5 at 303 K, is depicted in Fig. 3. Both the contact
time between SNR and Pb(II) and initial concentration
of Pb(II) have significant influence on the adsorption
of Pb(II) onto SNR. Two types of adsorption patterns
are apparent: initial fast adsorption and then slowly
reaching equilibrium in all the cases. In case of initial
Pb(II) concentrations <500 mg L−1, fast adsorption
takes place in the initial 10 min adsorbing more than
50% of the total adsorption value, then reaching
slowly to the equilibrium in about 240 min. On the
other hand, equilibrium is attained rapidly (within
30 min) in case of initial Pb(II) ≥ 500 mg L−1. The faster
adsorption of Pb(II) under identical conditions (pH
~5.5) for initial Pb(II) ≥ 500 mg L−1 may be due to bet-
ter interaction between the adsorbent surface and
abundant Pb(II) ions at high initial concentration. As
apparent in Fig. 3, initial Pb(II) concentration signifi-
cantly affects amount of adsorption. Highest adsorp-
tion percent of Pb(II) is obtained at the lowest
concentration of Pb(II) i.e. 50 mg L−1 and adsorption
decreases with increasing initial Pb(II) concentration.
Hence, SNR can be applied not only to minimize the
Pb(II) content in concentrated effluents but also useful
for remediation of low Pb(II)-contaminated water to
the acceptable limits.

3.3. Effect of pH

The effect of pH on the adsorption of Pb(II) from
100 mg L−1 Pb(II), studied by varying the initial pH of
solution from 3 to 9, is given in Fig. 4. It is apparent
that the uptake of Pb(II) increases with the pH value.
The increase in lead uptake can be partly attributed to

Table 1
Chemical composition of SNR

Element/radical Mass (%)

Mn 26.11
Fe 10.19
SiO2 16.44
Al2O3 3.54
CaO 0.36
MgO 4.40
Co 0.039
Ni 0.05
Cu 0.13
C 5.59
Moisture 6.18
LOIa 17.01

aLOI = Loss in weight on ignition.

Fig. 1. Particle size distribution in SNR. Inset: Pore size-
volume relation.
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formation of different hydroxo species with rise of
solution pH. The species distribution diagram for Pb
(II), as reported in literature, showed that Pb2+ is pre-
dominant (>95%) species up to pH 6 whereas hydroxo
and dihydroxo species are formed after pH 7 [20].
Thus, removal of Pb(II) up to pH 6 is due to adsorp-
tion of Pb2+ on SNR surface whereas at pH > 6, pre-
cipitation of hydroxo anion i.e. Pb(OH)+ as hydroxide
over SNR surface plays dominant role in the removal
of Pb(II). Another reason may be the abundance of
hydronium (H3O

+) ions in the solution [20,23]. At low
pH values, the solution has an excess of H3O

+ ions

and hence, a competition exists between the positively
charged H3O

+ ions and Pb(II) ions for the available
negative adsorption sites on the SNR surface. As the
pH increases and the concentration of H3O

+ lowers,
more of the positively charged metal ions in solution
are adsorbed on the SNR.

3.4. Effect of adsorbent dose

The ratio of amount of adsorbent and aqueous
phase i.e. Solid:Liquid is a very important parameter
in the adsorption processes, which determines the

Fig. 2. (a) Low-magnification SEM image and (b) high-magnification SEM image of SNR.
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Fig. 4. Effect of solution pH on Pb(II) removal with SNR
dose of 100 mg L−1, initial Pb(II) 100 mg L−1 at 303 K, and
shaking time 240 min.
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optimum adsorbent dose for a certain volume of metal
ion solution. Different amounts of SNR were shaken
with 100 mL of Pb(II) solution (100 mg L−1) for
240 min at pH 5.5. The results indicated that the lead
adsorption increased with increasing SNR addition, as
shown in Fig. 5. The positive correlation between
adsorbent dose and Pb(II) removal efficiency can be
related to the increasing available surface area or
binding sites. With the addition of 500 mg L−1 SNR,
the Pb(II) removal was about 92%. Nearly 100% Pb(II)
removal was achieved with addition of 1,000 mg L−1

of SNR.

