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bstract

The adsorption of lead onto valonia tannin resin studied using a batch adsorber. The aim of this study was to understand the mechanisms that
overn lead removal and find a suitable equilibrium isotherm and kinetic model for the lead removal in a batch reactor. The experimental isotherm
ata were analyzed using the Langmuir, Freundlich, Temkin and Dubinin–Radushkevich equations. The equilibrium data fit well the Langmuir
sotherm. The experimental data were analyzed using four adsorption kinetic models – the pseudo first- and second-order equations, the Elovich
quation and intraparticle diffusion equation – to determine the best fit equation for the adsorption of lead-ions onto valonia tannin resin. The
haracteristic parameters for each kinetic models have been determined and the correlation coefficients have been calculated in order to assess

hich model provides the best fit predicted data with experimental results. Also, predicted qt values from the kinetic equations were compared with

he experimental data. Results show that the pseudo second-order equation provides the best correlation for the adsorption process. Adsorption
echanism was also proposed for the adsorption of lead-ions onto valonia tannin resin.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Industrialization in many regions has increased the dis-
harge of industrial wastes, especially those containing heavy
etals, into water bodies or on land. The presence of heavy
etals in the aquatic ecosystem poses human health risks

nd causes harmful effects to living organisms in water and
lso to the consumers of them. The wastewater from mining,
ainting and printing processes, plumbing, automobile battery
nd petrochemical industries contains undesired amounts of
b(II) ions. In industrial wastewaters, lead-ion concentrations
pproach 200–500 mg/L; this concentration is very high in rela-
ion to water quality standards, and lead-ion concentration of
astewaters must be reduced to a level of 0.05–0.10 mg/L before

ischarge to water ways or sewage systems [1,2].

Many methods have been used to remove the heavy metals
rom wastewaters, namely, coagulation, precipitation, flotation,
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olvent extraction, membrane filtration, reverse osmosis, ion
xchange, adsorption, etc. have been reported in the literature,
ut few of them were accepted due to cost, low efficiency, dis-
osal of sludge, inapplicability to a wide range of pollutants.
he adsorption process is one of the effective methods used

o remove heavy metals from aqueous solution. Activated car-
on has long been used as a highly efficient adsorbent for the
emoval of numerous heavy metals from water [3]. However, it is
n expensive material but regeneration is relatively easy, but this
dds to the operational costs. Up to now, numerous experimental
tudies on Pb2+ adsorption by clays [4], activated phosphate [5],
hitosan nanoparticles [6], peat or peat resin [7,8], sawdust [9],
ondensed tannin resin [10,11], etc. have been published.

Tannins have multiple adjacent phenolic hydroxyls and
xhibit specific affinity to metal ions. Thus they can be used
s an alternative and effective adsorbent for the removal and
ecovery of metal ions from water. However, tannins are water-

oluble compounds, thus when they are used directly as an
dsorbent for recovery of metal from aqueous systems, they
ave the disadvantage of being dissolved by water. To overcome
his drawback, various immobilization attempts tired have cited

mailto:mozacar@hotmail.com
dx.doi.org/10.1016/j.cej.2007.12.005
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n elsewhere [12]. The gallic acid units of gallotannin are reac-
ive with formaldehyde due to the strong nucleophilicity of their
ing, and are available to complex or ion exchange with metal
ons because of the hydroxyls groups present in their rings. In
he literature, some researchers synthesized sorbents from com-

ercial condensed tannin extracts and applied them in removal
f heavy metals such as uranium, americium, copper, chromium,
admium, vanadium and lead [11,13–17]. These examinations
nclude determination of sorbent capacity, influence of operating
arameters and, some of them, presumption of binding mecha-
isms. Condensed tannins were also used as adsorbent starting
aterials in all of these studies. But the studies of sorption kinet-

cs in the removal of metal ions from effluents using tannin-based
orbent have not been reported.

This paper primarily focused on the adsorption kinetics of
alonia tannin resin (VTR, hydrosable tannin). The batch agi-
ation studies were performed to investigate the influence of
nitial lead concentration on the adsorption rate. Four kinetic

odels including pseudo first- and second-order equations, the
lovich equation and Intraparticle diffusion equation were used

o describe the adsorption process. The adsorption isotherm was
easured in order to evaluate the discrepancy between the exper-

mental data and the theoretical equilibrium capacity predicted
rom the kinetic equations. These fundamental data will be use-
ul for further applications in the treatment of practical waste or
rocess effluents.

. Materials and methods

.1. Materials

The commercial valonia tannin (VT) extract was obtained
rom Tuzla Dericiler Sanayi Sitesi, İstanbul-Türkiye. The tannin
ontent of the extract was determined to be 70% as gallotannin
ccording to the Prussian Blue-test [18] and the Rhodanine-test
19]. The extract which is considered its tannin content was used
n the polymerization experiments without further purification.
ll other chemicals used in the studies were analytical grade

nd obtained from Merck Chemical Co.

