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bstract

Biosorption by materials such as citrus peels could be a cost effective technique for removing toxic heavy metals from wastewater. Orange
eels, lemon peels and lemon-based protonated pectin peels (PPP) had Langmuir sorption capacities of 0.7–1.2 mequiv./g (39–67 mg/g) of Cd
er biosorbent dry weight. A potentiometric titration was interpreted using a continuous pKa spectrum approach. It revealed four acidic sites with
Ka values of 3.8, 6.4, 8.4 and 10.7, and a total site quantity of 1.14 mequiv./g. Sorption isotherms of untreated citrus peels showed an unusual
hape with two plateau values. Protonated pectin peels on the other hand showed a typical Langmuir behavior with a higher sorption capacity than
ntreated peels. At lower pH, metal binding was reduced due to increased competition by protons. This was modeled using pH-sensitive isotherm

quations. It was not necessary to assume four binding sites; using one site with pKa 3.8 and a quantity of 1.14 mequiv./g was sufficient. It was
ossible to accurately predict metal uptake at one pH using the metal binding constant determined at a different pH. A 1:1 stoichiometry model fit
he sorption isotherms shape better than a 1:2 stoichiometry. For constant pH, the 1:1 stoichiometry reduces to the Langmuir model.

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

The discharge of toxic heavy metals into the environment
rom industrial activities such as mining and metal processing
an lead to numerous environmental problems. Therefore, it is
mportant to remove heavy metals from waste streams. Con-
entional metal removal techniques such as ion exchange or
recipitation are often either expensive or not sufficiently effec-
ive in the low concentration range. Biosorption, the passive
ptake of pollutants such as heavy metals by biological mate-
ials, can be both highly efficient and cost effective. Low cost
orbents with high metal binding need to be investigated. Using
aste materials from agriculture and food industries as biosor-
ents has the dual advantage of waste reuse and low sorbent cost.
he question arises, which wastes are good sorbents. The high
etal binding capacity of biosorbents like brown algae has been

ttributed to carboxylate groups of cell wall polysaccharides like
lginate [1–3]. Therefore, one should investigate waste mate-

ials containing large amounts of polysaccharides with acidic
unctional groups.
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.1. Biosorption by pectin-rich sorbents

Fruit waste materials are typically generated in large quan-
ities by the fruit juice industry. These materials have received
ittle scientific attention, in spite of their high quantity of pectin,
hich contains carboxylate groups. The plant cell wall polysac-

haride pectin consists mostly of polygalacturonic acid, which
s partially esterified with methyl groups. Pectin polymers with a
ow degree of esterification (low methoxyl pectin) can cross-link
hrough calcium bridging between two deprotonated carboxy-
ate groups. This leads to the formation of gels widely used in
he food industry. Commercial pectin is extracted from citrus
eels and apple residues.

Dronnet et al. found that acetyl groups, which are common
n sugar beet pectin, are responsible for a lower metal bind-
ng affinity of sugar beet pectin compared to citrus peel pectin.
itrus peels typically have a lower degree of acetylation [4].
ccording to Renard and Jarvis [5], acetylation and methylation
f pectin decreases the affinity for heavy metals, with different
inding mechanisms involved for strongly bound Pb and weakly

ound Ca. For sugar beet pulp, metal binding occurred faster at
igher pH values, and the equilibrium could be described by
angmuir isotherms [6]. In potentiometric titrations of sugar
eet pulp, carboxylate groups with pKa 3.7 and pKa 4.8, as

mailto:ffsos@uaf.edu
dx.doi.org/10.1016/j.jhazmat.2007.12.076


Haza

w
[

m
f
k
r
s
c
o
e
i
d
o
S
fi
s
h
i
t
t
i
o
t
p
p
s
p

1

f
p
c
g
c
n
v
o
a
s
c
i
a
i
y
a
o

1

a
i
F
b

i
t
e
c
c
i
p
p
i
p

c
o
c
a
1
t
t
A
o
b

2

2

p
o
f
a
o
p
l
e

w
3

“
r
t
t
e
w
[
w
w
a
m

2
p

S. Schiewer, S.B. Patil / Journal of

ell as a weakly acidic (likely phenolic) group were identified
7].

Very little information is available on biosorption perfor-
ance of other pectin-rich materials, such as residues from

ruit juice production, orange peels, apple residues, or other
inds of fruit peels [8–13], or pectin itself [14–16]. A recent
eview of low cost biosorbents highlighted the abundance of
tudies on seaweeds compare to fewer studies focusing on agri-
ultural/food byproducts. Among the latter, broad been peels,
range peels, and pea peels had high Cd binding capacities,
xceeding 1 mmol/g [17]. Simple Langmuir and Freundlich
sotherms, which cannot describe pH effects, were used to
escribe metal binding by citrus peels [9,18–20] as well as
range and banana peels [12]. Perez Marin [21] found that the
ips model fit better than the Langmuir isotherm which in turn
t better than the Freundlich isotherm. This is not surprising
ince the Sips model resembles the Langmuir model except for
aving one more adjustable parameter. So far, models presented
n published studies of metal binding by citrus peels have not
aken pH effects into account. However, it has been observed
hat sorption of metals such as Cd and Pb by untreated or chem-
cally modified orange peels increases with pH up to about pH 5
r 6. At higher pH, a decrease in metal uptake was observed due
o metal hydrolysis [19–21]. Therefore one of the goals of the
resent work is to describe metal binding by citrus peels with a
H-sensitive model. To make this model mechanistically based,
ite quantities and pKa values for the model were derived from
H titrations.

