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ABSTRACT

By-products such as citrus peels are low-cost biosorbents for heavy metal removal from
industrial wastewaters. The cadmium-binding mechanism for native and protonated grape-
fruit peels was investigated. Potentiometric titrations were described well by a two-site
model based on carboxyl and hydroxyl sites with pKa values of 3.9 and 11.1, respectively. A
one-site model excellently described increasing metal binding from pH 1 to pH 6 due to
decreasing competition with protons. Sorption isotherms showed a maximum Cd2+ uptake
of 1.7 and 2.2meq/g for native and protonated peels, respectively. An isotherm model with
a 1:2 stoichiometry, where one divalent metal binds to two monoprotic sites, was superior to
a 1:1 stoichiometry. For protonated peels, mainly protons were exchanged with Cd2+; for
native peels, light metal ions were exchanged. Cd2+ sorption was completely reversible by
acidic desorption, maintaining the sorption capacity during several cycles. Esterification of
carboxyl groups, which reduced Cd2+ binding by 80%, showed their importance in metal
binding. Formaldehyde treatment to block amine and hydroxyl groups reduced Cd2+ binding
by a smaller extent. Fourier transform infrared spectra indicated the involvement of carboxyl
and hydroxyl groups in metal binding. Grapefruit waste is a promising biosorbent with high
capacity and stability.

Keywords: Characterization; Mechanism; Biosorption; Grapefruit peels; FTIR

1. Introduction

Environmental contamination by toxic metals is a
serious problem due to their incremental accumula-
tion in the food chain [1,2]. Unlike most organic
wastes and the microbial load in aquatic bodies, metal
contaminants are not biodegradable, thus becoming a
permanent burden on ecosystems [3]. Cadmium
competes with Zn in metalloenzymes, inhibiting the

normal metabolism [1]. Effects of cadmium poisoning
include a reduced sense of smell, reduction of red
blood cells, kidney damage, and in extreme cases skel-
etal deformities and death [1]. The major sources of
cadmium release into the environment through waste-
water streams are electroplating, smelting, alloy and
plastic manufacturing, pigments, battery, fertilizers,
mining, and metal refining processes [4]. At present,
there are a number of chemical and physical methods
for the removal of heavy metals including cadmium*Corresponding author.
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from industrial effluents. However, some of these
processes, such as reverse osmosis or ion-exchange
resins are cost-prohibitive for the treatment of large
wastewater volumes. Others, such as precipitation,
which is typically for high metal concentrations,
generate toxic sludge and are ineffective, especially
when heavy metals are present in wastewater at low
concentrations, because no compound is completely
insoluble and a residual concentration always remains
as expressed by the solubility product [5]. Efficient
and environment-friendly technologies, therefore,
need to be developed to reduce heavy metal
concentration in wastewaters to an acceptable level at
affordable costs. This has led to the investigation of
alternative low-cost technologies that may be
efficiently applied for the removal of heavy metals,
particularly at low concentrations (<10mg/L), where
precipitation is not an option.

To this end, biomass from various natural or
industrial origins has been investigated for its ability
to sequester heavy metals through the process gener-
ally known as biosorption [6]. Biosorption uses the
ability of various types of biological materials to take
up relatively high amount of metal ions by passive
sorption and/or complexation [6]. Citrus peels are one
such biosorbent material. Citrus is grown in all
tropical and subtropical countries and with over 105
million tons annual production and ranks first in total
production among fruit crops (http://apps.fao.org).
Waste from citrus juice production is dried and
sold as a low-value cattle feed at a loss for the
processors. In recent years, the potential of lemon [7],
orange [8–13], grapefruit [14], and mandarin peels [15]
for the binding of pollutants such as cadmium, nitrate,
and arsenic has been studied, and suitably high
uptake values were found.