3.5. Adsorption kinetics

The kinetics of sorption is one of the important
characteristics for defining the efficiency of an adsor-
bent. The kinetic studies of Pb(II) sorption on SNR
have been carried out with 100 mg L−1 Pb(II) solution
at pH 5.5 and SNR dose of 100 mg L−1 at temperatures
of 303, 313, and 323 K. Data from these experiments
are fitted into Lagergren kinetic model (Eq. (3)) and

pseudo-second-order rate model (Eq. (4)) to estimate
the specific rate constant for the adsorption of Pb(II)
from aqueous solution [35,36].

ln qe � qtð Þ ¼ ln qe �k1:t (3)

t

qt
¼ 1

k2q2e
þ 1

qte
(4)

where qe and qt refer to the amount of Pb(II) adsorbed
per unit weight of adsorbent (mg g−1) at equilibrium
and at any time t (min). k1 and k2 are the Lagergren
kinetic rate constant and pseudo-second-order rate
constant, respectively.

h0 ¼ k2q
2
e (5)

t1=2 ¼ 1=k2qe (6)

where h0 is the initial sorption rate (mg g−1 min−1) and
t1/2 = half adsorption time (min).

Straight lines are obtained while fitting the Pb(II)
adsorption data into Eqs. (3) and (4), the values of r2

for Eq. (3) are significantly lower than unity (Table 2).
In contrast, higher values of r2 from Eq. (4) signify
that the adsorption of Pb(II) on SNR obeys pseudo-
second-order rate kinetics. The rate constant (k2)
changed slightly with temperature but the equilibrium
concentration (qe) changed significantly due to rapid
increase in initial rate (h0) of adsorption from 29.15 to
67.11 mg g−1 min when temperature increases from
303 to 323 K. This indicates the effect of temperature
on adsorption kinetics is positive and reactions are
endothermic in nature. In addition to this, increasing
Pb(II) uptake by SNR with the temperature also
indicates chemical interaction/bonding during Pb(II)
adsorption onto SNR [37].

3.6. Adsorption isotherm studies

The adsorption isotherms have been often used to
characterize the equilibrium between the amount of
adsorbate that accumulated on the adsorbent and the
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Fig. 5. Effect of SNR dose on Pb(II) removal with initial
Pb(II) 100 mg L−1, pH 5.5 at 303 K, and shaking time
240 min; Variations in Pb(II) remaining in the solution at
equilibrium after shaking with certain dose of SNR are
shown.

Table 2
Lagergren and pseudo-second-order rate constants for adsorption of Pb(II) onto SNR at different temperatures

Temp, K

Lagergren constants Pseudo-second-order rate constants

k1 (min−1) qe cal. (mg g−1) r21 k2 (g mg−1 min−1) qe cal. (mg g−1) h (mg g−1 min−1) r22

303 0.010 320.95 0.792 0.00013 476.19 29.15 0.996
313 0.012 316.87 0.919 0.00015 588.24 51.28 0.999
323 0.012 341.17 0.748 0.00017 625.00 67.11 0.998
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concentration of the dissolved adsorbate. In the
present study, the equilibrium Pb(II) adsorption data
were fitted by both the Langmuir (Eq. (7)) and the
Freundlich (Eq. (8)) models [20,22,27,38]. The coeffi-
cients of these models were computed using linear
least-squares fitting.

Ce

qe
¼ 1

bqm
þ Ce

qm
(7)

ln qe ¼ ð1=nÞ lnCe þ lnKf (8)

where qe is the equilibrium adsorption capacity, mg g−1;
Ce is equilibrium liquid phase concentration, mg L−1;
qm is the maximum adsorption capacity, mg g−1; and b
is adsorption equilibrium constant, L g−1. The value of
b and qm is obtained from the intercept and slope of the
plot between Ce/qe and Ce. In Eq. (8), Kf and 1/n stand
for empirical constants related to adsorption capacity
and intensity, respectively, and calculated from the
intercept and slope of the plot ln qe and ln Ce. The Lang-
muir and Freundlich plots for Pb(II) adsorption at 303,
313, and 323 K are drawn to calculated isotherm param-
eters (Table 3). It is evident that the isotherm data fit
better with the Langmuir model (r2 = 0.999, 0.999, and

0.999) as compared to the Freundlich model (r2 = 0.924,
0.987, and 0.981) for the adsorption of Pb(II) onto SNR.
The increase in the value of qm with the increasing tem-
perature confirms endothermic nature of Pb(II)–SNR
interaction in aqueous solution and the Pb(II) removal

Table 3
Calculated Langmuir and Freundlich parameters for Pb(II) removal by SNR

Temp,
K

Langmuir isotherm Freundlich isotherm

Adsorption
maxima qm
(mg g−1)