.2. Preparation of valonia tannin resin (VTR)

11.45 g of commercial valonia extract powder correspond-
ng to a hydrolysable tannin powder (8 g or 6.80 × 10−3 mol of
allotannin) was added to 50 mL of 13.3N (0.665 mol) aque-
us ammonia, followed by stirring for 5 min to dissolve it.
o the resulting solution was added 65 mL of an aqueous
olution containing 37% formaldehyde (0.874 mol), followed
y stirring for 5 min for uniform mixing. When this stirring
as stopped, a yellow precipitate formed. After the resulting

iquid containing the precipitate was stirred for 30 min, and
hen the formed suspension was filtered through filter paper.
he precipitate thus obtained was added to 50 mL distilled

ater, and heated at 343 K for 3 h with stirring to remove

ree formaldehyde. The heated suspension was filtered. Sub-
equently, the precipitate thus obtained was added to 100 mL
f 0.1N HNO3, followed by stirring for 30 min. The liquid

w
p
f
d
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ontaining the precipitate is mixed with mineral acid such as
itric, hydrochloric and sulfuric acid to make the precipitate
nsoluble in acidic and basic medium. Finally, the HNO3 solu-
ion was filtered and washed with distilled water, followed by
rying the filtered precipitate at 353 K to thereby obtain an
nsoluble tannin resin. The valonia tannin (hydrolysable tannin)
esin (VTR) was sieved to give different particle size frac-
ions using ASTM standard sieves, and 75–100 �m particle
ize was used in the adsorption experiments. The BET specific
urface area was measured to be 11.70 m2/g from N2 adsorp-
ion isotherms with a sorptiometer (Micromeritics FlowSorb
I-2300).

.3. Adsorption studies

The lead solutions were prepared by dissolving the Pb(NO3)2
n appropriate amounts in distilled water. In the determination of
quilibrium adsorption isotherm, 0.1 g VTR and 100 mL of the
hosen desired concentration of Pb(NO3)2 solutions were trans-
erred in 250 mL flask, and shaken on a horizontal bench shaker
Nüve SL 250), operating at 200 rpm, for 180 min (the time
equired for equilibrium to be reached between Pb2+ adsorbed
nd Pb2+ in solution) using a bath to control the temperature
t 298 ± 2 K. The experiments were performed at the initial pH
of lead solution which was found to be optimum pH in pre-

ious studies (results not shown). The pH of the solutions was
djusted with HCl or NaOH solution by using a pH meter. At
he end of the adsorption period, the samples (5 mL) were taken
nd centrifuged for 15 min at 5000 rpm and then analyzed using
AS equipped with an auto-sampler (Shimadzu AA6701F). The

mount of adsorption at equilibrium, qe (mmol/g), was com-
uted as follows:

e = (C0 − Ce)V

W
(1)

here C0 and Ce are the initial and equilibrium solution con-
entrations (mmol/L), respectively, V the volume of the solution
L) and W is the weight of VTR used (g).

In the experiments of batch kinetic adsorption, 2 L of the
hosen desired concentration of Pb(NO3)2 solutions were placed
n jar-test apparatus together with 2 g VTR and mixed at 150 rpm.
t predecided intervals of time, samples were taken, and their

oncentrations were determined.

.4. FTIR Studies

FTIR spectra were recorded on a Mattson Intensity Series
TIR spectrophotometer. The samples were prepared after
emoving the supernatant, and a portion of the residue was
ltered through 0.45 �m Millipore membrane filters. The
emaining portion was dried at 353 K for 4 h. Potassium bro-
ide disks were prepared by mixing 1 mg of these samples

ith 200 mg of KBr (spectrometry grade) at 10,000 kg/cm2

ressure for 30 min under vacuum. The spectra were recorded
rom 4000 to 400 cm−1 (100 scans) on samples in KBr
isks.
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The linear form of the Freundlich, Temkin and
Dubinin–Radushkevich isotherms can be expressed by
4 M. Özacar et al. / Chemical En

. Results and discussion

.1. Equilibrium studies

The successful representation of the dynamic adsorptive sep-
ration of solute from solution onto an adsorbent depends upon
good description of the equilibrium separation between the

wo phases. By plotting solid phase concentration against liq-
id phase concentration graphically it is possible to depict
he equilibrium adsorption isotherm. Fig. 1 shows the equilib-
ium adsorption of lead (qe versus Ce) using VTR. The plot
f lead uptake against equilibrium concentration indicates that
dsorption increases initially with concentration but then reaches
aturation. The decrease in the curvature of the isotherm, at it
ends to a monolayer, as the Ce values increase considerably for
small increase in qe, is possibly due to the less active sites being
vailable at the end of the adsorption process and/or the diffi-
ulty of the edge solutes in penetrating the adsorbent, lead-ions
artially covering the surface sites of VTR.