To be able to apply biosorbents optimally, the
biosorption mechanism needs to be understood. Citrus
peels consist mainly of mono-, di-, and polysaccha-
rides. The water-soluble fraction contains glucose,
fructose, sucrose, and some xylose, while pectin,
cellulose, hemicellulose, and lignin constitute most of
the insoluble fraction [16,17]. These polymers contain
many carboxyl and hydroxyl groups which can bind
heavy metal ions [6]. Titrations of lemon peels
modeled by a continuous pKa spectrum revealed
major acidic sites with pKa values around 4 and 8 [18].
For algal and fungal biosorbents, techniques such as
the blocking of binding sites and Fourier transform
infrared (FTIR) spectra before and after metal binding
have been used. Esterification of carboxyl groups with
acidic methanol strongly reduced the Cu2+, Al3+, and
Cr3+ binding capacity of different algae, indicating the
importance of these groups [19,20]. Fourest and

Volesky [21] determined by titrations, FTIR, and
esterification of carboxyl groups with methanolic
hydrochloride and propylene oxide that carboxyl
groups were mainly responsible for metal binding by
the seaweed Sargassum. Similarly, Yun et al. [22] noted
for metal-laden seaweed biomass an increase in the
carboxyl C=O chelate stretching peak at
1,630 cm�1compared with the free C=O stretching
peak at 1,740 cm�1, demonstrating the involvement of
carboxyl groups in metal biosorption. Ashkenazy
et al. [23] noted that reacting carboxyl groups with
propylamine decreased Pb uptake by yeast. In the
fungus, Aspergillus niger, esterification of carboxyl and
methylation of amine groups showed that both sites
contribute to metal sorption [24]. To better understand
the mechanism of metal biosorption by citrus peels,
the goal of this research was therefore to describe
metal biosorption by grapefruit peels (GFPs) using a
mechanistic model and to investigate the mechanism
including identification and quantification of
functional groups by potentiometric titration, chemical
modification, and FTIR characterization.

2. Materials and methods

2.1. Materials

All chemicals and reagents used were of
ACS-reagent grade. Peel waste of grapefruits (Citrus
paradise) was obtained from the grapefruit juice
processing unit of Peace River Citrus Products,
Arcadia, Florida, USA. After thorough washing with
tap water, the peels were washed three times with
nano-pure water (18 X resistance) and oven-dried at
50˚C until they reached a constant weight. Dried
peels were ground and sieved. The peel particles of
0.5–1.0mm size were used for the adsorption studies.

2.2. Potentiometric titration

GFP was first protonated in order to remove other
exchangeable ions present in the raw biomass as
described by Schiewer and Volesky [25]: a 0.25 g sam-
ple of peels was treated in 250mL of 0.1M HCl solution
for 6 h in an orbital shaker at 120 rpm and 25˚C, and
then filtered and washed 3 times with deionized water.
Titration can be useful to characterize the pKa and
quantity of functional acid/base groups [26]. Before the
titration, the protonated GFP was added to a 250-mL
Pyrex beaker containing 50mL of 0.1M NaNO3

solution, and the mixture was allowed to stand for 2 h
at 25˚C for stabilization before the solution was bubbled
with nitrogen gas for 2 h with vigorous mixing to
remove CO2 in the solution. The titration was carried
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out with an automatic titrator (Metrohm 719 S Titrino)
using 0.1M NaOH solution.

The surface charge S on the peel particle with
mass m was calculated according to equation (1)
based on the electro-neutrality equation of the
solution with volume V [27]:

S ¼ ð½OH�� þ ½NO�
3 � � ½Hþ� � ½Naþ�ÞV=m ðmeq=gÞ ð1Þ

[Na+], [NO�
3 ], [H

+] and [OH�] are the concentrations
of sodium, nitrate, protons, and hydroxyl (mol/L),
respectively, in the solution. Since NO�

3 and Na+ from

the background electrolyte (0.1M NaNO3) cancel each
other’s charge out, only the equivalents of NO�

3 from

acid addition and Na+ from base addition have to be
considered in addition to OH� and H+ from pH
measurements.

2.3. Adsorption studies

In order to determine the adsorption capacity of
GFP, 50mg samples of GFP was added to 50mL of
metal solution of known concentrations (0.178–
10.67meq/L, i.e. 10–600mg/L) in 250-mL Erlenmeyer
flasks that had been prewashed with 1% HNO3 solu-
tion. The flasks were shaken on an orbital shaker at
120 rpm and 25± 2˚C for 180min, until equilibrium
was reached, followed by filtration through Whatman
No. 40 filter paper. The Cd2+ concentration in the
filtrate was determined by atomic absorption spectro-
photometer (AAnalyst 300, Perkin-Elmer, Waltham,
MA, 02451 USA). Resulting final concentrations
ranged between 0.2 and 500mg/L, spanning several
orders of magnitude.

