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bstract

This study investigated the adsorption of the heavy metal ions Pb(II), Cu(II), Cd(II), Zn(II), and Ni(II) on a lignin isolated from black liquor,
waste product of the paper industry. Lignin has affinity with metal ions in the following order: Pb(II) > Cu(II) > Cd(II) > Zn(II) > Ni(II). The

dsorption kinetic data can be described well with a pseudosecond-order model and the equilibrium data can be fitted well to the Langmuir

sotherm. Metal ion adsorption was strongly dependent on pH and ionic strength. Surface complexation modelling was performed to elucidate the
dsorption mechanism involved. This shows that lignin surfaces contain two main types of acid sites attributed to carboxylic- and phenolic-type
urface groups and the phenolic sites have a higher affinity for metal ions than the carboxylic sites.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Water pollution is a serious problem and heavy metals are
ommon pollutants in water that threaten human health and
nvironmental quality. Methods of minimizing heavy metal
oncentrations in surface waters and wastewaters are therefore
rucial for environmental protection. The main techniques that
ave been used to remove heavy metals from water include
hemical precipitation, membrane filtration, ion exchange, and
dsorption on activated carbon [1–6]. However, these methods
ave limitations such as high operational costs in the case of
dsorption by activated carbon and difficulties meeting strict
egulatory requirements in the case of chemical precipitation.
ntensive studies have therefore been carried out to develop more
ffective and inexpensive metal adsorbents. Candidate mate-
ials include industrial or agricultural waste products such as
aste slurry [7,8], fly ash [9,10], lignite [11,12] pine bark [13],
eat [14,15], and lignin [16–25]. Babel and Kurniawan [26]
nd Bailey et al. [27] have reviewed the application of low-cost

dsorbents for heavy metal removal from contaminated waters.

Lignin is a natural polymer that is present in large quantities
n the cell walls of terrestrial plants and is the main binding agent

∗ Corresponding author. Tel.: +86 10 62849683; fax: +86 10 62923563.
E-mail address: szzhang@mail.rcees.ac.cn (S. Zhang).
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or fibrous plant components, typically comprising from 16 to
3% of plant biomass. More than 50 × 104 metric/tonnes/year
f lignin are produced worldwide by pulping [28,29]. About
0–95% of the reactive lignin biopolymer is solubilized to
ligomers that contribute to the pollution load. Lignin disposal
s therefore subject to significant environmental constraints.

Lignin is a natural amorphous cross-linked resin that has an
romatic three-dimensional polymer structure containing a num-
er of functional groups such as phenolic, hydroxyl, carboxyl,
enzyl alcohol, methoxyl, and aldehyde groups [30], making it
otentially useful as an adsorbent material for removal of heavy
etals from water. Suhas et al. [31] have reviewed the literature

n lignin as a biosorbent. Srivastava et al. [16] obtained remark-
bly high uptake of Pb(II) and Zn(II), up to 1587 and 73 mg/g for
b(II) and Zn(II), respectively, by using lignin extracted from
lack liquor. Demirbas [24] reported a maximum adsorption
apacity of 8.2–9.0 mg/g for Pb(II) and 6.7–7.5 mg/g for Cd(II)
n lignin from beech and poplar wood modified by alkaline
lycerol delignification. From the above data and the review by
uhas et al. [31] we find that there are significant differences in

he metal sorption capacities of different types of lignin. More-
ver, the related mechanisms of metal sorption by lignin are still

ubject to debate. Some studies have found that ion-exchange
echanisms may be responsible for the sorption of metal ions

n lignin [17,21–23]. Srivastava et al. [16] and Mohan et al.
20] suggested that no single mechanism could explain the pro-

mailto:szzhang@mail.rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2007.05.065
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pH 3 and then back-titrated with a standardized 0.0979 M NaOH
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ess of metal removal by lignin. Several processes including
on exchange, surface adsorption, and complexation, have been
uggested to explain the mechanisms involved. Detailed studies
re therefore required to achieve a quantitative and mechanistic
nderstanding of the sorption of metal ions by lignin.