Adsorption isotherms are important for the description of how
olecules or ions of adsorbate interact with adsorbent surface

ites and also, are critical in optimizing the use of adsorbent.
ence, the correlation of equilibrium data using either a the-
retical or empirical equation is essential for the adsorption
nterpretation and prediction of the extent of adsorption. Four
sotherm equations have been tested in the present study, namely,
angmuir, Freundlich, Temkin and Dubinin–Radushkevich.

The Langmuir adsorption isotherm is based on the assump-
ion that all adsorption sites are equivalent and adsorption in an
ctive sites is independent of whether the adjacent sites is occu-
ied or not. The data of the uptake of lead has been processed
n accordance with the Langmuir isotherm equation [20–22]:

e = KLCe

1 + aLCe
(2)
linear form of this expression is:

Ce

qe
= 1

KL
+ aL

KL
Ce (3)

ig. 1. Equilibrium isotherms of lead on VTR. Conditions: 75–100 �m particle
ize, 0.1 g/100 mL dose, 298 K temperature and pH 4.
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here qe (mmol/g) and Ce (mmol/L) are the amount of adsorbed
ead per unit weight of adsorbent and unadsorbed lead concentra-
ion in solution at equilibrium, respectively. The constant KL is
he Langmuir equilibrium constant and the KL/aL gives the the-
retical monolayer saturation capacity, Q0. Therefore, a plot of
e/qe versus Ce gives a straight line of slope aL/KL and intercepts
/KL.

The values of the Langmuir constants aL, KL and Q0 with the
orrelation coefficient are listed in Table 1 for the lead–VTR sys-
em and the theoretical Langmuir isotherm is plotted in Fig. 1
ogether with the experimental data points. The value of the
orrelation coefficient is higher than the other three isotherms
alues. In all cases, the Langmuir equation represents the best fit
f experimental data than the other isotherm equation (Fig. 1).
he monolayer saturation capacity, Q0, is 0.668 mmol/g. The

ead adsorption capacities of some adsorbents are given in
able 2. It is seen from Table 2 that the capacity of VTR is
etter than most of the adsorbents reported in the literature.

The other isotherms [20,22–26] tested in the present study
re represented by Eqs. (4)–(6):

Freundlich isotherm:

qe = KFC1/n
e (4)

Temkin isotherm:

qe = RT

b
ln (ACe) (5)

Dubinin–Radushkevich isotherm:

qe = qme−βε2
(6)
able 1
angmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherm constants

angmuir
KL (L/g) 53.19
aL (L/mmol) 79.53
Q0(mmol/g) 0.668
r2 0.999

reundlich
KF (L/g) 0.746
n 6.266
r2 0.900

emkin
B 0.070
A (L/g) 21,406
r2 0.965

ubinin–Radushkevich
qm (mmol/g) 0.669
β (mmol2/J2) 4 × 10−9

r2 0.976

onditions: 75–100 �m particle size, 0.1 g/100 mL dose, 298 K temperature and
H 4.
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Table 2
Monolayer adsorption capacities (Q0 in mg/g) in the literature for adsorption of
Pb2+ on various adsorbents

Adsorbent Q0 (mg/g) Reference

Chitosan nanoparticles 398 [6]
Condansed tannin gel 190 [59]
Activated phosphate 155 [5]
Valonia tannin resin 138.3 (0.668 mmol/g) This study
Chitosan 115.5 (0.558 mmol/g) [60]
Natural phosphate 115 [5]
Condansed tannin resin 114.9 [11]
Modified rice husk 108 [61]
Peat 103.1 [62]
Zeolite 70.58 [63]
PHEMA/chitosan membranes 68.81 [64]
Gelidium algae 64 [1]
Ethanol-treated yeast biomass 60.24 [65]
Activated carbon (Sorbo-Norit) 54.10 [66]
Bacteria modified activated carbon

(Sorbo-Norit)
54.10 [66]

Modified peat-resin particles 47.39 [7]
Algal waste 44 [1]
Live biomass 35.69 [67]
Bacteria modified activated carbon

(Merck)
26.40 [66]

Humic acid 22.70 [68]
Activated carbon (Merck) 21.50 [66]
Coir 19.87 (0.096 mmol/g) [21]
Carbon nanotubes 17.44 [69]
Jute 17.18 (0.083 mmol/g) [21]
Sawdust 12.63 (0.061 mmol/g) [21]
Groundnut shells 12.21 (0.059 mmol/g) [21]
Goethite 11.04 [68]
Montmorillonite 10.40 [68]
S
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qs. (7)–(9), respectively:

og qe = log KF + 1

n
log Ce (7)

e = B ln A + B ln Ce (8)

n qe = ln qm − βε2 (9)

here B = RT/b, KF is the Freundlich constant, n the Fre-
ndlich exponent, A and B are the Temkin constants, qm the
ubinin–Radushkevich monolayer capacity (mmol/g), β a con-

tant related to adsorption energy, and ε is the Polanyi potential
hich is related to the equilibrium concentration as follows:

= RT ln

(
1 + 1

Ce

)
(10)

here R is the gas constant (8.31 J/mol K) and T is the absolute
emperature. The constant β gives the mean free energy, E, of
orption per molecule of the sorbate when it is transferred to
he surface of the solid from infinity in the solution and can be

omputed using the relationship [25,26]:

= 1√
2β

(11)
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F and n can be determined from the linear plot of log qe ver-
us log Ce. The values of the Freundlich constants together
ith the correlation coefficient are presented in Table 1 and the

heoretical Freundlich equation is shown in Fig. 1. The value
f correlation coefficient is much lower than the other three
sotherm values. In all cases, the Freundlich equation repre-
ents the poorest fit of experimental data than the other isotherm
quation (Fig. 1).

The adsorption data can also be analyzed according to Eq.
7). Therefore a plot of qe versus ln Ce enables one to deter-
ine the constants A and B. The values of the Temkin constants
and B are listed in Table 1 and the theoretical plot of this

sotherm is shown in Fig. 1. The correlation coefficient is also
isted in Table 1 and is higher than the Freundlich value but lower
han Langmuir and Dubinin–Radushkevich value. Therefore,
he Temkin equation only represents a better fit of experimental
ata than the Freundlich equation but not in the cases of both
angmuir and Dubinin–Radushkevich equations (Fig. 1).

The Dubinin–Radushkevich constants are calculated and
iven in Table 1 and the theoretical Dubinin–Radushkevich
sotherm is plotted in Fig. 1 together with the experimental
ata points. Also, the correlation coefficient has been determined
nd is shown in Table 1 and the value of correlation coefficient
s higher than both Freundlich and Temkin values but lower
han Langmuir value. Therefore, the Dubinin–Radushkevich
quation represents a better fit of experimental data than both
reundlich and Temkin equations but not in the case of Langmuir
quation (Fig. 1).

As seen from Table 1 and Fig. 1, the Langmuir isotherm
hows a better fit to adsorption data than the other isotherm
quations. The fact that the Langmuir isotherm fits the experi-
ental data very well may be due to homogenous distribution

f active sites on the VTR surface; since the Langmuir equation
ssumes that the surface is homogenous [20]. This situation may
e explained based on the structure of VTR, containing of same
urface reactive OH groups such as pyrogallol groups binding
ead-ions.

.2. Kinetic studies

Effects of contact time and initial lead concentration on
dsorption of Pb2+ by VTR are shown in Fig. 2. The amount
f Pb2+ adsorbed increased with increase in contact time and
eached equilibrium after 90 min. The equilibrium time is inde-
endent of initial lead concentration. But in the first 30 min,
he initial rate of adsorption was greater for higher initial lead
oncentration. Because the diffusion of lead-ions through the
olution to the surface of adsorbent is affected by the lead con-
entration, since mixing speed is constant. An increase of lead
oncentration accelerates the diffusion of Pb2+ from the solu-
ion onto adsorbent due to the increase in the driving force of
he concentration gradients [20].

The mechanism of adsorption often involves chemical reac-

ion between functional groups present on the adsorbent surface
nd the metal ions or hydrolysed species. This involves, inmost
ases, formation of metal organic complexes or cation exchange
eactions because of high cation exchange capacity of the
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ig. 2. Adsorption kinetics of lead on VTR at different initial lead concentration.
onditions: 75–100 �m particle size, 2 g/L dose, 298 K temperature and pH 4.

dsorbents. Other possible mechanisms involve mass-transport
rocesses, bulk transport in the liquid phase, diffusion across
he liquid film surrounding the adsorbent particles, and diffusion
nto micropores and macropores. The important characteristics
f the adsorbent that determine equilibrium capacity and rate
re the surface area, the physicochemical nature of the surface,
he availability of that surface to adsorbate molecules or ions,
he physical size and from of the adsorbent particles. System
arameters such as pH, temperature and mixing speed can also
arkedly influence the adsorption as they affect one or more of

bove parameters [27–29].
Up to now, several kinetic models such as the pseudo first- and

econd-order equations, the Elovich equation and intraparticle
iffusion equation are used to examine the controlling mecha-
ism of adsorption process, such as chemical reaction, diffusion
ontrol and mass transfer. Those models have been applied in
ertain specific cases [23,27,30–32].