To evaluate the effect of pH on the adsorption of
Cd2+, adsorption experiments as described above
were performed at different fixed pH values. About
50mg samples of GFP was added to 50mL of
1.78meq/L Cd2+solution in 250-mL Erlenmeyer
flasks. The resulting suspension was agitated for
180min on a magnetic stirrer at 150 rpm. The pH
value was maintained at 2, 3, 4, 5, and 6 by incre-
mentally adding 0.1M HCl or 0.1M NaOH. The pH
of the adsorption mixture was continuously moni-
tored using an immersed pH electrode connected to
a pH meter (Model 8015, VWR Scientific) throughout
the adsorption experiments.

All sorption experiments were conducted in
triplicate, and the mean values were reported. The
mean deviations between the triplicates were always
less than 5%. Standard deviations were in average
0.02meq/g, which rendered error bars difficult to
distinguish from the data markers.

The metal uptake per gram of biosorbent material
was determined using the mass balance. If C0 and Ce

are the initial and final metal concentrations (mg/L or
meq/L), respectively, V is the suspension volume (L)
and m is the mass of biosorbent material (g), then the
equilibrium metal uptake q (mg/g or meq/g) can be
calculated from the experimental data as [6]:

q ¼ VðC0 � CeÞ
m

ð2Þ

2.4. Adsorption/desorption cycles

The adsorption step was performed using 50mL of
Cd solution with an initial concentration of 25mg/L
at pH 5.0 and 50mg of native or protonated peels. For
desorption of the adsorbed metal ions from the metal
loaded GFP, 50mg of metal loaded adsorbent was
added to a 250-mL Erlenmeyer flask containing 50mL
of desorbing agent (0.1M HCl) and shaken at 100 rpm
on an orbital shaker at 25 ± 2˚C. After 2 h shaking, the
solution was centrifuged and supernatant was
analyzed for metal ions desorbed. Acidic desorption
was chosen since it does not introduce other ions such
as Ca2+ which could compete with the target metal for
binding sites. Treatment with 0.1M HCl did not
damage the sorbent. Desorption of with 0.1M acid is
common since it is typically fast and effective for
displacing metals from acidic groups and the sorbent
can be reused [28,29].

2.5. Modeling error analysis

In order to evaluate the error of the model
predictions, the root mean square errors (RMSE) were
calculated. The sum of the square of the difference
between metal removal experimental data (q), and
model predictions (qm) was divided by the number of
data points (p) for each data set and the square root of
this term was taken.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPp

1 ðq� qmÞ2
p

s
ð3Þ

2.6. Elemental composition

For the determination of Ca, Mg, K, Na, Fe, and
Mn, both native- and Cd(II)-laden GFP were
processed by Association of Analytical Communities
dry ashing method [30], and the resulting filtrate was
analyzed on AAS.
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2.7. Chemical modification of GFP

Modification of GFP carboxyl groups with acidic
methanol was performed according to the method of
Gardea-Torresdey et al. [19]. Ten grams of GFP (0.5–
1mm) was suspended in 650mL of anhydrous
methanol and 5.4mL of concentrated HCl. The reac-
tion mixture was shaken on a rotary shaker for 48 h at
100 rpm. The reaction was stopped by the addition of
a large volume of cold nanopure water, and resultant
peels were separated by centrifugation. This treated
peel was then washed repeatedly with nanopure
water to remove excess HCl and CH3OH, freeze-dried
and stored in sealed glass bottles for subsequent
experiments.

Carboxyl-free GFP was prepared in aqueous
propylene oxide solution according to the procedure
described by Fourest and Volesky [21]. Protonated
GFP biomass was allowed to stand in 37% (w/w)
propylene oxide solution (20mL/g) at room
temperature for 48 h. To stop the reaction, the excess
propylene oxide was removed by repeated washing
with nanopure water. The treated GFP was then
freeze-dried and stored for subsequent experiments.

Methylation of hydroxyl group of GFP biomass
was carried out according to the method of Kapoor
and Viraraghavan [24]. One gram of biomass was
contacted with 20mL of formaldehyde (HCHO) and
40mL of formic acid (HCOOH), and the reaction
mixture was shaken on rotary shaker for 6 h at
125 rpm. To stop the reaction, the GFP biomass was
separated by centrifugation and thoroughly washed
with nanopure water and freeze-dried. The aim of
chemical modification was to investigate the role of
functional groups (carboxyl and hydroxyl) of GFP in
the biosorption of metals ions and to elucidate the
mechanisms of metal removal.

