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a b s t r a c t

This paper reports NiO as a novel and an efficient adsorbent for the removal of Pb from aqueous solutions.
In the present investigation, Pb adsorption experiments on NiO were conducted on aqueous solution
at different initial Pb concentration, pH of the solution and adsorption temperature. The mechanism of
adsorption was observed to be an ion exchange between the surface proton and Pb in aqueous solution.
vailable online 20 February 2009

eywords:
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dsorption
iO

Experimental data were best described by the Langmuir isotherms. The surface structure of the NiO before
and after adsorption of Pb was analyzed by using FTIR spectroscopy, scanning electron microscopy (SEM)
coupled with energy dispersive X-ray analyses (EDX).

© 2009 Elsevier B.V. All rights reserved.
b
etal ions

. Introduction

Heavy metals and their compounds are widely used in industrial
pplications such as metallurgy, battery, paper and paint manu-
acturing [1]. The excessive use of the metal cations is increasing
heir amounts in the aquatic systems. Heavy metals are among the

ost important pollutants in waters. They are non-degradable and,
herefore, continue to accumulate in water bodies [2,3]. Because of
heir toxic properties and the tendency for bio-accumulation in the
ood chain, it is necessary to take effective measures to reduce the
oncentration levels of heavy metals in waters.

Various methods including precipitation, ion exchange and
dsorption [4–7] have been frequently practiced for the removal
f heavy metals from water. Among these methods, precipitation
s a simple, easily automated and widely applied process. However,
his method fails to reduce the metal concentration to low level
equired by water quality standards [8].

Lead (Pb) is also one of the potentially toxic trace metal whose
hysiochemical cycle has been substantially affected by human
ctivities. Lead is highly toxic when its concentration exceeds the
hreshold limit value (15 ppb) in drinking water. The environmen-

al chemistry of Pb has probably stimulated more scientific interest
han all other metallic elements combined [9,10].

Lead enters into water from mining, metallurgical pro-
esses, metal plating, phosphate fertilizer, lead storage batteries,

∗ Corresponding author. Tel.: +92 91 9218480; fax: +92 91 9216671.
E-mail address: naeeem64@yahoo.com (A. Naeem).
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electrodes, cables, ceramics, oil refinery, plumbing, building
construction, leaded gasoline, ammunition, lead based paints, pig-
ments and alloy industries [1]. The major source of Pb exposure
by the general population is drinking water [4]. The entrance of
Pb ion at elevated levels into the blood causes anemia, paraly-
sis, coma, kidney dysfunctions, brain damage, bone diseases, skin
and lung cancer, convulsion and even death. High blood lead lev-
els are associated with delayed puberty in girls and lead is also
harmful for women’s ability to reproduce. It is, therefore, neces-
sary to reduce the level of Pb in effluent before it is discharged into
the water body. Various processes for the separation of Pb from
water have been practiced [9,11]. This study was chosen because
NiO is an important material for several applications [12,13] and
has a greater tendency to remove the Pb ions from aqueous solu-
tion. This study is first of its nature and has not been reported
earlier.

2. Materials and methods

2.1. Analytical methods

All the reagents used in this study were of analytical grade.
Merck and BDH supplied lead nitrate and nickel oxide respec-
tively. Stock solutions of test reagents were prepared by dissolving

lead nitrate [Pb(NO3)2] in deionized water. The lead and nickel in
aqueous solution were determined by using a Perkin Elmer atomic
absorption spectrophotometer model AAnalyst 800 with a graphite
furnace tube atomizer, Zeeman background correction and an auto-
sampler.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:naeeem64@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.02.040
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Table 1
Dissolution of NiO as a function of pH at 303 ± 1K.

pH Ni (released) × 105 (mol g−1)

2 64.70
3 27.24
4 3.05
5 2.61
6 0.58
7 0.00
8 0.00
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9 0.00
10 0.00
11 0.00

.2. Dissolution of NiO

Dried sample of NiO (0.20 g) and 0.1 M NaNO3 solutions (40 mL)
ere mixed in different flasks. The initial pH of each solution was

djusted to 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 ± 0.10 using either 0.1 M
NO3 or NaOH. The suspensions were agitated in a shaker bath

or 24 h at 303 K. The suspensions were filtered and filtrates were
nalyzed for determination of Ni released from the NiO as a function
f pH.