The linear pseudo first-order equation is given as follows:

og (qe − qt) = log qe − k1

2.303
t (12)

here qt and qe are the amounts of lead adsorbed at time t and
t equilibrium (mmol/g), respectively, and k1 is the rate constant
f pseudo first-order adsorption process (1/min). The slopes and
ntercepts of plots of log (qe − qt) versus t were used to deter-
ine the first-order rate constant k1 and equilibrium adsorption

ensity qe. A comparison of the results with the correlation coef-
cients is shown in Table 3. The correlation coefficients for the
rst-order kinetic model obtained at all the studied concentra-

ions were low. It was also observed in the present work that qe
alues computed from the Lagergren plots deviated considerably
rom the experimental qe values. This indicates that pseudo first-
rder equation might not be sufficient to describe the mechanism
f Pb2+–VTR interactions [27].
The pseudo second-order equation [27,30–34], given by

dqt

dt
= k2(qe − qt)

2 (13)
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gin; if not, the boundary layer diffusion controls the adsorption
to some degree and this further that the intraparticle diffusion is
not the only rate controlling step, but also other processes may
control the rate of adsorption [37,38]. It can be deduced from
ig. 3. Plot of the pseudo second-order equation for the adsorption kinetics of
ead on VTR at different initial concentration.

here k2 is the pseudo second-order rate constant (g/mmol min)
s applicable. For the boundary conditions t = 0 to t = t and qt = 0
o qt = qt, the integrated form of equation is

1

(qe − qt)
= 1

qe
+ k2t (14)

hich can also be rearranged to obtain a linear form:

t

qt

= 1

k2q2
e

+ 1

qe
t (15)

f the pseudo second-order equation is applicable, the plot of t/qt

ersus t gives a linear relationship, which allows computation
f k2 and qe without having to know any parameter beforehand.
he pseudo second-order model based on the Eq. (15), which
onsiders the rate-limiting step as the formation of chemisorp-
ive bond involving sharing or exchange of electrons between
dsorbate and the adsorbent, was therefore applied. The plot of
/qt versus t (Fig. 3) yields very good straight lines for differ-
nt initial lead concentrations. Table 3 lists the computed results
btained from the second-order equation. The correlation coef-
cients for the second-order kinetic equation were greater than
.999 for all concentrations. The calculated qe values also agree
ery well with the experimental data. These indicate that the
dsorption system studied belongs to the second order kinetic
odel.
The adsorption data may also be analyzed using the Elovich

quation [27,31,35,36], which has the linear form:

t = 1

β
ln (αβ) + 1

β
ln t (16)

here α is the initial sorption rate constant (mmol/g min), and
he parameter β is related to the extent of surface coverage and
ctivation energy for chemisorption (g/mmol).

The constants can be obtained from the slope and intercept
f the plot of qt versus ln t. In this case, a linear relationship
as obtained between Pb2+ adsorbed, qt, and ln t over the whole
dsorption period, with correlation coefficients between 0.844
nd 0.977 for all the lines (Table 3). Also Table 3 lists the
inetic constants obtained from the Elovich equation. In the
ase of using the Elovich equation, the correlation coefficients
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re lower than those of the pseudo second-order equation. The
lovich equation does not predict any definite mechanism, but

t is useful in describing adsorption on highly heterogeneous
dsorbents [27]. This situation indicates that the Elovich equa-
ion might not be sufficient to describe the mechanism, since
TR possesses highly homogenous surface active sites such as
yrogallol groups.

The variation in the amount of adsorption with time at dif-
erent initial metal ion concentrations can be used to evaluate
he role of diffusion in the adsorption process. The intraparticle
iffusion rate constant (kp) is given by the equation [23,27,32]:

t = kpt
1/2 (17)

here kp is the intraparticle diffusion rate constant
mmol/g min1/2). Such plots may present a multilinearity
23,32], indicating that two or more steps take place. The
rst, sharper portion is attributed to the diffusion of adsorbate

hrough the solution to the external surface of adsorbent or
he boundary layer diffusion of solute molecules or ions. The
econd portion describes the gradual adsorption stage, where
ntraparticle diffusion is rate limiting. The third portion is
ttributed to the final equilibrium stage where intraparticle
iffusion starts to slow down due to extremely low adsorbate
oncentrations in the solution. The rate of uptake might be
imited by size of adsorbate molecule or ion, concentration
f the adsorbate and its affinity to the adsorbent, diffusion
oefficient of the adsorbate in the bulk phase, the pore size
istribution of the adsorbent, and degree of mixing [37].