2.8. FTIR spectroscopy

FTIR spectroscopy was used to determine the
changes in vibration frequency in the functional
groups in the protonated GFP, Cd2+-loaded GFP and
GFP after Cd2+ binding and subsequent desorption.
The spectra were collected by a Thermo Nicolet
IR-100 Spectrometer (Thermo Nicole Corporation,
Madison, USA) within the wave number range of
400–4,000 cm�1. All three specimens were first ground
in a Wig L Bug Grinder (Crescent Dental MFG. CO.
Chicago, ILL, USA) and then mixed with fine KBr
powder at an approximate ratio of 1:100 for the
preparation of pellets (100mg) and pressed into a thin
film, used for recording the spectra. All samples were
scanned three times, with no significant difference

between the spectra. The background obtained from
the scan of pure KBr was automatically subtracted
from the sample spectra. All spectra were plotted
using the same scale on the absorbance axis.

3. Results and discussion

3.1. Potentiometric titration

As shown in Fig. 1, the negative surface charge of
protonated GFPs increased rapidly between pH 3 and
5, changed only slightly between pH 5 and 10, and
increased again rapidly beyond pH 10. This indicates
the presence of a major acidic site with pKa around 4
and a further site with pKa> 10. It should be noted
that these are apparent pKa values, which (unlike the
number of sites) can vary with the ionic strength [26].
Intrinsic pKa values can be determined by titrations at
different ionic strengths, which is necessary when
employing a model that includes electrostatic effects
[26].

Since GFPs contain about 20% of pectin [17,31],
which features many carboxyl groups, the first site,
with pKa around 4, corresponds to carboxyl groups of
pectin. The second site appears to be hydroxyl groups,
which occur in large numbers in pectin and cellulose
and are known to have pKa values around 10 [32].

To quantify the pKa and site quantity of the two
types of sites, a two site model was fitted to the data.
For a binding site Bj with dissociation constant Kaj, the
following equations apply:

Fig. 1. Potentiometric titration of protonated GFPs at 0.1M
NaNO3 background electrolyte. Data and model
predictions. Model 1: two types of acidic sites and initial
charge. Model 2: two types of acidic sites without initial
charge.
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½BHj� ! ½Hþ� þ ½B�
j � ð4Þ

Kaj ¼ ½Hþ�½B�
j �=½BHj� ð5Þ

½BTj� ¼ ½B�
j � þ ½BHj� ð6Þ

The total site concentration (BTj) consists of the free
binding site concentration (B�

j ) and the protonated
binding site concentration (BHj) (mol/L). The charge
can be calculated by combining Eqs. (5) and (6) for
two sites B1 and B2:

Smod ¼ So þ BT1

1þ ½Hþ�=Ka1

þ BT2

1þ ½Hþ�=Ka2
ð7Þ

The term So is added in order to account for any
initial charge on the surface. Table 1 shows the
parameters optimized by nonlinear fitting, minimizing
the RMSE.

The quantity of the first acidic site was 2.0meq/g
if the initial surface charge So was assumed to be zero.
If an initial surface charge So was taken into consider-
ation, its optimal value was +0.36meq/g, which
increased the quantity of the first site to 2.33meq/g.
pKa values were similar in both cases, around 4 for
the first and 11 for the second site. When the initial
charge was taken into account, the model fit below
pH 5 improved, resulting in overall lower RMSE
values. As shown below, the site quantity of
2.33meq/g corresponded well to the maximum
metal-binding capacity.

3.2. Effect of pH on metal binding

Fig. 2 shows the effect of pH on metal binding.
The maximum metal binding achieved for protonated
peels was higher than that for native peels. As typical
for the biosorption of cations by many biosorbents,
sorption increases with pH up to a maximum value.
This effect is due to the competition of metal ions and
protons for the same binding sites, whereby protons
reduce metal binding at low pH values [25].