.3. Adsorption experiments

The adsorption experiments of Pb on NiO were conducted at dif-
erent temperatures in polypropylene batch reaction vessels using
g L−1 NiO suspension. In most of the sorption studies initial pH
f the suspension was adjusted to 7.00 ± 0.10 to minimize the
otential experimental complication resulting from the precipi-
ation of the metal cation and dissolution of the adsorbent. The
eaction vessels were placed on rotating rack that provided gentle
30 rpm) end-over-end rotation for 24 h to attain a true equilib-
ium and final pH of the suspension was recorded. The suspension
as centrifuged, filtered through a 0.45 �m nylon filter and filtrate
as analyzed for Ni ions released and Pb adsorbed on NiO using

tomic absorption spectrophotometer. Similar adsorption experi-
ents were also conducted at different pH and temperatures of

he system. The system was purged with nitrogen gas to bub-
le out CO2 from the suspension. Solid residues were subjected
o FTIR and SEM/EDX analyses to probe the adsorption mecha-
ism.

. Results and discussion

.1. Characterization of NiO

The point of zero charge (PZC) and surface area of NiO deter-
ined by the salt addition and BET method are observed to be

.45 and 23 ± 2 m2 g−1 respectively. The PZC of NiO was observed
o decrease from 8.45 to 8.09 in between 303 and 333 K. Both the
alues of surface area and PZC are reasonably good compared to
he available data in the literature [14]. The dissolution study of
iO in the aqueous electrolyte solution was conducted at different
H values at 303 K (Table 1). As can be seen the dissolution of NiO
ecreases with the increase in pH of the system. However, we did
ot detect the release of Ni from NiO at pH 7.00 and above. Almost
imilar behaviors were observed for the dissolution of the oxides of
inc [14] and titanium [15].
.2. Adsorption of Pb

Preliminary adsorption kinetics experiments of NiO for Pb were
arried out in the temperature range of 298–323 K. The adsorption
quilibrium was established in 16 h. We used 24 h as an optimum
Fig. 1. Temperature effect on the adsorption of Pb2+on NiO at pH 7.00 ± 0.10.

agitation period to attain a true equilibrium condition for all the
subsequent batch adsorption experiments [16].

Adsorption isotherms were developed for NiO by measuring Pb
ion partitioning between the substrate and solution phase over a
wide range of concentration and temperature. The effect of tem-
perature on Pb adsorption at pH 7.00 is shown in Fig. 1. The extent
of Pb adsorption increases with the increase in temperature, which
may be correlated with a decrease in the positive surface charge
on account of the lowering of its PZC and the subsequent increase
in the number of neutral surface OH group [13,17]. It indicates that
adsorbate–adsorbent complex becomes more significant at higher
temperature [18,19].

We observed that the uptake of Pb increases with the increase in
initial concentration of Pb in aqueous solutions [20]. The increase
in initial concentration provides an important driving force to
overcome all mass transfer resistance of metal ions between the
aqueous and solid surface. Similar results were reported [18,21] for
the ion exchange removal of lead and other metal ions.

The pH of the suspension affects the degree of ionization, pre-
cipitation and the surface charge of adsorbent. Some experiments
of Pb adsorption on NiO were conducted by varying the initial pH
of the suspension (Fig. 2). The increase in the removal of Pb from
aqueous solution at high pH values is probably due to electrostatic
attraction as the solid surface acquires a negative charge because of
deprotonation [17,22]. The maximum removal of Pb from aqueous
solution at pH 8.00 is probably due to its precipitation [Pb(OH)2] on
the solid surface as the Pb has low solubility in the alkaline medium.
The equilibrium pH of the suspension decreases with the increase in
adsorption indicating the release of surface protons by the adsorbed
Pb ions.