.2. Titration data processing

For biosorbents with acidic functional groups, the sorbent sur-
ace charge changes with pH. This change in surface charge with
H can be described by resolving titration curves with discrete or
ontinuous pKa spectra. To determine the acidity constants for a
iven number of discrete sites, the classical least-square method
an be used. However, the solution is dependent on the assumed
umber of binding sites and may be unstable [22]. To circum-
ent these difficulties, Smith and Ferris [23] developed a fully
ptimized continuous (FOCUS) pKa spectrum technique to fit
cid–base titration data and to evaluate binding site acidity con-
tants. This method, which involves additional non-negativity
onstraints and regularizing functions, is advantageous because
t simultaneously optimizes the smoothness of the pKa spectrum
nd the fit. While it is easier to derive a discrete model with a lim-
ted number of acidic sites, the continuous spectrum technique
ields a stable solution and provides binding site concentrations
s well as corresponding pKa without requiring predetermination
f the number or pKa of binding sites.

.3. Equilibrium modeling

Modeling equilibrium sorption is important for industrial

pplications of biosorption; it yields data that facilitates design-
ng and optimizing the process. The classical Langmuir and
reundlich sorption isotherm models consider sorption by free
inding sites rather than ion exchange. Nevertheless, these

n
w
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sotherm models are still widely used for modeling the biosorp-
ion equilibrium because of their simplicity. The alternative ion
xchange modeling approach, assumes that other ions, such as
alcium, are replaced by metal ions. However, ion exchange
onstants do not account for variable cation exchange capac-
ty. The number of available sites can vary with pH due to
rotonation–deprotonation of weakly acidic sites. At constant
H, modeling with ion exchange constants can yield behav-
or similar to that of a Langmuir isotherm, since the ratio of
roton-occupied and free sites is constant at constant pH.

A biosorption equilibrium model based on a more realistic
ombination of ion exchange and acid/base reactions was devel-
ped by Schiewer and Volesky [3]. This pH-sensitive model
onsiders ion exchange between metal ions and protons as well
s binding to already unprotonated sites. For divalent ions, a
:2 stoichiometry was applicable, where one metal ion binds to
wo monoprotic sites. The pH-sensitive model takes into account
hat binding of the displaced ion (proton) is a reversible reaction.
nother major advantage to this model is that the effect of pH
n metal binding can actually be predicted using the same metal
inding constants for different pH values.

. Materials and methods

.1. Biomass preparation

Three types of citrus materials were compared: native orange
eels, native lemon peels, and lemon-based “pectin peels”
btained from Sunkist®. The first part of the experiments
ocused on a comparison between citrus species (native orange
nd lemon peels obtained from a local grocery store), the sec-
nd part of the experiments used a partially processed lemon peel
roduct, “pectin peels”, provided by Sunkist®. Data for the latter
emon-based product were compared with native lemon peels to
valuate the effect of peel processing on sorption performance.

The lemon and orange peels were washed three times
ith nano-pure water (approximately 18 � resistance), dried at
8–40 ◦C in a convection oven for 12 h, ground, and screened.

Sunkist® provided this project with a material they term
pectin peels”. Those are produced from juice manufacturing
esidues by leaching of the soluble sugars and drying. According
o Sunkist®, the moisture content was approximately 10% and
he pectin content 28%. This material was protonated to remove
xcess cations such as calcium or sodium that could interfere
ith metal sorption and to create a more defined sorbent material

3]. After washing three times (as described above), the sample
as treated with 0.1N HNO3 for 6 h, dried for 12 h at 38–40 ◦C,
ashed again three times with nano-pure water to remove excess

cid or remaining ions, dried, ground and sieved. The resulting
aterial is referred to as protonated pectin peels (PPP).