To describe the interactions of metal ions and
protons with binding sites, one can either assume that
each metal ion M binds to one binding site B or to
two binding sites. For a 1:1 stoichiometry, the
following equations apply [33]:

Mþ B� ! BM ð8Þ

KM ¼ BM

B�Ce

ðL=mmolÞ ð9Þ

BT ¼ B� þ BHþ BM ðmeq=gÞ ð10Þ

q ¼ BM ¼ BTKMCe

1þ ½Hþ�=Ka þ KMCe
ðmeq=gÞ ð11Þ

If on the other hand, each divalent metal ion binds
to two monoprotic sites, the following equations
proposed by Schiewer and Volesky [25] apply:

M2þ þ 2B� ! 2BM0:5 ð12Þ

KM ¼ BM0:5

B�Ce

� �2

ðL=mmolÞ ð13Þ

BT ¼ B� þ BH þ BM0:5 ðmeq=gÞ ð14Þ

Table 1
Site quantities and pKa values determined from
potentiometric titration of protonated GFPs, obtained by
fitting a two-site model without or with initial charge

B0

(meq/g)
BT1

(meq/g)
pKa1 BT2

(meq/g)
pKa2 RMSE

0 2.00 4.06 1.30 11.15 0.075

0.36 2.33 3.87 1.23 11.06 0.048

Fig. 2. Effect of pH on Cd2+ uptake by protonated and
native GFPs for an initial Cd2+ concentration 100mg/L
and a sorbent dosage of 1 g/L. Data (mean of triplicates,
error bars indicate standard deviation) and predictions of
the following model versions: 1:1 stoichiometry with
optimized parameters, 1:2 stoichiometry with optimized
parameters, 1:2 stoichiometry with Ct and pKa from
titration and average KM.
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Q ¼ BM0:5 ¼ BTðKMCeÞ0:5
1þ ½Hþ�=Ka þ ðKMCeÞ0:5

ðmeq=gÞ ð15Þ

For the pH range 1–6, only the carboxyl groups
with pKa around 4 were considered in the modeling.
At these pH values, hydroxyl groups with pKa around
11 would remain protonated and are therefore not
expected to contribute to metal binding. The model
parameters BT, KM, and pKa were optimized for both
stoichiometries by minimizing the RMSE. The
resulting values are listed in the top half of Table 2.

If all three parameters were optimized to fit the
data of Fig. 2 (“all opti”), the model fit using Eqs. (11)
and (15) was excellent. For either sorbent and stoichi-
ometry, RMSE values were around 0.03meq/g, which
corresponds to about 1 % of the maximum capacity.
The curves for both stoichiometries virtually
coincided, i.e. either model can be used successfully if
the metal concentration is not varied. The excellent fit
of a one site model gives a first indication that in the
studied pH range only the first binding site with pKa

around 4 contributes to metal binding.
For the protonated peels, the site quantities BT

(2.37, 1.73) and pKa values (3.79, 3.80) were similar to
those obtained by titration (BT= 2.33, pKa 3.87 from
Table 1). For the native biomass, the pKa values were
a little lower (pKa 3.56, 3.79), which can be explained
by the presence of other ions (Ca2+, Mg2+, K+, Na+,
see Section 3.5). Even though the titrations were
performed at a background electrolyte concentration
of 0.1M, the additional ions originally present in the
native biomass could have lowered the apparent pKa

value. Electrostatic attraction of other cations to the
vicinity of acidic binding sites can lower the concen-
tration of protons at the solid/liquid interface. Thus, a
higher proton concentration in the bulk solution is
necessary to achieve the same level of protonation,
which corresponds to a lower pKa value. For carboxyl
groups in an algal biosorbent, the apparent pKa value
dropped from almost 5 to about 3 with increasing
ionic strength [26].

Ideally, the same site concentration and pKa as
determined in titrations should apply for modeling
the metal binding. Therefore, Table 2 and Fig. 2 also
show model predictions for which only the metal
binding constant was optimized to fit the data of
Fig. 2. As expected, the RMSE are higher than for
optimized pKa and BT; however, model predictions
were still very good with RMSE of 0.11 or lower. It
should be noted that even though the native peels
had a lower maximum Cd2+ binding than protonated
peels (Fig. 2), the data could be modeled using the
same BT value as for protonated peels. For the chosen

initial concentration of 100mg/L, not all sites were
saturated with Cd2+, but some sites were still
occupied with protons (at lower pH) or occurred as
free negatively charged groups (at pH 4 or higher).
Therefore, the highest values shown in Fig. 2 do not
represent the maximum sorption capacity determined
in isotherm studies.