The aim of the present study was to obtain a quantitative
nd mechanistic description of the adsorption of the metals
ons Pb(II), Cu(II), Cd(II), Zn(II), and Ni(II) on lignin based
n surface characterization and metal ion adsorption. The sur-
ace physico-chemical characteristics of lignin such as surface
ite densities, acidity constants, and metal binding constants,
ere investigated by potentiometric titrations and metal ion

dsorption experiments. Surface complexation modelling was
erformed to elucidate the adsorption mechanisms involved.

. Materials and methods

.1. Adsorbent characteristics

Lignin was obtained from a paper mill in Yunnan Province,
outh China as follows. The black liquor, a recycled by-product
f the pulping of wood, was acidified to pH 2–3 with sulfur
ioxide. The liquid-sediment suspension was transferred to a
ignin reactor in which solids and acid liquor were separated at
0–80 ◦C. The solids containing 80 ± 2% lignin were dried and
ermed lignin. Prior to the experiments the lignin was washed
ith deionized water (20 g/L) shaken on an end-over-end shaker

or 12 h and filtered. This procedure was repeated three times,
nd the solid obtained was oven-dried at 45 ◦C for one day and
round to pass a 0.25-mm standard sieve. Lignin prepared in
his way was then ready for use in the following experiments.

Total C, H, N, and S contents of the lignin were determined
y dry combustion in an autoanalyzer (Vario EL, Elementar
nalysensyteme, Hanau, Germany). The pH value of a lignin

uspension was measured using a solid-to-water ratio of 1:1
w/v). Cation exchange capacity (CEC) was determined by the
ethod of Rhodes [32]. Specific surface area and pore diameter
ere measured using a Micromeritics Flowsorb II surface area

nalyzer (ASAP 2000, Micromeritics Company, Norcross, GA),
nd by applying the BET equation to the sorption of N2 at a rel-
tive partial pressure of 0.3 at 77 K. The Fourier-transformed
nfrared spectra (FT-IR) were recorded with pellets obtained
y pressing a mixture of 1 mg of sample and 100 mg of KBr
nder reduced pressure using a Perkin–Elmer GX2000 Fourier
ransform infrared spectrophotometer.

.2. Adsorption kinetics

The kinetic experiments were performed in 500-ml batch
eactors at 20 ◦C. One gram of lignin was firstly mixed thor-
ughly with 400 ml of a 0.01 M NaNO3 electrolyte solution in a
ask. Prior to the introduction of the metal ions, the suspension
as magnetically and vigorously stirred for 2 h to hydrate the
ignin. The initial concentration of the metal ions Pb(II), Cu(II),
d(II), Zn(II), and Ni(II) was 0.8 mM. After the introduction
f the metal ions individually the samples were magnetically
tirred, collected at different time intervals, and filtered through a

s
b
t
w
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.45-�m cellulose acetate membrane. The metal concentrations
n the filtrate were determined by inductively coupled plasma
ptical emission spectrometry (ICP-OES, Optima 2000 DV,
erkin Elmer, Wellesley, MA). The quantity of metal adsorbed
as deduced from the mass balance between the initial concen-

ration and the concentration in solution at a given time.

.3. Adsorption isotherms

The adsorption isotherms were determined by a batch tech-
ique in a background electrolyte of 0.01 M NaNO3 at 20 ◦C.
20-ml aliquot of 2.5 g/L lignin suspension was transferred to

40 ml polyethylene centrifuge tube. The initial concentrations
f each metal ranged from 0.2 to 2.5 mM. The pH of the system
as maintained at 5.5. After the samples were shaken end-over-

nd for 24 h the suspensions were centrifuged at 7200 × g for
5 min, filtered through a 0.45-�m cellulose nitrate membrane,
cidified, and analyzed for metal ion concentrations.