.2. Potentiometric titration for determining acid/base
roperties
Acid–base titrations were used to investigate the chemical
ature and concentration of reactive sites of the sorbent. The
eighed protonated lemon waste (0.5 g) of 0.7–0.9 mm diam-
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ter was immersed in 50 mL of nano-pure water for 2 h and
gitated with a magnetic stir bar at 120 rpm. Nitrogen gas was
ontinuously bubbled through the solution to avoid carbonic acid
ormation. Volume increments of 0.05 mL of 0.071N NaOH
ere added to the reaction flask after 3–7 min of equilibra-

ion and the corresponding changes in pH were noted, until pH
eached 11.05. The same procedure was repeated for a blank
itration. Based on the experimental data, the total charge after
he ith addition of titrant is expressed as

exp,i = [Na+]i + [H+]i − [OH−]i
m/V

(1)

here Sexp,i is the experimentally determined charge
mequiv./g); [Na+]i, [H+]i and [OH−]i are the concentra-
ion of sodium resulting from the addition of base, the proton,
nd the hydroxyl concentrations (mol/L), respectively, in the
olution; and m/V is the biosorbent mass m (g) per solution
olume V (L).

.3. Titration data processing with a continuous pKa

pectrum

The fully optimized continuous (FOCUS) pKa spectrum tech-
ique developed by Smith and Ferris [23] was used here. The
otal charge is the sum of charges of m different sites, which
re assumed to be monoprotic. For the jth site with dissociation
onstant Kaj the following equations apply:

H+] + [Bj
−] ↔ [BHj] (2)

aj = [H+][Bj
−]

[BHj]
(3)

BTj] = [Bj
−] + [BHj] (4)

he total site concentration (BTj) consists of the free binding site
oncentration (Bj

−) and the protonated binding site concentra-
ion (BHj) (mol/L). The charge can be calculated by combining
qs. (3) and (4) for all m sites:

cal,i =
m∑

j=1

(
BTjKaj

Kaj + [H+]i

)
+ S0 (5)

he term S0 is added in order to account for any initial charge on
he surface. To fit the model (Eq. (5)) to the experimental data
Eq. (1)), a sequence of closely spaced pKa values (2, 2.2, . . .,
1, 11.2) were fixed, and initial concentrations for the quantity
f each site were randomly assigned. Eq. (5) is transformed as

= AB (6)

(i, j) = Ka j

Ka j + [H+]i
for i = 1 . . . n and j = 1 . . . m

(7)
here A is an n × (m + 1) matrix, which represents the degree
f dissociation; B is an (m + 1) × 1 vector of unknown total site
oncentrations (BTj); and S is an n × 1 vector of charge (n: total
umber of titration data points, m: total number of binding sites).

c
p
a
k
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q. (6) was solved by using Matlab®-Optimization toolbox (The
ath Works Inc.). This is an ill-posed problem, because it does

ot yield a unique solution. We adopted an approach proposed
y Cernik et al. [22], imposing the constraint that site concentra-
ions are not negative. The outcome was smoothed by regularized
east-squares optimization, minimizing the term SS + λR, with
he sum of square deviations

S =
m∑

i=1

(Scal,i − Sexp,i)
2 with S ≥ 0 (8)

nd the regularization parameter

=
m−1∑
j=2

(Bj−1 − 2Bj + Bj+1)2 (9)

According to Cernik et al. [22], R is small for smooth affinity
istributions and large for strongly oscillating functions. The
olution depends on the regularization strength parameter λ,
hich is varied from λ = 0 for a total of k different values.

.4. Isotherm experiments

For these experiments, 0.1 g of sorbent (particle size
.7–0.9 mm) were contacted with a synthetic solution of CdCl2
initial concentration of 10–700 mg/L) on an orbital shaker for
h. Prior experiments had shown that equilibrium was achieved

n about 1 h [18]. The pH was maintained constant at either 5.0
r 3.0 throughout the experiment by adding 0.1N NaOH or HCl.
lank tests (without biosorbent) were performed to confirm that
etal precipitation or adsorption did not interfere with biosorp-

ion. The resulting suspension of metal solution and biosorbent
aterial was filtered, and the concentration of metal in the liquid

hase was determined by AAS (PerkinElmer AAnalyst 300).
he metal uptake per gram of biosorbent material was deter-
ined using the mass balance. If C0 and Ce are the initial and
nal metal concentrations (mequiv./L), respectively, V is the sus-
ension volume (L) and m is the mass of biosorbent material (g),
hen the equilibrium metal uptake qe (mg/g or mequiv./g) can be
alculated as

e = V (C0 − Ce)

m
(10)

The results were plotted as sorption isotherms of the sorbate
ptake (qe) versus the equilibrium concentration of the residual
orbate remaining in the solution (Ce).