Binding energy
constant b (mg L−1)−1

Regression
coefficient r2

Adsorption
capacity Kf

(mg g−1)
Adsorption
intensity 1/n

Regression
coefficient r2

303 840 0.034 0.999 264 0.173 0.924
313 1,351 0.018 0.999 494 0.141 0.987
323 2,500 0.015 0.999 726 0.158 0.981

Table 4
Maximum loading capacities (qm) of some high Pb(II) adsorbing materials

Adsorbent qm (mg g−1) Reference

Zeolite synthesized from fly ash 524.22 [39]
Hydroxyapatite-Magnetite composites 598.80 [40]
N-methylimidazole modified palygorskite 714.29 [41]
NiO nanoparticles 909.00 [42]
Strontium-hydroapatite nanorods 1,482 ± 137 [43]
Lignin 1,587.15 [44]
Nano-MgO 1,980 [45]
SNR (303 K) 840 Present work
SNR (313 K) 1,351 Present work
SNR (323 K) 2,500 Present work

R² = 0.9998
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Fig. 6. Determination of thermodynamic parameters.
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behavior is analogous to that observed in kinetics stud-
ies. The maximum adsorption capacity (qm) derived
from Langmuir isotherm is 840 mg Pb(II)/g SNR at
303 K. This value is found comparable to that of many
other high Pb(II) adsorbing materials (Table 4) reported
in literature [39–45]. The Pb(II) uptake by SNR
enhanced to 1,351 mg Pb(II)/g SNR at 303 K and fur-
ther to 2,500 mg Pb(II)/g SNR at 323 K. Thus, very high
loading capacity coupled with fast kinetics make SNR a
potential material for remediation of Pb(II) effluents.

3.7. Thermodynamic studies

The thermodynamic parameters are determined
from the thermodynamic equilibrium constant, Kd (or
the thermodynamic distribution coefficient), derived
from adsorption equilibrium experiments. The stan-
dard Gibbs free energy ΔG˚ (kJ mol−1), standard
enthalpy change ΔH˚ (kJ mol−1), and standard entropy
change ΔS˚ (J mol−1 K−1) are calculated using the
following equations [38]:

Fig. 7. Scanning electron microscopic examination of Pb(II)-loaded SNR along with bulk EDX spectra (a) A SNR particle
fully covered with numerous hexagonal flakes and rod-like structures on the surface, (b) Magnified view of a rod-like
formation adhered to the SNR surface, (c) Magnified view of a hexagonal flakes-like formation, and (d) Close view of
rod-like formation showing stacked layer pattern.
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DG� ¼ �RT lnKd (9)

lnKd ¼ DS�

R
� DH�

RT
(10)

Kd can be defined as:

Kd ¼ as
ae

¼ csCs

ceCe
(11)

where as = activity of adsorbed metal ion, ae = activity
of metal ion in solution at equilibrium, γs = activity
coefficient of adsorbed metal ion, γe = activity coeffi-
cient of metal ion in equilibrium solution, Cs = metal
ion adsorbed on SNR (mg g−1), and Ce = metal ion
concentration in solution at equilibrium (mg L−1).

Kd at different temperatures is determined by plot-
ting ln(Cs/Ce) versus Cs and extrapolating Cs to zero
[27,38]. ln Kd thus obtained is plotted against 1/T to
calculate ΔH˚ and ΔS˚ from the slope and intercept,
respectively (Fig. 6). Negative values of ΔG˚ (−4.73,
−5.77, and −6.77 kJ mol−1 at 303, 313, and 323 K,
respectively) indicate spontaneous adsorption and
increase in the degree of spontaneity of reaction with
the temperature. The positive standard enthalpy
(26.23 kJ mol−1) change confirms endothermic nature
of Pb(II) adsorption onto SNR. The positive ΔS˚
(102.18 J mol−1 K−1) signify increasing randomness at
the solid–solution interface during the adsorption of
lead on SNR and reflects the affinity of the SNR
toward Pb(II) ion [37,38].