From the preceding discussion, we propose the following tenta-
tive mechanisms for the removal of Pb from aqueous solution

Pb2+ + nSOH � (SO)nPb + nH+ (1)

Pb(OH)+ + nSOH � (SO)nPb(OH) + nH+ (2)

Pb2+ + 2H2O � Pb(OH)2 + 2H+ (3)
where S refers to the solid surface. To validate the proposed mech-
anisms for the removal of Pb from aqueous solution, we used Eq.
(4) to the experimental data in the form

log Kd = npHeq + constant (4)
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Table 2
The values of replaceable proton (n) for Pb2+ adsorption onto NiO at 303 ± 1K.

Pb2+ conc. (mg L−1) n-Values R2

10 0.93 0.999
15 1.19 0.997
20 1.06 0.981
25 1.16 0.978
30 1.21 0.991
40 0.94 0.977
50 0.68 0.996

Table 3
Langmuir and Freundlich parameters for Pb2+ adsorption by NiO at pH 7.00 ± 0.10.

Temp (K) Langmuir isotherm Freundlich isotherm Separation
factor (RL)

Xm × 105

(mol g−1)
K (L g−1) R2 log K 1/n R2

298 5.28 25461.16 0.98 1.56 0.69 0.97 0.58–0.13
303 5.52 29732.39 0.99 1.46 0.69 0.97 0.54–0.11
Fig. 2. pH effect on the adsorption of Pb2+on NiO at 303 ± 1K.

here Kd (X/Ce) is the distribution coefficient, n represents the
umber of replaceable protons from the solid surface.

The log–log plots of Kd vs pH given in Fig. 3 show a linear behav-
or, with coefficient of correlation ≥ 0.97. One can observe from this
gure that the values of Kd increase with increase in pH indicating
he more uptake of Pb at higher pH values. The values of n deter-

ined from the slopes are nearly equal to one suggesting the cation
xchange removal of Pb from aqueous solution according to reac-
ion (2). Thus, the singly charged (PbOH+) ion is easily adsorbed than
he doubly charged M2+ because of steric hindrance. The decrease
n the value of n from almost unity to 0.68 (Table 2) for the highest
oncentration indicating the onset of Pb precipitation in the form

f Pb(OH)2 as suggested by reaction (3). Thus, the cation exchange
rocess changes into the precipitation when the initial concentra-
ion of Pb is reached to 50 mg L−1. Similar adsorption mechanism
as reported elsewhere [18,23].

Fig. 3. Plots between log Kd and pH for Pb2+ adsorption on NiO at 303 ± 1K.
308 6.12 32077.69 0.99 1.40 0.69 0.98 0.53–0.11
313 6.46 41887.51 0.99 1.34 0.68 0.98 0.46–0.08
323 6.62 78076.53 0.98 1.22 0.67 0.98 0.29–0.04

3.2.1. Langmuir model
The Langmuir model [13,17] assumes that the adsorption results

in monolayer coverage and all the adsorption sites are equiva-
lent and solute immobilization occurs without mutual interaction
between the neighboring adsorbed molecules. The linear version
of the Langmuir model mathematically can be described as

Ce

X
= 1

KXm
+ Ce

Xm
(5)

where Ce is the Pb equilibrium concentration in aqueous phase, X
is the amount of Pb adsorbed per unit mass of the NiO, K and Xm

are the Langmuir constants. The Langmuir plots (Fig. 4) appear to
be the best fitting model with correlation coefficient (R2) ≥ 0.98.