.5. Sequential additions method

For further equilibrium studies, the sequential additions
ethod SAM [24] was used. If individual flasks are used for each

ata point, variations between points of an isotherm can occur
ue to possible biomass heterogeneity. The SAM eliminates this

ause of data scattering. First, 0.1 g of the citrus peel was sus-
ended in 50 mL nano-pure water. For each of i additional steps,
small volume vi (L) of concentrated Cd(NO3)2 solution of

nown concentration Cc (mequiv./L) was added to the suspen-
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ion, thus gradually increasing the Cd concentration. Magnetic
tirring agitated the suspension for the required equilibration
ime of 60 min [18]. The pH was maintained at 5.0 by adding
.01 or 0.1N NaOH. Next, a suspension volume u = 1.5 mL was
emoved, filtered using Whatman 40 ashless filter paper, and
he metal concentration in the filtrate Ci was analyzed by AAS.
he above steps of metal addition, equilibration and sampling
ere repeated until the desired maximum metal concentration
as reached. The equilibrium uptake qi after each ith step was

alculated using the mass balance (Eq. (11)), taking into account
he amount of metal added and removed in all prior steps and
he corresponding increase in total solution volume Vi (L), as
ell as the decrease in sorbent mass mi (g) in solution.

cvi + Ci−1(Vi−1 − u) + qi−1mi−1 = CiVi + qimi (11)

i = Vi−1 − u + vi (12)

i = mi−1

(
1 − u

Vi−1

)
(13)

.6. Langmuir isotherm model

The Langmuir isotherm, one of the most ubiquitous mod-
ls used to describe the relationship between equilibrium metal
ptake (qe) and final concentrations (Ce), is given as

e = KqmaxCe

(1 + KCe)
(14)

K (L/mequiv.) is the equilibrium adsorption constant which
s related to the affinity of the binding sites. The term qmax
mequiv./L) is the maximum amount of metal ions bound per
nit mass of biosorbent when all binding sites are occupied. The
angmuir parameters can be determined from a linearized form
f Eq. (14) (by plotting Ce/qe vs. Ce):

Ce

qe
= 1

Kqmax
+ Ce

qmax
(15)

To determine the model fit, root mean squared errors (RMSE)
ere calculated: the squared difference between the experi-
ental metal uptake data (q) and the corresponding model

redictions for the uptake (qm) were summed up. This sum was
hen divided by the number of data points (p) for each data set
o calculate the mean square error. After taking the root of that
erm, the RMSE is obtained. The RMSE can be considered as the
verage deviation between the predicted uptake and the actual
ptake.

MSE =
√∑p

1 (q − qm)2

p
(16)

.7. Modeling equilibrium with pH-sensitive isotherm

Schiewer and Volesky [3] developed a model for binding of

ivalent metal ions by monovalent acidic sites. This model is
ased on a combination of ion exchange and acid/base reac-
ions. The pH-sensitive isotherm model, which assumes a 1:2
toichiometry, where one divalent metal ion M2+ binds to two

q

q

rdous Materials 157 (2008) 8–17 11

onovalent binding sites B, was derived from the following
quations:

2+ + 2B− ↔ 2BM0.5 (17)

a = [H]B−

BH
(mol/L) (18)

BM
BM2

0.5

CeB2 (L/mmol) (19)

T = B− + BH + BM0.5 (mequiv./g) (20)

hereby Ce is the concentration of a divalent metal ion M2+,
hich forms a complex BM0.5 with an acidic site B with the
etal binding constant KBM. Combining Eqs. (18)–(20) yields
q. (21):

M = BM0.5 = BT(KBMCe)0.5

1 + [H+]/Ka + (KBMCe)0.5 (mequiv./g) (21)

s an alternative to the above equations for 1:2 stoichiometry,
onsider the following approach for a 1:1 binding stoichiometry:

+ B− ↔ BM (22)

BM = BM

CeB− (L/mmol) (23)

T = B− + BH + BM (mequiv./g) (24)

From Eqs. (18), (23) and (24), the following isotherm expres-
ion can be derived.

M = BM = BTKBMCe

1 + [H+]/Ka + KBMCe
(mequiv./g) (25)

Both approaches (1:2 and 1:1 stoichiometries) were used to fit
he data obtained through the subsequent additions method at pH
and pH 5 for protonated lemon waste. Optimal model param-

ters were obtained by minimizing the RMSE. In some cases,
he number of sites BT was optimized; in others, the total num-
er of sites as determined by titration was used for BT. In either
ase, the acid dissociation constant was obtained from titration.

major advantage of both model versions is that the effect of
H on metal binding can actually be predicted. Though the 1:2
toichiometry appears intuitively more appropriate for divalent
etals from a mechanistic standpoint, the 1:1 stoichiometry was

lso considered.
For constant pH, where the term (1 + [H+]/Ka) is constant,

sotherm Eq. (25) for 1:1 stoichiometry can be reduced to the
angmuir isotherm Eq. (14), where KBM/(1 + [H+]/Ka) corre-
ponds to the Langmuir constant K, and [BT] corresponds to

max:

M =BM= BT(KBM/(1 + [H+]/Ka))Ce

1 + (KBM/(1 + [H+]/Ka))Ce
= qmaxKCe

1 + KCe
(26)
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Fig. 1. Potentiometric titration of protonated pectin peels.
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Table 1
Site concentrations with corresponding pKa values determined from pKa

spectrum

Site Concentration BT (mequiv./g) pKa

Initial base value 0.20 <2
Site 1 0.39 3.8
Site 2 0.11 6.4
Site 3 0.27 8.4
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3.2. Two-stage metal binding isotherms

The sorption isotherm data in Fig. 4 show an unusual two-
stage shape with two plateaus. This behavior is not compatible
ig. 2. Regularized pKa spectrum of protonated pectin peels based on data of
ig. 1.