.4. Effect of pH on the adsorption

One gram of lignin was introduced into a reaction vessel
ith 400 ml background electrolyte inside and hydrated for 2 h.
he suspension was then spiked with metal stock solution to
chieve a starting concentration of 0.2 mM for each metal ion.
he suspension was stirred and titrated to higher pH by stepwise
ddition of dilute HNO3 or NaOH. After each pH increment
as reached a 20-ml aliquot was transferred from the reaction
essel to a 40-ml centrifuge tube and shaken at 25 rpm on an end-
ver-end shaker for 24 h. Afterwards, the final pH was measured
nd the suspensions were centrifuged, filtered, acidified, and
nalyzed for metal ion concentrations. To examine the effect of
onic strength, adsorption of metal ions on lignin was performed
n background electrolytes of 0.01 and 0.1 M NaNO3.

.5. Potentiometric titrations

An automatic titration system (Microprocessor 682,
etrohm) was employed at a constant temperature of

5.0 ± 0.2 ◦C. For each titration a given volume of the stock
uspension in a reactor (100-ml conical flask) was diluted using
.0 M NaNO3 solution and deionized water to a particle con-
entration of 2 g/L. Three final ionic strengths in the sample
uspensions supported by the background electrolyte (NaNO3)
ere 0.005, 0.01, and 0.1 M, respectively. The reactor, equipped
ith a combined glass electrode, was agitated using a magnetic

tirrer and purged with pure N2 during the whole titration pro-
edure. Nitrogen gas was prepurified by passing through wash
ottles containing NaOH (0.1 M) and HCl (0.1 M), and then satu-
ated with distilled water. A back-titration procedure was carried
ut by which the suspension was first acidified to an approximate
olution at a rate of 0.01 ml/min until the pH exceeded 8.0. Sta-
le pH values were recorded when the drift of the potential of
he glass electrode cell was less than 10 �V/s. Blank titrations
ere also performed under the same experimental conditions.
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The FT-IR spectrum of the lignin is shown in Fig. 1. The broad
band at 3412 cm−1 was dominated by the stretching vibrations
of aromatic and aliphatic OH groups. The peaks at 2925 and
2849 cm−1 predominantly arose from C–H stretching in methyl
36 X. Guo et al. / Journal of Hazar

.6. Applied models

.6.1. Adsorption models
A pseudosecond-order kinetic model [33,34] was used to fit

he adsorption kinetic data using the equation

t

qt

= 1

kq2
e

+ t

qe
(1)

here k is the rate constant for the pseudosecond-order model
nd qe and qt are the amounts of solute adsorbed per unit adsor-
ent at equilibrium and at time t, respectively. Herein, the initial
dsorption rate (v0) is calculated as v0 = kq2

e .

.6.2. Nonelectrostatic surface complexation model
A nonelectrostatic surface complexation model was used to

escribe the potentiometric titration and metal ion adsorption
ata. Proton dissociation from ligands on lignin surfaces can be
escribed by the following reaction

iOH = SiO
− + H+ Kai

The concentration of proton bonding surface sites and the
cidity constants can be quantified with the corresponding mass
ction equation

ai = [SiO−][H+]

[SiOH]
(2)

The complexation of a metal ion with lignin can be described
y the following equilibrium reactions

iOH + M2+ = SiOM+ + H+ KMi

The concentrations of surface sites, log Kai values for the pro-
on dissociation reactions, and log KMi values for the metal ion
orption reactions were calculated using the computer program
ITEQL 4.0 [35]. The total concentration of reacting protons
TOTH) was necessary to calculate the surface site concentra-
ions and acidity constants. In this study the Gran plot method
36] was adopted to determine the specific volume of titrant
dded at the equivalent point (Ve), and to derive the total concen-
ration of reacting protons. The total concentration of reacting

+ at each back-titration point, TOTH was calculated using the
quation

OTH = −(Vb − Ve1 ) × Cb

V0 + Vat + Vb
(mol/L) (3)

here Cb is the concentration of NaOH; V0 is the initial volume
f lignin suspension; Vat is the total volume of HNO3 added
n the acid titration; Vb is the added NaOH volume recorded
y a recording instrument during the titration procedure; Ve1 ,
btained from the results of linear regression analysis of the Gran
lots, can be considered as the zero point of titration (ZPT).