The values of sorption maxima (Xm) and binding energy constant
(K) indicating that the values of K increase with the correspond-
ing increase in sorption maxima (Table 3). The values of both the
parameters (Xm and K) increase with the rise in temperature, which
reveal endothermic behavior of the adsorption process. The val-
ues of Xm are in nice agreement with the results obtained from
the adsorption isotherm. The adsorption capacity (Xm) of NiO given

in Table 3 is comparable in magnitude with the sorption capacity
(3.9 × 10−5 mol g−1) of silica [24]. Moreover, the values of bind-
ing constant are in the same range as reported for other metal
oxides/hydroxides [14,17].

Fig. 4. Langmuir plots of Pb2+ adsorption on NiO at pH 7.00 ± 0.10.
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Fig. 5. Freundlich plots of Pb2+ adsorption on NiO at pH 7.00 ± 0.10.

.2.2. Freundlich model
The Freundlich model [13] is frequently used for the ener-

etically heterogeneous adsorption sites. The logarithmic form of
reundlich isotherm is represented as follows

og X = log KF + 1
n

log Ce (6)

here KF is the Freundlich adsorption capacity and 1/n refers to the
reundlich adsorption intensity parameter. The rest of the terms
ave their usual meanings as described in Langmuir isotherm.

The plots of log X vs log Ce for adsorption of Pb onto NiO (Fig. 5)
ere employed to determine the intercept values of log KF and the

lope of 1/n. The values of Freundlich constant (log KF) change from
.56 to 1.22 when the temperature is changed from 298 to 323 K
Table 3). Moreover, the values of 1/n at equilibrium are found to
e 0.67–0.69, which indicate that the Pb has good adsorption onto
iO. As reported elsewhere [17] the values of 1/n < unity reflecting

he favorable adsorption.

The dimensionless separation factor (RL) for the adsorption

sotherms was calculated from the following relationship [25–27]:

L = 1
(1 + KCi)

(7)

Fig. 6. FTIR spectrum of NiO (a) befo
Fig. 7. Plots of (Ce)� vs 1/T for Pb2+ adsorption on NiO at pH 7.00 ± 0.10.

where K (L mol−1) is the Langmuir binding constant; Ci (mol L−1)
is the initial metal concentration in the solution and RL indicates
the shape of isotherm. If the process is irreversible RL > 0, favorable
0 < RL < 1, linear RL = 1, unfavorable RL > 1 [25].

In the present case, the values of RL are greater than 0 and lesser
than 1 at different temperatures indicating the favorable adsorption
of Pb2+ onto NiO in aqueous solution. The correlation coefficients
(R2) given in Table 3 indicate that the Langmuir model exhibits rela-
tively better fit to the experimental data compared to the Freundlich
isotherms.

3.3. Spectroscopic studies

The solid residues of the adsorbent before and after adsorption of
Pb2+ were subjected to SEM/DX and FTIR analyses. The IR spectrum
of NiO (Fig. 6) shows the peaks at 480, 1350, 1640, 2450, 2920 and
3630 cm−1, which are the characteristic peaks of NiO. We observed
that the IR spectrum of NiO before and after adsorption of Pb were

−1
almost the same except the appearance of a new peak at 670 cm
after Pb adsorption. This new peak may be assignable to the Pb-O
stretching vibration. The EDX analysis showed the presence of Pb
in the Pb impregnated NiO which corroborates the results obtained
from the adsorption studies. Thus, the spectroscopic techniques val-

re and (b) after Pb adsorption.
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Table 4
Isosteric heats of adsorption (�H) at different surface coverages (�).

� × 105 (mol g−1) �H (kJ mol−1)

1.7 30.34
2.1 32.73
2.5 45.48
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[26] A. Corami, S. Mignardi, V. Ferrini, Cadmium removal from single- and multi-
.9 50.32

.3 52.18

.7 50.61

.1 47.04

date the evidence that the Pb is chemisorbed onto the surface of
iO.