. Results and discussion

.1. Potentiometric titration

The change in proton binding versus pH, as calculated from
proton mass balance, is shown in Fig. 1. The presence of

nflections around pH 4 and 8.5 was evident, providing a first
ndication of binding sites on the biosorbent material. Carboxy-
ate groups typically have pKa values between 3 and 5 [25]. Due
o the high pectin content of citrus peels, carboxylate groups are
ikely one of the prominent groups present and responsible for
he inflection around pH 4.

A more thorough analysis of the pKa values was performed
hrough the FOCUS technique with regularization [23], which
esulted in the continuous pKa spectrum represented in Fig. 2.
our sites were identified as distinct peaks. The area under each
eak corresponds to the site concentration. The site concentra-
ions and pKa values appear in Table 1.

The total site concentration (sum of all sites) was
.14 mequiv./g. This includes the initial value of 0.2 mequiv./g
or negatively charged sites already present at the beginning of
he titration (pH 2.6), before any base was added. This initial

harge is due to the presence of sites with a lower pKa value,
ne that does not fall within the titrated pH range. The two
ain sites, with quantities of 0.39 and 0.27 mmol/g (together

hey represent 60% of the total sites), had pKa values of 3.8 and
F
f

ite 4 0.17 10.7

otal 1.14

.4, respectively. These values correspond well to the observ-
ble inflections in Fig. 1. The pKa1 = 3.8 could be attributed
o presence of carboxylate groups in lemon fruit waste. Since
itrus peels are rich in pectin, it is only to be expected that car-
oxylate groups are one of the main functional groups in citrus
eels. According to studies by Lee et al. [10] and Reddad et al.
7], phenolic functional groups could correspond to the higher
Ka, while phosphate groups could be responsible for one of the
ntermediate pKa values.

The site concentrations and pKa values listed in Table 1 are
urther validated by comparing the modeled charge (solid line)
ith experimental values (symbols) in Fig. 3. Experimental titra-

ion data were evaluated according to Eq. (1) to calculate the
harge excess. Fig. 3 depicts the absolute magnitude of the neg-
tive charge. A very good fit can be observed. The dashed lines
epresent the contributions of the individual groups to the total
harge. It is apparent that up to approximately pH 6, Site 1
carboxylate) and the initial charge dominate the total charge.
ll model predictions shown in Fig. 2 are assuming four dis-

rete sites with properties as listed in Table 1 (though the site
uantities and pKa values were obtained from a continuous pKa
pectrum to obtain more reliable values), showing that a simpler
ulti-site discrete model is sufficient.
ig. 3. Comparison between surface charge experimental data and predictions of
our site model, including contribution of individual sites to the surface charge.



S. Schiewer, S.B. Patil / Journal of Haza

Fig. 4. Sorption isotherms for cadmium binding to untreated orange peels at
p
m

w
q
P
o
a
U
e
K
t
f
b
a
m
p

f
c

1

2

3

4

T
S

B

p

p

B

H 3 and pH 5. Experimental data connected by dashed lines and Langmuir
odeling with nonlinear optimization of K assuming qmax = 1.14 mequiv./g.

ith classical Langmuir or Freundlich isotherms. Assuming
max as equal to the total number of binding sites determined for
PP by titration (see Table 1), the Langmuir parameter K was
ptimized to minimize RMSE. The model predictions shown
s solid lines in Fig. 4 clearly did not fit the experimental data.
sing other approaches for parameter determination, such as lin-

arization or simultaneous nonlinear optimization of qmax and
, did not lead to a notably better fit (see Table 2). Using the

otal number of binding sites as determined by titration of PPP
or qmax has the advantage of ensuring a realistic number of
inding sites (which was otherwise not the case for orange peels

t pH 5) and allowing an easier comparison between different
aterials, since K is the only parameter that varies for different

H values or materials.

f
t

able 2
ummary of Langmuir isotherm model parameters

iosorbent material Parameters obtained by linearizationa

K (L/mequiv.) qmax (mequiv./g) R2

H 3
Orange peels, CdCl2 0.40 0.55 0.88

Lemon peels, CdCl2 0.46 0.71 0.97

PPP, SAM, Cd(NO3)2 0.50 0.86 0.90

H 5
Orange peels, CdCl2 0.31 0.67 0.35

Lemon peels, CdCl2 0.35 0.93 0.88

PPP, CdCl2 3.80 1.01 0.96

PPP, SAM, Cd(NO3)2 1.58 1.19 0.97

old values are parameters used for model predictions shown in Figs. 4 and 5.
a Values for orange and lemon peels as earlier reported [18].
b Utilizing site quantity qmax as determined in titration of PPP, only optimizing K.
c Model predicts straight line: parameters K and qmax could not be determined inde
rdous Materials 157 (2008) 8–17 13

The anomalous two-stage-shape behavior (more pronounced
or orange peels than for lemon peels) could have been due to a
ombination of the following factors:

. Heterogeneity of biosorbent material (e.g. inner peel vs. outer
peel) at different equilibrium points; that is, “scattering” of
data. Since each data point was obtained from an individ-
ual experiment, the sorbent properties could have differed
between flasks.