The optimization procedure of FITEQL 4.0 involves the
terative application of a linear approximation of the chemical
quilibrium equation and a nonlinear least-squares fit. An over-

ll variance, weighted sum of squares divided by the degree of
reedom (WSOS/DF), was calculated between the model fit and
xperimental data, thus providing a quantitative assessment of
oodness of fit. For each data set, the surface sites and stability
Materials 151 (2008) 134–142

onstants for each reaction were adjusted until a best-fit curve
as obtained. Because of neglect of the electrostatic effects,

he results were conditional on ionic strength and the stability
onstants log Kai determined represent apparent constants, not
ntrinsic constants.

.7. Quality assurance

Blanks were run in parallel in all the experiments. All the
xperiments were carried out in triplicate and the average values
re reported. Quality assurance for metal analysis was car-
ied out by the determination of the metal ion concentrations
n water standard reference material (GBW 080080 purchased
rom Shanghai institute of measurement and testing technology,
hanghai, China). Good agreement was achieved between the
ata obtained and the certified values with the differences of less
han 10%.

. Results and discussion

.1. Characterization of the lignin

The elemental analysis shows that the lignin had the follow-
ng percentage composition (%): C, 60.8; H, 5.8; N, 1.3; S, 2.1;
sh, 5.5; K, 0.24; Ca, 0.06; Na, 1.4; Mg, 0.01; Fe, 0.007; and Al,
.03. The pH-value of the lignin suspension was 5.5 at a solid-
o-water ratio of 1:1 (w/v), and the cation exchange capacity

as 23.9 cmol/kg. The average pore diameter was 147.6 ´̊A and
he specific surface area of lignin was 21.7 m2/g as measured
y the N2-BET method. The surface area was not as high as
e expected [16,20,24], probably due to the BET measurement
ethod we used which has been demonstrated not to quanti-

ively detect the inner surface area of some sorbents, resulting
n lower specific surface area values [37]. The difference in
hysical and chemical properties of lignin from different origins
nd the extraction or isolation technology used may also have
ontributed to the lower specific surface areas to some extent.
Fig. 1. FTIR spectra of lignin.
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Table 1
Pseudosecond-order kinetic parameters for the adsorption of metal ions on lignin

Metal v0 (mmol/g/min) k (g/mmol/min) qe (mmol/g) S.E.a (×103)

Pb(II) 0.783 8.475 0.304 6.595
Cu(II) 0.218 2.872 0.276 4.258
Cd(II) 0.039 1.476 0.162 7.227
Zn(II) 0.032 1.765 0.135 5.595
Ni(II) 0.031 2.555 0.110 5.990

a S.E., [
∑

(q − q*)2/(n-2)]1/2, standard error; q and q* (mmol/g) represent the
measured amount of the metal adsorbed and the predicted amount of the metal
adsorbed by models, respectively; n, the number of experimental points.

F
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f
s
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h
t
in the review paper [31] with the exception of the exception-
ally high adsorption capacities reported by Srivastava et al. and
Mohan et al. [16,20].

Table 2
Langmuir parameters for metal ion adsorption on lignin

Metal ion qm (mmol/g) b (L/mmol) r2

Pb(II) 0.432 43.11 0.9613
ig. 2. Adsorption kinetics of metal ions on lignin with an initial metal con-
entration of 0.8 mM. Dotted lines represent the modeled results using the
seudosecond-order equation.

nd methylene groups of side chains and aromatic methoxyl
roups. Two shoulders at about 1703 and 1648 cm−1 origi-
ated from conjugated carboxyl and carbonyl stretching. Three
trong peaks at 1600, 1514, and l425 cm−1 could be assigned to
ypical aromatic skeletal vibrations. Absorption at 1463 cm−1

ndicates aromatic methyl group vibrations. The peaks at 1329
nd 1217 cm−1 depict syringyl ring C–O stretching. The peaks
t 1114 and 827 cm−1 further indicate the presence of syringyl
nits [38,39]. The signal assigned to carboxyl groups showed
ow intensity, but high intensities were observed at 1217 and
514 cm−1, indicating that phenolic units were more abundant
han carboxyl groups in the lignin [40].