Fig. 4 shows a plot of the linearized form of the intraparticle
iffusion model at all concentrations studied. It can be seen that
he plots are not linear over the whole time range, implying that

ore than one process affects the lead adsorption. The multiple
ature of these plots can be explained by boundary layer diffu-
ion which gives the first portion and the intraparticle diffusion
hat gives further two linear portion. If the intraparticle diffusion
s the only rate-controlling step the plot passes through the ori-
ig. 4. Plot of the intraparticle diffusion equation for the adsorption of lead on
TR at different initial concentration.
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ulti-linear plots that are more than one process that control
he rate of adsorption but only one is rate limiting. The slope
f the linear portion indicates the rate of adsorption. The lower
lope corresponds to a slower adsorption process. As shown in
ig. 4, the external surface adsorption (stage 1) is absent. Stage
is completed before 5 min., and then the stage of intraparti-

le diffusion control (stage 2) is attained and continues from 5
o 60 min. Finally, final equilibrium adsorption (stage 3) starts
fter 60 min. The lead-ions are slowly transported via intraparti-
le diffusion into the particles and are finally retained in the
icropores. The slope of the second linear portion characterizes

he rate parameter corresponding to the intraparticle diffusion,
hereas the intercept of this second portion is proportional to

he boundary layer thickness. The rate parameters, kp, together
ith the correlation coefficients are also listed in Table 3.
The pseudo second-order kinetic model provides the best cor-

elation for all of the adsorption process whereas the pseudo
rst-order, the Elovich and intraparticle diffusion equations do
ot give a good fit to the experimental data for the adsorption of
ead. This suggest that the lead-VTR adsorption system belongs
o the second-order equation, based on the assumption that the
ate limiting step may be chemical sorption or chemisorption
nvolving valency forces through sharing or exchange of elec-
rons between VTR and lead.

.3. Adsorption mechanism

The Langmuir isotherm and pseudo second-order kinetic
odel provide best correlation with the experimental data for

he adsorption of lead-ions onto VTR for different initial lead
oncentrations over the whole range studied. Both Langmuir
sotherm and pseudo second-order kinetic model assume that
he VTR surface, containing the same reactive –OH groups
uch as pyrogallol groups binding lead-ions, is homogenous and
he operating adsorption mechanism is chemisorption involv-
ng valency forces through sharing or exchange of electrons
etween lead and VTR. The homogenous surface of VTR
rovides multisites to the lead-ions. Therefore, the pseudo
econd-order equation, which was used in various molecules
r ions chemisorption onto homogenous surface, can be fitted
o the adsorption of lead-ions very well.

In the literature, different adsorption mechanism for the
dsorption of metals onto tannin-based adsorbents have been
roposed. The mechanism by which metal ions are adsorbed
nto different tannin resins has been a matter of considerable
ebate. Different studies have reached different conclusions.
hese include ion-exchange, surface adsorption, chemisorption,
omplexation, and adsorption–complexation [10,11,39–43]. It is
ommonly believed that ion-exchange is most prevalent mech-
nism. Metals react with phenolic groups of the tannin resins
o release protons with their anion sites to displace an existing
etal. Based on the complex polyhydric phenolic nature of the
TR, a possible mechanism of ion exchange could be consid-
red as Pb2+ attaching itself to adjacent hydroxyl groups and
xyl groups which could donate two pairs of electrons to lead-
ons, forming chelated compounds and releasing two hydrogen
ons into solution [39,44].

p
s
p
T

ing Journal 143 (2008) 32–42

Other studies have found evidence that tannin resins take
p metals by complexation, surface adsorption, and chemisorp-
ion [39,41,43,45]. The hydroxyl groups in tannins offer special
pportunities for formation of metal complexes. Lead forms
omplexes with the phenolics with two adjacent hydroxyls
catechols), and the presence of a third adjacent hydroxyl (pyro-
allols) increases the stability of the complexes [40,43]. The
hemisorptive bond could be formed by sharing a pair of elec-
rons, from the organic adsorbent, with metals. The organic
dsorbent, containing O, N, P, or S, are usually regarded as the
eaction centre for the chemisorption process. Natural tannin
erivatives are oxygen-containing adsorbents; therefore, forma-
ion of lead–oxygen bond is possible [39,43].

Several studies support the general view that the reaction of
etal ions, such as Cu, Fe and Pb with tannin resin is one of

helate ring formation involving adjacent aromatic carboxylate
COOH and phenolic –OH groups or, less commonly, two adja-
ent –COOH groups which participate in ion-exchange reactions
y binding metal ions with release of H+ ions [10,13,39,41–44].