. Formation of cationic metal complexes (e.g. CdCl+) which
compete with cadmium ions to sorb on the citrus peels. At
pH 5, free Cd2+ ranged between 98% and 54% of the total
cadmium for a Cd concentration range of 0.1–10 mM, while
that of CdCl+ increased from 2% to 44% according to pre-
dictions of the chemical equilibrium program MINTEQ. The
speciation at pH 3 is very similar to that at pH 5 since metal
hydroxide species are negligible.

. Two binding sites with different affinities for cadmium ions.
The binding site with the strongest affinity for Cd2+ became
saturated at the first plateau, then cadmium ions bound to a
less favored binding site.

. Conformational changes in the polygalacturonate gel,
whereby increasing Cd2+ binding changes the pectin gel
structure from a less ordered state to an ordered form. Such
an ordered configuration has been described by Grant et al.
[26] as the “egg box” model, for the gel structure in the pres-
ence of ions like calcium. The ordered gel structure could
facilitate binding of additional Cd2+ ions by providing suit-
able “pockets” with the right spatial configuration for Cd2+

binding.
To determine which of the above factors were responsible
or the anomalous behavior, the following changes were made
o the experimental procedure:

Parameters obtained by minimizing RMSE

RMSE K (L/mequiv.) qmax (mequiv./g) RMSE Fig

0.053 0.37 0.57 0.053 4
0.084 1.14b 0.067

0.041 0.53 0.68 0.040 –
0.15 1.14b 0.074

0.035 0.51 0.88 0.033 6
0.30 1.14b 0.047

0.16 0.0027c 30.0c 0.13 4
0.13 1.14b 0.143

0.076 0.33 1.00 0.074 5
0.24 1.14b 0.077

0.105 1.77 1.11 0.081 5
1.63 1.14b 0.081

0.048 1.95 1.19 0.031 5, 6
2.16 1.14b 0.034

pendently.
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Fig. 5. Comparison of sorption isotherms for protonated pectin peels (using
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Fig. 6. Comparison of sorption isotherms for protonated pectin peels (PPP) at
pH 5 and pH 3, using Cd(NO3)2 and the SAM method. Experimental data and
pH-sensitive ion exchange models for 1:1 and 1:2 stoichiometry. The parameter
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dNO3 and the SAM method) as well as protonated pectin peels and non-
rotonated lemon peels (both using CdCl2 and the conventional experimental
ethod). Experimental data and Langmuir modeling with nonlinear parameter

ptimization of both K and qmax.

. Isotherm studies were carried out using SAM [24] to elimi-
nate the effect of biosorbent heterogeneity on the equilibrium
data.

. Cadmium chloride salt was replaced by cadmium nitrate salt,
since nitrate is not expected to form significant quantities of
complexes with cadmium.

. A better-defined sorbent material, protonated pectin peels
(PPP), was used. Due to prior processing, this material is
low in impurities, with few cations other than protons and
higher pectin content.

Fig. 5 shows the results of equilibrium experiments using
he conventional method and CdCl2 salt solution, compared to
sing SAM and Cd(NO3)2. When protonated pectin peels were
sed, very similar results were obtained, regardless of the type
f salt or experimental method used (CdCl2 and conventional
ethod vs. CdNO3 and SAM, Fig. 5). The type of anions used

Cl− or NO3
−) apparently had very little effect on metal bind-

ng, which makes it unlikely that sorption of CdCl+ complexes
as responsible for the two-stage isotherm. Similarly, the exper-

mental methodology (SAM or conventional) did not affect the
esults, which means data scattering due to sorbent sample het-
rogeneity can be ruled out as a cause for the unusual isotherm.
or further experiments, the SAM was used since it was less time
onsuming and more controllable than the conventional exper-
mental procedure, and the effect of sorbent heterogeneity was
ompletely removed.