3.3. Metal-binding isotherms

Metal-binding isotherms for native and protonated
biomass are shown in Fig. 3. A plateau was reached
for equilibrium Cd2+ concentrations above 150mg/L
with maximum binding capacities of 1.7meq/g for
native and 2.2meq/g for protonated peels. The latter
value is very close to the determined carboxyl site
quantity of 2.33meq/g, giving a further indication
that Cd2+ may be bound to carboxyl groups. The
observed binding capacity was considerably
higher than that determined by Schiewer and Patil
[18], where unprocessed GFPs had a capacity of
0.49meq/g compared with 0.93meq/g for lemon
peels. Protonated peels with maximum experimental
Cd2+ binding of 2.24meq/g (a conservative number,
since the extrapolated qmax or Bt typically exceeds the
maximum experimental uptake) would fall in the top
10% of 180 biosorbents whose qmax values were
compared in a review by Lodeiro et al. [34], about half
of which had capacities of 1meq/g or less. Most of
the sorbents with higher uptake were algae, which are
not available as a byproduct but would have to be
harvested, which involves additional cost. Further-
more, it is not clear for some of the top sorbents if
experimental uptake came close to the extrapolated
qmax values. This demonstrates that the actual grape-
fruit waste used here is a promising sorbent, obtained
at minimal cost with very little sorbent processing,
and ranking among the highest biosorbents for
Cd2+uptake as summarized in [35].

Especially, protonated peels showed a very high
affinity for Cd2+, whereby half of the maximum
capacity was already reached at an equilibrium
concentration of about 10mg/L. This indicates that
the sorbent can be used effectively for treating
solutions with low metal concentrations.

To model the isotherms using Eqs. (11) and (15),
the parameters BT, pKa, and KM were optimized for
the data of Fig. 3. Results are shown in Fig. 3 and the
bottom half of Table 2. Obviously, fits were best if all
three parameters were optimized to fit the data of
Fig. 3; however, good fits were still achieved when
the BT and pKa values determined in titrations were
used and only KM was optimized. As a further model
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variation, the same average metal-binding constant
was used to model the pH effect and the isotherms.
As shown by the dashed lines in Fig. 2 and the model
in Fig. 4(a) and (b), reasonably good fits were still
obtained if the same average metal binding constant
was used to model both sets of data.

For the native biomass, both models had excellent
predictions with RMSE as low as 1–3% of BT. For the
protonated biomass, the 1:2 stoichiometry (solid lines
in Fig. 3) was superior to the 1:1 stoichiometry (dotted
lines in Fig. 3). It makes sense from a mechanistic
point of view that a divalent ion binds to two monop-
rotic sites as assumed by the 1:2 stoichiometry. One of
the known pectin gelation mechanisms is the bridging
of divalent cations between two polymer chains by
binding to functional groups on each polymer.

3.4. Release of protons during metal binding

Upon addition of sorbent to the metal solution at
pH 5, the pH dropped rapidly. The resulting pH
before addition of any NaOH for pH adjustment is
shown on the second y-axis of Fig. 4. The pH dropped
for native peels from 4.7 to 3.9 and for protonated
peels from 3.8 to 2.9. Due to the logarithmic nature of
the pH value, the actual amount of protons released
was higher for protonated peels than for native peels.
The proton release was calculated from the amount of
NaOH added for pH adjustment and plotted on the
primary y axis for comparison with the amount of
metal bound.

It can be observed that for protonated biomass
(Fig. 4(a)), metal binding was accompanied by proton

release of almost equal magnitude. This means ion
exchange between Cd2+ ions and H+ ions played a
major role. Minor amounts of other ions such as Ca2+,
which may have remained bound after protonation
could be responsible for the difference between metal
binding and proton release. For native biomass on the
other hand (Fig. 4(b)), proton release was very low
since most sites were occupied by other ions, such as
Ca2+, Mg2+, K+, Na+, as discussed in Section 3.5.
Therefore, ion exchange with those ions was more
important.