Surface adsorption is another mechanism by which metal
ons may be bound to tannin resin. This mechanism is a surface
eaction where a positively charged metal ion is attracted to
negatively charged surface without the exchange of ions or

lectrons.
In order to explain the adsorption mechanism, FTIR spec-

roscopy studies were carried out. Adsorption in the IR region
akes places due to the rotational and vibrational movements of
he molecular groups and chemical bond of a molecule. The two
undamental vibrations are stretching, where the atoms stay in
he same bound axis but the distance between atoms increases
r decreases, and deformation, where the positions of the atoms
hange relative to the original bound axis. Fig. 5 represents the
TIR spectra of VT, VTR, and lead adsorbed VTR systems. The
road peak in the region of 3550–3100 cm−1 is characteristic of
he –OH stretchings of the phenolic and methylol group of tan-
in. In all spectra, the small peaks in near the 2900 cm−1 are due
o aromatic C–H stretching vibrations [46,47].

The band at 1732 cm−1 in the spectrum of VT belongs to
arboxyl–carbonyl groups. The absorption bands between 1604
nd 1444 cm−1 are related to aromatic –C C– bonds. The peaks
t 1315 and 1037 cm−1 in the spectrum of tannin belong to phe-
ol groups [48,49]. The peak at 1160 cm−1 is due to aromatic
–H deformation [46]. The deformation vibrations of the C–H
ond in the benzene rings also give small absorption bands in
he 910–740 cm−1 range.

When the spectra of VTR were compared with the IR spec-
rum of the VT, the peaks at 1732 and 1604 cm−1 belonging
o C O and –C C– are combined and broadened. This broad
eak is located at 1671 cm−1 with a shoulder at 1604 cm−1

hich may be attributed to the –C C– stretching vibration. This
hange occurs most probably due to environmental change of

O groups of VTR. Since the formation of methylene bridge in
rtho position of C O groups of VT during the polymerization

rocess will affect the vibration of C O group. The band inten-
ities between 1732 and 1037 cm−1 are reduced and 1732 cm−1

eak slightly shifted to 1676 cm−1 in the spectrum of the VTR.
his situation may be attributed to the –CO stretching of ben-
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ig. 5. FTIR spectra of lead-ions adsorbed onto VTR. VT: valonia tannin;
TR: valonia tannin–formaldehyde resin; VTR-Pb: Pb2+ adsorbed valonia

annin–formaldehyde resin.

ene ring and the phenolic –OH groups. Also, the formation of
CH2–O–CH2– linkage is appeared at 1150–1085 cm−1 [47].
he intensity of peak at about 1444 cm−1 is slightly increased
ue to the formation of methylene bridges by reaction with the
ormaldehyde [48,49].

When the spectra of lead adsorbed VTR were compared with
TR, the relative peak intensities of peak series at 1315 and
037 cm−1 region were changed because of metal–tannate com-
lex formation between lead-ions and some phenolic groups of
annin [50–53].

It is expected that the change in the wide hydroxyl band
550–3100 cm−1 region in the spectra of VTR–lead adsorbed
fter the ion exchange or complexation reactions between lead-
ons and phenolic groups of VTR. But these changes are
bserved at 1315–1037 cm−1 region for the spectra of VTR–lead
dsorbed. Because all of the –OH groups in the VTR are
ot participate in the ion exchange or complexation reactions
etween the VTR and lead-ions (see Fig. 5). The phenolic
roups participating ion exchange or complexation reactions
re located in the 1315–1037 cm−1 region for VTR. The wide
ands in the 3550–3100 cm−1 region are belonging to free

ydroxyl groups (not participate reactions with lead-ions) of the
TR.
In order to understand the role of the ion exchange proposed

or the adsorption mechanism, the effect of pH on the VTR–lead

a
i
s
l

ig. 6. Effect of pH on adsorption of lead by VTR. Conditions: 75–100 �m
article size, 0.1 g/100 mL dose, 0.483 mmol/L concentration and 298 K tem-
erature.

dsorption system was investigated. The results are shown in
ig. 6. The uptake of lead was strongly affected by solution pH.
t initial lead concentration of 0.483 mmol/L, lead adsorption
as 0.135 mmol/g at initial solution pH of 2.0, but it increased

harply when initial solution pH rose from 2 to 4 (Fig. 6). Further
xperiments at initial solution pH above 5 were not conducted
ue to the precipitation of lead occurring in the solution. Zhan
nd Zhao [11] stated that lead removal through precipitation
ook place at pH about 5.

To interpret the adsorption behavior of Pb(II) ions on an
dsorbent surface, a knowledge of Pb(II) speciation and the
dsorbent surface characteristics is essential [54]. The VTR
as multiple adjacent polyhydroxyphenyl groups in its chemi-
al structure which have extremely high affinity for heavy metal
ons [3,9,55]. Based on the electron donating nature of the O-
ontaining phenol groups in VTR and the electron-accepting
ature of heavy metal ions, the ion exchange mechanism could
e preferentially considered. For instance, a divalent heavy metal
on such as Pb2+ may attach itself to two adjacent hydroxyl
roups which can donate two pare of electrons to the metal ion,
orming four coordination number compounds and releasing two
ydrogen ions into solution. It is then readily understood that the
quilibrium is quite dependent on pH of the aqueous solution.
t lower pH, the H+ ions compete with Pb2+ cations for the