The main factor responsible for the two-stage isotherms
ppears to have been the sorbent material. While two-stage
sotherms were observed in untreated lemon peels (see Fig. 5),
normal” isotherms were observed for protonated pectin peels in
oth cases (conventional method and SAM, Fig. 5). These obser-
ations suggest that the processing of the pectin peels (leaching
f soluble components performed by the manufacturer, followed

y protonation performed by the investigators) decreased het-
rogeneity of the biosorbent materials. The anomalous behavior
ay have been due to involvement of several binding sites in

admium binding. However, additional research is necessary

m
v
l
a

alue was fitted for both pH values (“same K”) for an actual prediction of the
ffect of pH.

o compare binding sites in treated and untreated lemon peels.
s shown in Figs. 2 and 3, even protonated pectin peels still

ontain several acidic sites. The maximum amount of metal
ound (experimental data) was typically around 1 mequiv./g
Figs. 4–6), which is similar to the total number of binding sites
or PPP (1.14 mequiv./g) but exceeds the number of carboxy-
ate sites (0.39 mequiv./g), as listed in Table 1. This indicates
hat though carboxylate groups are important for metal binding
n citrus peels, other sites might also play a role. Though it is
lausible that conformational changes in pectin gel could occur,
eading to auto-cooperative effects in metal binding, apparently
his played a minor role in PPP since the metal binding followed
typical Langmuir behavior.

.3. Comparison of different sorbent materials using
angmuir isotherms

As shown in Fig. 5, PPP showed an increase in sorption
apacity compared to the material with the next highest capac-
ty, non-protonated lemon peels. This can be attributed to two
auses. The elimination of hard ions like Ca2+ and Mg2+ as
result of protonation increased the uptake of cadmium by

educing competition by those ions. The capacity also increased
ecause PPP has an higher pectin content than the untreated
emon peel.

The Langmuir model was used to fit data in Figs. 4 and 5;
alues for K and qmax are listed in Table 2. Those parameters
ere obtained either by linearization or by minimizing the root
ean square error (RMSE) between model and data. At both pH
alues, PPP (lemon based) were the best sorbent, followed by
emon and orange peels. This is evident by the trends in qmax
nd K values in Table 2.
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Table 3
Parameters for pH-sensitive models with 1:1 and 1:2 stoichiometry for Cd binding by protonated pectin peels (PPP)

Model type and method of parameter determination KBM (L/mequiv.) BT (mequiv./g) RMSE

PPP, CdCl2 pH 5 1:1 stoich, opti K and BT 1.95 1.11 0.081
1:1 stoich, opti K for pH 5 1.80 1.14a 0.081
1:2 stoich, opti K and BT 0.12 2.73 0.041
1:2 stoich, opti K for pH 5 2.04 1.14a 0.092

PPP, Cd (NO3)2 SAM pH 5 1:1 stoich, opti K and BT 4.14 1.19 0.031
1:1 stoich, opti K for pH 3 4.36 1.14a 0.036
1:1 stoich, opti K for pH 5 4.60 1.14a 0.034
1:1 stoich, opti K for both pH 4.48 1.14a 0.035
1:2 stoich, opti K and BT 0.44 2.24 0.098
1:2 stoich, opti K for pH 3 17.4 1.14a 0.240
1:2 stoich, opti K for pH 5 4.58 1.14a 0.165
1:2 stoich, opti K for both pH 9.10 1.14a 0.188

PPP, Cd (NO3)2 SAM pH 3 1:1 stoich, opti K and BT 7.46 0.88 0.033
1:1 stoich, opti K for pH 3 4.36 1.14a 0.047
1:1 stoich, opti K for pH 5 4.60 1.14a 0.048
1:1 stoich, opti K for both pH 4.48 1.14a 0.048
1:2 stoich, opti K and BT 0.034 16.47 0.060
1:2 stoich, opti K for pH 3 17.4 1.14a 0.085
1:2 stoich, opti K for pH 5 4.58 1.14a 0.158
1:2 stoich, opti K for both pH 9.10 1.14a 0.110
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ata were obtained with the sequential additions method (SAM) at pH 3 and 5
etal binding constant KBM, the number of binding sites BT, and the root mean
a Total number of sites as determined from titration.

.4. Langmuir isotherms at different pH

At pH 5 the uptake capacity was consistently higher than
t pH 3, as is apparent from the orange peel sorption isotherm
n Fig. 4 and the isotherm for PPP in Fig. 6. Similar results
ere observed for lemon and grapefruit peels [18]. The max-

mum apparent uptake capacity according to the Langmuir
odel was consistently lower at pH 3 than at pH 5 (Table 2).
owever, this is only an artifact of the Langmuir model. The

eason for lower metal binding at pH 3 was an increased con-
entration of protons, which acted as a competitor, lowering
he amount of sites available for metal binding, as described
y Schiewer and Volesky [3] for carboxylate groups in algal
iomass. If the same number of sites (1.14 mequiv./g) is assumed
or both pH values, lower K values are obtained for pH
. This can be explained using Eq. (25), where the appar-
nt binding constant K = KBM/(1 + [H+]/Ka). For pH < pKa, the
pparent binding constant would therefore be reduced. It would
herefore be most appropriate to use a pH-sensitive model
hat takes changing site availability as a function of pH into
ccount.