3.8. Mechanism

The uptake of a heavy metal ion (as in the present
case) is generally governed by the effect of attraction
between adsorbent and adsorbate due to physical or
chemical bonding. Numbers of adsorbents are
reported to exhibit physical bonding i.e. electrostatic
attraction while adsorbing targeted metal ion. How-
ever, in case of adsorbents possessing high uptake/
removal capacity for certain heavy metal ion, bonding
through chemical interaction/exchange, etc. has been
prevalent. It is most likely that the exceptionally high
Pb(II) removal capacity occurs due to chemical interac-
tion between Pb(II) containing solution and the active
groups or metal compounds present on surface of
SNR. The SEM image of Pb(II)-loaded SNR is shown
in Fig. 7((a)–(d)), showing high abundance of plate-
like hexagonal crystalline structures on SNR surface.
Apparently, numerous hexagonal rod-like crystals,
mostly ~5–10 μm in length and ~2–4 μm diameter, are
also present on the surface of SNR. Close examination

of a rod-like crystal exhibit hexagonal layers and
therefore, seem grown from stacking of hexagonal
plate crystals. The chemical composition as deter-
mined by bulk EDX of area shown in Fig. 7(a)
revealed the major element present on the SNR sur-
face to be Pb (83.86% by mass). Further, EDX of a rod
crystal (Fig. 7(c)) shows presence of ~90% Pb along
with small amount of manganese, carbon, and
Oxygen. The precipitation of Pb(II) as Pb(OH)2 is very
unlikely as the pH for precipitation of Pb2+ from a
1,000 mg L−1 solution is 7.69. The deposited Pb(II) on
SNR was further investigated for phase determination
by powder XRD of Pb(II)-loaded SNR, shown in
Fig. 8. The prominent peaks were identified as lead
carbonate hydroxide (Pb3(CO3)2(OH)2) or hydrocerus-
site (File no. 13-0131) having hexagonal structure. The
formations of PbCO3 may take place due to availabil-
ity of carbonate anions generated by dissociation of
MnCO3 of SNR in acidic solution. However, the
amount of CO2�

3 ions generated by SNR only is not
sufficient to remove such high quantity of Pb(II) and
likely to be supplied by atmospheric CO2. To investi-
gate the source of CO2, few experiments were carried
out in the inert atmosphere which showed decreased
removal of Pb(II) by 10–30%. This signify that Pb(II)
reacted with CO2�

3 generated by dissociation of
MnCO3 as well as atmospheric CO2 absorbed in Pb(II)
salt solution, to form hydrocerussite. Similar reactions
producing hydrocerussite have also been reported for
lead pigments in old paintings deteriorated by
atmospheric CO2 as well as metal carbonate solutions
[46,47].

Fig. 8. XRD pattern of Pb(II)-loaded SNR. All prominent
peaks are assigned to hydrocerussite phase (File no.
13-0131).
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3.9. Desorption studies

The overall metal removal efficiency of an adsor-
bent also depends on the metal elution/desorption
efficiency of the adsorbed metals. Elution/desorption
efficiency was defined in this study, as the ratio of the
mass desorbed from the SNR to the mass adsorbed
onto the SNR. The deionized water employed as elu-
ent and elution of adsorbed Pb(II) ions was investi-
gated in pH range of 2–7. Like the adsorption,
desorption of Pb(II) was also seen to depend upon the
pH of the eluent (Fig. 9). It is found that at eluent pH
of 2, ~86% Pb(II) could be desorbed/eluted, which
decreases with increasing pH of the eluent. Almost nil
desorption was seen at eluent pH of 7 or more. Elu-
tion studies indicates that Pb(II) adsorption on SNR is
not completely reversible and the Pb(II) ions that are
strongly adsorbed on the surface are not desorbed.

4. Conclusions

The sea nodules residue (SNR) was characterized
and investigated for adsorptive removal of Pb(II) from
aqueous solution. Characterization studies showed
SNR is amorphous in nature with high surface area
(66.7 m2 g−1). High-magnification SEM revealed fila-
mentous built of SNR particles. The SNR was found
highly efficient adsorbent of Pb(II) from aqueous solu-
tion. The adsorption equilibrium was found dependent
on initial concentration of Pb(II) ion: ~4 h for <500 Pb
(II) mg L−1 and 30 min for ≥500 mg L−1. Based on
regression analysis, pseudo-second-order kinetic was
found applicable for the Pb(II) adsorption indicating
chemisorption. The Pb(II) uptake data show good fit to

Langmuir isotherm than the Freundlich isotherm. The
maximum removal capacity of Pb(II) by SNR, deter-
mined by Langmuir model, was 840.34 mg g−1 at 303 K,
which improved to 2,500 mg g−1 at 323 K. The forma-
tion of lead carbonate hydroxide, confirmed by SEM
and XRD studies, during SNR-Pb(II) interaction in the
solution is responsible for high Pb(II) removal capacity
of SNR. Our study demonstrates environmental-
friendly application of SNR in a simple and economical
way. The findings of present work may contribute to
resolve the hazard associated with lead-contaminated
industrial effluents.
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