.4. Isosteric heats of adsorption

The isosteric heats of adsorption (�H) were determined from
he adsorption experiments conducted at different temperatures.

well-known Eq. (8) is applied to the adsorption data to calculate
he isosteric heat of adsorption (�H)

n[Ce]� = �H

RT
+ constant (8)

here Ce is the remaining concentration of Pb corresponding to the
onstant amount (�) of Pb adsorbed.

The isosteric heats of adsorption (�H) derived from the slopes of
he ln(Ce)� vs 1/T (Fig. 7) are given in Table 4. The variation in the �H
alues (Table 4) with surface loading indicates that the NiO surface
s energetically heterogeneous. It is inferred from the adsorption
nthalpy data that Pb adsorption by NiO is endothermic suggesting
hat more heat is required to shift the Pb ions from aqueous solution
nto the solid phase [19].

. Conclusions

The solution pH is found to play a decisive role in the metal
ons precipitation, surface dissolution and adsorption of metal ions
nto the NiO. The mechanism of Pb adsorption changes from sim-
le cation exchange to precipitation with the increase in pH and Pb
oncentration in the system. The Langmuir model fitted the exper-
mental equilibrium data reasonably well. The positive values of
he isosteric heats of adsorption confirm the endothermic behavior
f the adsorption reaction. The spectroscopic results augment the
onclusions drawn from the adsorption isotherms.

eferences
[1] A. Ozverdi, M. Erdem, Cu2+, Cd2+ and Pb2+ adsorption from aqueous solution by
pyrite and synthetic iron sulphide, J. Hazard. Mater. 137 (2006) 626–632.

[2] E.H. Larbi, A. Laghzizil, A. Saoiabi, P. Barboux, M. Meyer, S. Brandes, R. Guilard,
Some factors affecting the removal of lead (II) ions from aqueous solution by
porous calcium hydroxyapatite, Adsorpt. Sci. Technol. 24 (2006) 507–516.

[

Materials 168 (2009) 364–368

[3] I. Christl, R. Kretzschmar, Comparative sorption of copper and lead at the oxide
water interface: implications for surface site density, Geochim. Cosmochim.
Acta 63 (1999) 2929–2938.

[4] S. Mustafa, S. Tasleem, A. Naeem, M. Safdar, Solvent effect on the electrophoretic
mobility and adsorption of Cu on iron oxide, Colloid Surf. A 330 (2008) 8–
13.

[5] S. Mustafa, K.H. Shah, A. Naeem, M. Waseem, M. Tahir, Chromium(III) removal
by weak acid exchanger amberlite IRC-50 (Na), J. Hazard. Mater. 160 (2008) 1–5.

[6] S. Tunali, T. Akar, A.S. Ozcan, I. Kiran, A. Ozcan, Equilibrium and kinetics of
biosorption of lead (II) from aqueous solutions by cephalosporium aphidicola,
Sep. Purif. Technol. 47 (2006) 105–112.

[7] C. Lao, Z. Zeledon, X. Gamisans, M. Sole, Sorption of Cd(II) and Pb(II) from aque-
ous solution by a low rank coal (leonardite), Sep. Purif. Technol. 45 (2005)
79–85.

[8] C.L. Carnes, J. Stipp, K.J. Klabunde, Characterization and adsorption studies of
nanocrystalline copper oxide and nickel oxide, Langmuir 18 (2002) 1352–1359.

[9] C.H. Lai, C.Y. Chen, B.L. Wei, C.W. Lee, Adsorption characteristics of cadmium
and lead on the goethite-coated sand surface, J. Environ. Sci. Health A36 (2001)
747–763.

10] W. Shotyk, M. Karachler, Lead in bottled waters: communication from glass
and comparison with pristine groundwater, Environ. Sci. Technol. 41 (2007)
3508–3513.

[11] A. Naeem, J.B. Fein, J.R. Woertz, Experimental measurement of proton, Cd, Pb,
Sr, and Zn adsorption onto the fungal species Saccharomyces cerevisiae, Environ.
Sci. Technol. 40 (2006) 5724–5729.