Due to the presence of those competing ions,
the maximum metal binding by native biomass
(1.7meq/g) was lower than that of protonated bio-
mass (2.2meq/g). Nevertheless, the metal uptake
could be modeled for both materials using a site
quantity of 2.33meq/g as determined in the titration

Fig. 3. Sorption isotherms for Cd2+ binding by protonated
and native GFPs at pH 5.0. Data (mean of triplicates, error
bars indicate standard deviation) and predictions of the
following model versions: 1:1 stoichiometry with
optimized parameters, 1:2 stoichiometry with optimized
parameters.

Fig. 4. Initial pH drop and release of protons during
binding of Cd2+ at pH 5.0 by (a) protonated and (b) native
GFPs. Model prediction for Cd2+ binding according to 1:2
stoichiometry with Ct and pKa from titration and average
KM.
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of protonated biomass (Fig. 1, Table 1). Even when
the same average metal-binding constant was used for
modeling pH effects and isotherms, leading to larger
RMSE than for optimized parameters (Table 2), the
model predictions were good as shown in Fig. 4.

3.5. Ionic composition of native peels and ion release
during metal binding

The amount of ions originally present on native
peels was determined by digestion. As shown in
Table 3, the major ions were Ca2+ and Mg2+, followed
by K+ and Na+, with negligible quantities of Mn and
Fe. During Cd2+ sorption with an initial concentration
of 600mg/L, to achieve site saturation, 92% of the
originally present ions were released.

If the amount of protons released (calculated from
NaOH added) is added to the sum of other ions
released, a total of 1.78meq/g is obtained, which
matches perfectly with the amount of Cd2+ bound
(1.75meq/g), showing that ion exchange is prevalent
also for native peels. Fig. 5 shows the amount of ions
present initially (including H+), ions released during
Cd2+ sorption, and ions bound after the sorption
equilibrium is reached (including Cd2+), illustrating
that the total amount of ions bound remains constant
during this ion-exchange process.

3.6. Adsorption/desorption cycles

When the same sorbent material was exposed to
five consecutive adsorption/desorption cycles,
adsorption remained very high with metal removal
efficiencies of more than 90%, except during the first
cycle for native biomass where metal removal was
only 77% (data not shown). Complete desorption was
achieved with efficiencies of 98–99% (data not shown).
As depicted in Fig. 6, the amount of metal bound
remained almost constant during five adsorption/
desorption cycles, decreasing by less than five percent.
This indicates complete regeneration of the sorbent
with good chemical and mechanical stability; the
desorption treatment did not damage the sorbent. The

reversibility of the sorption process is consistent with
the above mentioned ion exchange between heavy
metal ions and protons (Fig. 4).

For native peels, there was even an increase in the
sorption capacity from the first to the second cycle, in
conjunction with an increase in metal removal from 77
to 96%. This can be explained based on Figs. 3–5.
Native biomass generally showed lower metal binding
than protonated biomass (Fig. 3), due to competition
by other ions such as Ca2+ and Mg2+ initially present
in the biomass (Fig. 5). During the first adsorption
step, most of these other ions are released from the
sorbent (Fig. 5). During desorption, protons replace
Cd2+ and any remaining other cations. Therefore,
these ions no longer interfere with metal binding
during subsequent cycles and the native biomass
essentially behaves like protonated biomass.

3.7. Identification of binding sites by chemical modification
of functional groups

Since metal binding could be described with a
one-site model based on acidic groups with pKa

around 4, it is highly plausible that carboxyl groups

Table 3
Ionic composition (meq/g) of native peels as determined by digestion, ions remaining after sorption of Cd2+, and ions
released during Cd2+ sorption at pH 5 for an initial concentration of 600mg/L

Ca Mg K Na Mn Fe Sum

Digestion 0.87 0.39 0.14 0.10 0.0003 0.0037 1.51

Remaining after sorption 0.05 0.03 0.00 0.03 0.0002 0.0008 0.12

Release during sorption 0.83 0.36 0.14 0.06 0.0001 0.0029 1.39

% released 95 92 97 65 29 80 92

Fig. 5. Ions bound to native GFPs, ions released during
binding of Cd2+ and ions bound to peels after Cd2+

adsorption for an initial Cd2+ concentration 600mg/L, pH 5.
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play a dominant role in the binding of Cd2+ by GFPs.
To confirm this hypothesis, carboxyl groups were
esterified and the metal-binding capacity after modifi-
cation was determined and compared with native or
protonated peels. Since all three treatments occur
under acidic conditions, their effect is best compared
with protonated biomass. Fig. 7 shows that the metal-
binding capacity for an initial Cd2+ concentration of
600mg/L drops by about 80% when carboxyl groups
are blocked by esterification with acidic methanol or
propylene oxide. This indicates that carboxyl groups
are responsible for most of the metal binding.