.5. Developing pH-sensitive isotherms

The pH-sensitive isotherms with 1:2 or 1:1 stoichiometry
Eqs. (21) and (24)) were used to fit experimental SAM data.
he unknown parameters K and BT were determined by min-

mizing the RMSE between the model and experimental data.

o prevent instability of the numerical solution, only one bind-

ng site was considered, and the proton binding constant (KCH)
or this site was assumed to be 103.8, as determined for the main
inding site (carboxylate). However, since the actual metal bind-

e
a
1
w

ell as the conventional method at pH 5. Parameters shown are the equilibrium
re errors (RMSE). Model versions shown in bold are depicted in Fig. 6.

ng may involve several sites, the site quantity was adjusted to
t the experimental data rather than assuming only the carboxy-

ate site quantity obtained from titrations. Table 3 shows model
arameters for the pH-sensitive models. Obviously the best fits
lowest RMSE) are obtained if both KBM and BT are optimized
or the particular isotherm (top row for each model type). For
he 1:1 stoichiometry, the optimum BT and RMSE were identical
o those of the Langmuir model (Table 2), with only the bind-
ng constants differing. This is the case because, as explained in
q. (26), for constant pH the 1:1 stoichiometry reduces to the
angmuir model with K = KBM/(1 + [H+]/Ka).

The optimized BT values for the 1:1 stoichiometry were
imilar to the total number of sites obtained by titra-
ion BT = 1.14 mequiv./g (see Table 1), indicating that other
ites in addition to carboxylate groups may be involved in
etal binding. Therefore, Table 3 also lists equilibrium con-

tants that were optimized assuming BT = 1.14 mequiv./g. Good
redictions were still obtained, especially for the 1:1 stoi-
hiometry, when only K was optimized to fit the individual
sotherm.

Theoretically, for pH-sensitive isotherms, one equilibrium
onstant should be valid for different pH values. Therefore,
able 3 also indicates the performance of the model (for the
AM method with BT = 1.14 mequiv./g) if K was optimized for
ne pH value and used to predict data for the other pH value,
r if one K value was optimized to fit data at both pH values.
t is apparent that the 1:1 model fits virtually equally good in
ither case, which means that the model can truly predict the

ffect of pH using the K value obtained by fitting data obtained
t one pH to predict the performance at a different pH. For the
:2 stoichiometry model, predicting the pH is also possible but
ith a slightly larger error.
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.6. Comparison of 1:1 and 1:2 stoichiometry

With one exception (optimized K and BT for conventional
ethod), the model predictions of the 1:1 stoichiometry were

uperior and had lower RMSE (0.031–0.081 mequiv./g, corre-
ponding to 3–7% of BT) than those of the 1:2 stoichiometry,
hich had higher RMSE (0.041–0.098 mequiv./g, correspond-

ng to 2–14% of BT). This is also apparent in Fig. 6, which shows
he model predictions of both types of pH-sensitive isotherm

odels for pH 3 and 5. The same value (K = 4.48 for 1:1 stoi-
hiometry, K = 9.10 for 1:2 stoichiometry) was used for both pH
alues, showing that it is indeed possible to predict pH effects. To
epict the data at low concentrations more clearly, the isotherm
s plotted on a logarithmic scale. It should be noted that if plot-
ed on a linear scale, these data do not follow a “half bell shape”
ut show a standard Langmuir behavior. The 1:2 stoichiometry
nder-predicts metal binding at high concentrations and over-
redicts at low concentrations (which is only apparent when
he concentration is plotted in a logarithmic scale, as done in
ig. 6), and generally features a more gradual increase, whereas

he 1:1 stoichiometry fits the behavior of the data exactly. This
ehavior was unexpected since previous research had shown that
he 1:2 stoichiometry was performing well for divalent metal
ons (Cu and Ni) binding to carboxylate groups in seaweeds
27].

The question arises as to how the 1:1 stoichiometry can
e explained mechanistically for divalent ions. Our observa-
ion that the 1:1 stoichiometry fits could be interpreted such
hat each metal ion binds to one site through chemical sorp-
ion (covalent binding/complexation), so that, from a reaction
hemistry standpoint, the rate is first order with respect to the
ite concentration and the metal concentration. Nevertheless,
nly a maximum of one mole of a divalent ion can be bound
y two moles of monovalent binding sites, indicating that sec-
ndary physical interactions such as electrostatic attraction to a
econd group may play a role. Another possible interpretation
ould be that a divalent metal simply binds to a monovalent

ite, whereby only half of the total number of sites determined
n titrations actually participate in metal binding. This could
e the sites contributing to the base charge already present at
H 2.6, plus Site 1, which together account for 0.59 mmol/g.
f one divalent metal bound to each of those sites, a maximum
admium uptake capacity of 1.18 mequiv./g would be expected,
hich again matches the experimental data. Based on the present

xperimental data, it cannot be concluded which of these inter-
retations is mechanistically correct, but the results support that
inding of divalent metal ions can deviate from the expected 1:2
toichiometry.
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