12] A. Naeem, M.T. Saddique, S. Mustafa, S. Tasleem, M. Safdar, H. Marwat, Cation
exchange behaviour of NiO, J. Chem. Soc. Pak. 30 (2008) 678–682.

13] A. Naeem, P. Westerhoff, S. Mustafa, Vanadium removal by metal (hydr) oxide
adsorbents, Water Res. 41 (2007) 1596–1602.

14] S. Mustafa, P. Shahida, A. Naeem, B. Dilara, Sorption studies of divalent metal
ions on ZnO, Langmuir 18 (2002) 2254–2259.

15] S.H. Qian, X.Q. Li, H. Lin, M. Xiao, H.B.D.L.J. Xiang, Preconcentration of the ultra
trace cadmium with nanometer size TiO2 colloid and determination by GFAAS
with slurry samples, Chin. Chem. Lett. 17 (2006) 933–936.

16] B.H. Jeon, B.A. Dempsey, W.D. Burgos, R.A. Royer, Sorption kinetics of Fe (II),
Zn (11), Co(11), Ni(11), Cd (11), and Fe (II)/Me (II) onto hematite, Water Res. 37
(2003) 4135–4142.

17] M.A. Anderson, A.J. Robin, Adsorption of inorganic at solid liquid interfaces,
Ann. Arbor Sci. Pub. Ann. Arbor MI (1981) 212.

18] S. Mustafa, S. Murtaza, A. Naeem, Ion exchange sorption of Pb2+ ions on CrPO4,
Environ. Technol. 26 (2005) 353–359.

19] A. Naeem, S. Mustafa, B. Dilara, Isosteric heat of metal ions sorption by FePO4,
J. Chem. Soc. Pak. 29 (2007) 286–289.

20] Z. Yongjie, C. Yin, C. Zheng, W. Wang, G. Wang, A simple method to synthesize
NiO fibers, J. Solid State Chem. 177 (2004) 2281–2284.

21] Z.S. Kooner, Comparative study of adsorption behavior of copper, lead and zinc
onto goethite in aqueous systems, Environ. Geol. 21 (1993) 242–250.

22] P. Jonas, J. Sypecka, P. Mlckovska, P. Kuran, V. Pilarova, Removal of metal ions
from aqueous solutions by sorption onto untreated low rank coal (oxihumolite),
Sep. Purif. Technol. 53 (2007) 322–329.

23] S.B. Kanungo, S.S. Tripathy, S.K. Mishra, B. Sashoo, Rajeev, Adsorption of Co2+,
Ni2+, and Zn2+ onto amorphous hydrous manganese dioxide from simple elec-
trolyte solution, J. Colloid Interface Sci. 269 (2004) 11–21.

24] F. Unob, B. Wongsiri, N. Phaeon, M. Puanngam, J. Shiowatana, Reuse of waste
silica as adsorbent for metal removal by iron oxide modification, J. Hazard.
Mater. 142 (2007) 455–462.

25] D. Mohan, K.P. Singh, V.K. Singh, Removal of hexavalent chromium from aque-
ous solution using low-cost activated carbons derived from agricultural waste
materials and activated fabric cloth, Ind. Eng. Chem. Res. 44 (2005) 1027–1042.
metal (Cd + Pb + Zn + Cu) solutions by sorption on hydroxyapatite, J. Colloid
Interface Sci. 317 (2008) 402–408.

27] A. Corami, S. Mignardi, V. Ferrini, Copper and zinc decontamination from single-
and binary-metal solutions using hydroxyapatite, J. Hazard. Mater. 146 (2007)
164–170.


	Cation exchange removal of Pb from aqueous solution by sorption onto NiO
	Introduction
	Materials and methods
	Analytical methods
	Dissolution of NiO
	Adsorption experiments

	Results and discussion
	Characterization of NiO
	Adsorption of Pb
	Langmuir model
	Freundlich model

	Spectroscopic studies
	Isosteric heats of adsorption

	Conclusions
	References