.2. Metal adsorption characteristics

.2.1. Adsorption kinetics
Results of kinetic experiments are shown in Fig. 2. The five

etal ions Pb(II), Cu(II), Cd(II), Zn(II), and Ni(II) had very sim-
lar kinetic adsorption. The adsorption equilibrium was reached
ith a minimum solid-solution contact time of approximately
0 min. To evaluate the differences in the adsorption kinetic
ates, the pseudofirst-order model, pseudosecond-order kinetic
odel and intraparticle diffusion model were tested for fit to the

esults. The rate law for a pseudosecond-order kinetic model
est described the experimental data (Fig. 2) with the correla-
ion coefficients (r2) of being over 0.9997. Successful fitting
f the data with the second-order kinetic model suggests that
hemisorption was the rate-controlling step [33,34]. Kinetic con-
tants, including v0, k, and qe were calculated from the slopes
nd intercepts of the plots and are presented in Table 1. The ini-
ial adsorption rate (v0) values were in the following sequence:
b(II) > Cu(II) > Cd(II) ≈ Zn(II) ≈ Ni(II). Furthermore, the very
ast sorption kinetics observed with lignin represent an advan-
ageous aspect when water treatment systems are intended and

ight be suitable for a continuous-flow treatment system.
.2.2. Adsorption isotherms
Equilibrium sorption studies were performed to provide

he maximum metal adsorption capacities of the lignin. The

C
C
Z
N

ig. 3. Adsorption isotherms of metal ions on lignin. Solid line denotes the
dsorption isotherm predicted using the Langmuir model.

dsorption isotherms of metals on lignin are shown in Fig. 3.
he Langmuir equation was used to describe the adsorption

sotherms as shown in Fig. 3, which fit the adsorption data better
han the Freundlich equation. The values of qm and b obtained
rom the Langmuir equation fitting are listed in Table 2. The
ignificant correlation coefficients (r2) obtained ranged from
.8500 to 0.9884. Similar to the adsorption kinetics, the max-
mum equilibrium adsorption capacity (qm) was obtained for
b(II) (0.432 mmol/g), which decreased to 0.360 mmol/g for
u(II), 0.226 mmol/g for Cd(II), 0.172 mmol/g for Zn(II), and
.102 mmol/g for Ni(II). The lignin in the present study showed
igher adsorption capacities for the metal ions compared with
he adsorption capacities of other lignin adsorbents published
u(II) 0.360 27.38 0.9786
d(II) 0.226 15.97 0.9431
n(II) 0.172 13.38 0.9884
i(II) 0.102 14.74 0.8500
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ig. 4. Effect of pH on metal ion adsorption on lignin. The solid lines are
redicted results using the parameters given in Tables 3 and 4.

.2.3. Effects of pH
Fig. 4 shows the percentage of metal ion adsorption for

u(II), Pb(II), Cd(II), Zn(II), and Ni(II) on lignin as a func-
ion of pH. Results indicate that metal adsorption was strongly
H-dependent and increased with increasing pH. Metal ion
dsorption increased in a narrow pH range (2–3 pH units), which
s often called pH sorption edge. By increasing the pH, the sorp-
ion edges were reached for Pb(II), Cu(II), Cd(II), Zn(II), and
i(II) in this sequence. At pH 4 over 81% of Pb(II) and 65% of
u(II) were adsorbed, while less than 27% of Cd(II), Zn(II), and
i(II) were adsorbed. When the pH was higher than 6 more than
5% of the metal ions were adsorbed on the surface efficiently.
t higher pH precipitation may also have occurred. Crist et al.
bserved that metal ion sorption was accompanied by stoichio-
etric release of protons and existing metals, and concluded