xchange sites on the VTR, thereby partially releasing the latter.
he Pb2+ cations are completely released under circumstances
f extreme acidic conditions. In most cases, the adsorbed amount
f metal ions increased with an increase in pH up to a certain
alue and then decreased with further increase of pH. In a cer-
ain pH range for Pb2+, there may be number of species present
n solution, such as Pb2+, Pb(OH)+, Pb(OH)2, etc. At lower pH,
he positive charged lead-ion species may compete with H+ and
e adsorbed at the surface of the VTR by ion exchange mech-
nism. An increase in pH shows an increase in adsorption up
o 5 in which the surface of VTR is negatively charged and the

dsorbate species are also still positively charged. The increas-
ng electrostatic attraction between positively charged adsorbate
pecies [Pb2+ and Pb(OH)+] and negative surface sites will
ead to increased adsorption of Pb(II) on VTR. This same pH
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ig. 7. Adsorption mechanisms for the adsorption of lead-ion onto VTR: (a) io
omplexation mechanism between Pb2+ and pyrogallol group in VTR surface.

henomenon was observed by earlier workers when examining
etal adsorption on activated carbon [54].
As can be seen from Fig. 6, the equilibrium pH values were

ower than the initial pH values in the solution. It may be inferred
hat two H+ ions present on the VTR may be exchanged by
ne Pb2+ ion. Hence, it can be reasonably assumed that ionic
xchange may occur in the current adsorption process.

We concluded that the adsorption mechanism may be partly a
esult of the ion exchange or complexation between the lead-ions
nd phenolic groups on the VTR surface. Thus, the Pb2+/VTR
eaction may be represented in two ways as shown in Fig. 7.
imilar reaction pathways are proposed as the adsorption mech-
nisms for the adsorption of various metal ions onto tannin based
dsorbents [10,11,13,39,42,56–58].

. Conclusion

The results of present investigation show that VTR has con-
iderable potential for the removal of lead from aqueous solution
ver a wide range of concentration. The adsorbed amounts of
ead increased with increase in contact time and reached the
quilibrium after 90 min. The equilibrium time is independent
f initial lead concentration.

Equilibrium and kinetic studies were conducted for the
dsorption of lead from aqueous solutions onto VTR in the
oncentration range 0.242–1.450 mmol/L at pH 4 and 298 K.
he equilibrium data have been analyzed using Langmuir, Fre-
ndlich, Temkin and Dubinin–Radushkevich isotherms. The
haracteristic parameters for each isotherm and related correla-
ion coefficients have been determined. The Langmuir isotherm
as demonstrated to provide the best correlation for the adsorp-

ion of lead onto VTR. Assuming the batch adsorption to be a
ingle-staged equilibrium operation, the separation process can
e defined mathematically using these isotherm constants to esti-

ate the residual concentration of lead or amount of adsorbent

or desired purification.
The kinetics of adsorption of lead onto VTR was studied

y using pseudo first- and second-order equations, the Elovich
hange mechanism between Pb2+ and pyrogallol group in VTR surface and (b)

quation and intraparticle diffusion equation. All findings pre-
ented in this study suggest that lead-VTR system can not be
escribed by the pseudo first-order equation, the Elovich equa-
ion and intraparticle diffusion equation. Since the correlation
oefficients obtained for these equations are lower than those of
seudo second-order equation, and predicted qt values consid-
rably deviate from the experimental data points.

For lead-VTR system examined, the pseudo second-order
quation provided the best correlation of the experimental data.
he pseudo second-order equation is based on the adsorption
apacity on the solid phase and is in agreement with a chemisorp-
ion mechanism being the rate controlling step. The reaction

echanism may be partly a result of the ion exchange or com-
lexation between the lead-ions and the phenolic groups on the
TR surface.
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28] M. Özacar, İ.A. Şengil, Adsorption of reactive dyes on calcined alunite
from aqueous solutions, J. Hazard. Mater. 98 (2003) 211–224.
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González Dı́az, J. Pérez Peña, Highly concentrated phenolic wastewater
treatment by the Photo-Fenton reaction, mechanism study by FTIR–ATR,
Chemosphere 44 (2001) 1017–1023.

53] L.M. Zhang, D.Y. Yin, Novel modified lignosulfonate as drilling mud
thinner without environmental concerns, J. Appl. Polym. Sci. 74 (1999)
1662–1668.

54] K.A. Krishnan, A. Sheela, T.S. Anirudhan, Kinetic and equilibrium mod-
eling of liquid-phase adsorption of lead and lead chelates on activated
carbons, J. Chem. Technol. Biotechnol. 78 (2003) 642–653.
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