hat ion exchange mechanisms were responsible for the removal
f metals by lignin [21–23]. In order to see if a similar pro-
ess was occurring in the present study, release of the cations
a+, Mg2+, and Ca2+ was recorded while the metal ion was

dsorbed, by taking Cu as an example. Compared to the amount
f Na+ released, the release of Mg2+ and Ca2+ was negligible.
hen the pH value was increased from 2.5 to 4.5, the molar

atios of Na+ released to Cu(II) adsorbed were found between
.28 and 1.39, but when the pH value reached 4.8, the ratio
ecreased to 0.66. The amount of Cu(II) adsorbed was more
han the equivalent cations released, indicating that there may
ome other mechanisms work in addition to ion exchange.

.2.4. Effects of ionic strength
Effects of ionic strength showed a significant effect on metal

on adsorption on the lignin. Because of the similarity among
he plots for different metals, only the effect of ionic strength
n Cu adsorption is given in Fig. 5 as an example. Increasing
he ionic strength from 0.01 to 0.1 led to a significant decrease

n Cu(II) adsorption. The effect of ionic strength shows more
ffects on Cd(II), Zn(II), and Ni(II) than Pb(II) and Cu(II). The
urves shifted to a higher pH by about 0.3–0.6 pH units when the
oncentration of the background electrolyte of NaNO3 increased

e
w
r
a

ig. 5. Effect of ionic strength on Cu (II) adsorption on lignin as a function of
H.

rom 0.01 to 0.1 M for the five metal ions. The effect of ionic
trength on metal adsorption may be explained by the forma-
ion of outer-sphere complexes since Na+ in the background
lectrolyte could compete with the metal ions adsorbed on the
uter-sphere sorption sites and reduced the adsorption, whereas
a+ would not have competed for the inner-sphere sites.

.3. Surface site concentrations and surface acidity

Acid-base titration curves can provide important informa-
ion about the concentration and acidity of surface functional
roups. Potentiometric titrations of lignin suspensions at three
ifferent concentrations of background electrolyte were there-
ore performed. In the data treatment the Gran plot was adopted
o determine the specific volume of titrant added at the equivalent
oint (Ve) and to derive the total concentration of reacting pro-
ons at each back-titration point. Fig. 6 illustrates the Gran plots
or the back-titration data on lignin suspensions under three ionic
trengths. The hydroxide ions added to the lignin suspensions
ere consumed by the following steps reflected in the plots: neu-

ralization of excess H+ in the suspension (before Ve1 ), reactions
ith the various acceptors on the lignin surfaces (between Ve1

nd Ve2 ), and adjustment of the system pH (after Ve2 ) [36]. The
otal concentration of the reacting protons at each back-titration
oint was then calculated using the Eq. (3). The data points from
he hydroxide titration, commencing after the ZPT calibration,
ere utilized in a nonlinear least-squares optimization program

FITEQL 4.0) to estimate the surface site concentrations and
urface acidity constants.

Fig. 7 gives the plot of the acid-base titration curves of the
ignin under different ionic strengths. When the pH was lower
han 4.2 no significant differences were observed among the
urves because at this stage the hydroxide ions added during
itration reacted with the excess H+ in the suspension. How-

ver, some differences among the curves of the ionic strengths
ere observed at higher pH because the hydroxide ions added

eacted with the surface functional groups on the lignin surfaces
nd the reaction was affected by the ionic strength. In order to
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Fig. 6. Gran plots of the lignin sample at different ionic strengths: (a) 0.005 M,
(b) 0.01 M, and (c) 0.1 M (NaNO3).
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Table 3
Concentration and acidity constants for surface functional groups of lignin at differen

Ionic strength S1OH

[S1OH]a (mmol/g) Log Ka1

0.005 M NaNO3 0.21 −5.57
0.01 M NaNO3 0.24 −5.46
0.10 M NaNO3 0.29 −5.20

a S1OH refers to carboxylic-type sites.
b S2OH refers to phenolic-type sites.
ig. 7. Acid and base titration of the lignin at three ionic strengths. The solid-
o-solution ratio was 2 g/L. NaNO3 was used as the background electrolyte. The

odel fits are derived from the parameters in Table 3.

implify the numbers of the adjusting parameters, the proton
inding behavior of the lignin can be described using a non-
lectrostatic surface complexation model. Lignin contains two
ajor types of functional groups that have strong interactions
ith metal ions: carboxylic and phenolic groups [41–43]. These

wo types of sites have often been used to describe the metal
on binding to humic substances, which contain carboxylic and
henolic groups as the main surface functional groups [44–46].
herefore a two-site model was used to fit the titration data. The
cidity constants and site concentrations for the two types of
urface functional groups are summarized in Table 3. Values of
he WSOS/DF provided by the FITEQL 4.0 code are used as
measure for the quality of fit, and values between 0.1 and 20

ndicate a reasonably good fit [35]. WSOS/DF values for the
wo-site model at three ionic strengths are 2.16, 1.23, and 1.60,
espectively, indicating an excellent fit to the experimental data.
he surface acidity constants were found to be log Ka1 = −5.57

o −5.20 and log Ka2 = −7.51 to −7.23, respectively, attributed
o the carboxylic- and phenolic-type surface groups. The results
btained are similar to those of Bouanda et al. [43], who reported
he pKa1 and pKa2 values of 5.51 and 7.22, respectively, for a lig-
ocellulosic substrate originating from wheat bran. The results
lso indicate that there are over twice as many proton active

henolic groups located on lignin compared to the carboxylic
roups, which is consistent with the results obtained by FT-IR,
n which we observed that lignin was rich in phenolic groups
nd contained fewer carboxylic groups.

t ionic strengths

S2OH WSOS/DF

[S2OH]b (mmol/g) Log Ka2

0.51 −7.51 2.16
0.53 −7.42 1.23
0.63 −7.23 1.60



140 X. Guo et al. / Journal of Hazardous Materials 151 (2008) 134–142

Table 4
Surface complexation reactions and model parameters describing metal ion adsorption on lignin

Surface complexation equilibria Log K

Pb(II) Cu(II) Cd(II) Zn(II) Ni(II)

S1OH + M2+ �S1O M+ + H+ −0.46 −0.52 −1.25 −1.35 −1.33
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2OH + M �S2O M + H

1OH + S2OH + M2+ � (S1O)(S2O) M + H+ −1.24
SOS/DF 5.3

.4. Metal adsorption modeling

The acidity constants and the site concentrations previously
etermined in 0.01 M NaNO3 were used to model the data for the
etal adsorption on lignin as a function of pH (Fig. 4). The sim-

le complexation model was applied to the experimental data
or the adsorption of Pb(II), Cu(II), Cd(II), Zn(II), and Ni(II)
n lignin. Both soluble hydroxo species MOH and M(OH)2
ere taken into account in the calculation with the correspond-

ng formation constants obtained from Dzombak and Morel
47].

For each metal we investigated the model using the formation
f a 1:1 and 1:2 complex for each type of site (carboxylic and
henolic groups) to describe the data according to the following
quations

iOH + M2+ = SiO–M+ + H+

SiOH + M2+ = (SiO)2M + 2H+

1OH + S2OH + M2+ = (S1O)(S2O)M + 2H+

iOH + M2+ + H2O = SiOMOH + 2H+

Satisfactory agreement between the fitted and experimental
urves was obtained only for Pb(II), Cu(II), Cd(II), and Ni(II)
hen the two complexes, S1OM+ and (S1O)(S2O)M, were intro-
uced. For Zn(II), however, S1OM+ and S2OM+ had to be
aken into account to obtain a satisfactory fit. Attempts were
ade to model the experimental data after the formation of
S2O)2M, (S1O)2M, S1OMOH or S2OMOH was considered,
ut no convergence was obtained. The model fits obtained for
b(II), Cu(II), Cd(II), Zn(II) and Ni(II) adsorption data on lignin

t
m
t
e

Fig. 8. Calculated speciation of metal ions Cu(II) and Zn(II) as a func
−2.36
−1.84 −3.38 −5.32

1.51 0.44 3.85 10.60

re presented as solid lines in Fig. 4. The corresponding sur-
ace complexation constants fitted by the FITEQL 4.0 Program
s well as the goodness-of-fit WSOS/DF are listed in Table 4.
ood agreement between the calculated and the experimental

urves for all the metals suggests that the surface complexation
odel reproduces the adsorption data reasonably well in the

xperimental conditions.
Judging from log K values obtained by the model fits, the phe-

olic sites appear to have a higher affinity for metal ions than
he carboxylic sites, with the binding strength in the following
equence: for the carboxylic-type sites Pb(II) > Cu(II) > Zn(II),
d(II), Ni(II); for the phenolic-type sites: Pb(II) > Cu(II) >
d(II) > Zn(II) > Ni(II). The sequence obtained is similar to the
ne obtained by Ravat et al. for these five metal ions binding to
ignocellulosic substrate [41,42].

To illustrate the utility of this approach, the speciation of the
etals exposed to lignin was calculated using the surface com-

lexation reactions and the model parameters in Tables 3 and 4.
he calculated speciation curves for Cu(II) and Zn(II) as a func-

ion of pH are illustrated in Fig. 8. At low pH the metals existed
s free ions predominantly in the aqueous state. When the pH
ncreased, the concentration of the free metal ions decreased and
he carboxylic-type sites contributed significantly to the bind-
ng behavior by forming monodentate complexes S1OM+. At
igher pH, metal adsorption onto phenolic-type sites began to
ccur. For Cu(II), adsorption on both the carboxylic-type and
henolic-type sites was involved as the coexistence of monoden-
ate complexes S1OM+ and bidentate complexes (S1O)(S2O)M.
imultaneously with the constant increase in pH, the concen-
ration of the free metal ions in the aqueous phase decreased,
onodentate complexes S1OM+ began to convert to biden-

ate complexes (S1O)(S2O)M, therefore Cu(II) predominantly
xisted as bidentate complexes (S1O)(S2O)M. In contrast to

tion of pH with 0.2 mM metal ions exposed to 2.5 g/L of lignin.
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u(II), only monodentate complexes S1OM+ and S2OM+ were
bserved for Zn(II). With increasing pH the concentration of the
ree metal ions in the aqueous phase also decreased, and the com-
lexes S1OM+ gradually converted to S2OM+. The curves for
b(II), Cd(II), and Ni(II) were similar to Cu(II) and are there-
ore not shown here. This phenomenon may be explained by
wo factors. First, the phenolic sites had a higher affinity for

etal ions than the carboxylic sites. Second, when the adsorp-
ion density increased the formation of S1OM+complexes led
o the accumulation of positive charges on the lignin surface,
hereby favoring the formation of the noncharged bidentate com-
lexes (S1O)(S2O)M. Metal ion adsorption onto deprotonated
arboxyl and phenolic sites was the dominating mechanism that
ould reasonably explain the pH dependence adsorption behav-
or observed.

. Conclusions

High adsorption capacities indicated that lignins have poten-
ial as adsorbents for removal of metals from water. For future
pplication cost is another important factor we need to con-
ider. Potentiometric titrations and model calculations show that
ignin surfaces contain two main types of acid sites, attributed
o carboxylic- and phenolic-type surface groups; the phenolic
ites have a higher affinity for metal ions than the carboxylic
ites. Metal ion adsorption onto deprotonated carboxyl and
henolic sites was the dominant mechanism that could reason-
bly explain the observed adsorption behavior. The results of
he present study give us a quantitative description and fun-
amental understanding of the adsorption of metals on lignin.
owever, this study is based on a simple component with sin-
le metal ion. More complicated constituents exist in water and
specially in wastewater. Competition among ions and poten-
ial transition of metal complexing ligands should be included
n future studies in order to simulate waters in the environ-

ent.
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