Formaldehyde treatment, which blocks amine and
hydroxyl groups [20] reduced metal binding by 50%
compared to protonated or 30% compared with native
biomass. Those groups may therefore also play a role
in Cd2+ binding. The remaining binding after
formaldehyde treatment is due to carboxyl groups. It
is possible that the positive charge of amine groups
was responsible for the positive base charge (Table 1).

3.8. Investigation of binding sites using FTIR

To further confirm the important role of carboxyl
groups in Cd2+ binding by GFPs, FTIR spectra were
obtained for protonated peels, protonated peels after
binding of Cd2+, and the same peels after Cd2+ was
subsequently desorbed. The spectra depicted in Fig. 8
show the typical hydroxyl (–OH) peak at wave num-
ber 3,424–3,431 cm�1, alkyl (–CHn) peak at wave num-
ber 2,927 cm�1, peak “1” at wave number 1,741 for the
C=O bond of carboxyl groups and their esters, and
peak “2” at wave number 1,625 to 1,638 cm�1 for
asymmetric stretching of the carboxylic C=O double
bond. After adsorption of Cd2+, peak “1” stayed in
position but decreased in size, whereas peak “2”

increased significantly in size and shifted very
strongly, moving to 1,625 cm�1. This clearly shows the
involvement of carboxyl groups in Cd2+ binding. For
seaweeds and their component alginic acid, the peak
around 1,630 cm�1 was similarly attributed to metal
chelates of carboxyl groups [21,22,36,37]. A smaller
shift was observed for OH groups whose peak shifted
from 3,431 to 3,424 cm�1, indicating that OH groups
participate in metal binding. It is interesting to note
that after desorption of Cd2+ by acid, the spectra
essentially shifted back to their original position. This
confirms that the adsorption process is reversible and
any change of spectrum during Cd2+ binding was
indeed due only to Cd2+ binding and not to other
effects.

Fig. 6. Cd2+ binding at pH 5.0 for GFPs after several cycles
of adsorption with 25mg/L initial Cd2+ concentration and
desorption with 0.1M HCl. Fig. 7. Cd2+-binding capacity at pH 5.0 for GFPs after

different treatments, for an initial Cd2+ concentration of
600mg/L. Acidic methanol and proline treatments were
used to block carboxyl groups, formaldehyde treatment to
block amine and hydroxyl groups.

Fig. 8. FTIR spectra of (a) protonated GFPs, (b) protonated
peels after adsorption of Cd2+, and (c) protonated peels
after Cd2+ adsorption and subsequent desorption.
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In the literature, different groups were identified
as being involved in metal binding by plant-based
biosorbents. For base-treated juniper fibers, carboxyl
groups were identified as the main binding site for
Cd2+ binding according to FTIR [38]. FTIR spectra of
grape stalks indicated that the lignin C–O bond may
be involved in Cu binding [39]. Copper ions affected
the bands for C=C vibrations of carbon rings in dried
leaves [40]. For Pb2+ binding by pectin, a significant
shift for the carboxylate peak around 1,630 cm�1 was
observed, similarly as in the present work, and an
additional peak at 1,384 cm�1 appeared upon Pb2+

binding [27], which was not observed in the current
study.

4. Concluding remarks

Potentiometric titrations revealed two main acidic
sites with pKa values around 4 and 11, which are
carboxyl and hydroxyl groups, respectively. The
titration curve was predicted well by a two site model
with a small initial positive charge.

Metal binding increased with pH due to
decreasing competition by protons. This effect could
be modeled very well with a one site model, using the
pKa value and site quantity determined in titrations.

Metal binding by protonated peels was higher
than by native peels, where naturally present cations
may have competed with cadmium for the same bind-
ing sites. The maximum capacity, reached at Cd2+

concentration in solution above 150mg/L, was
1.7meq/g for native and 2.2meq/g for protonated
peels. This means GFPs rank in the top tier of
biosorbents for cadmium uptake.

Cd2+ sorption isotherms were better described by
a model assuming that divalent cations bind to two
monoprotic sites, compared with the more commonly
assumed 1:1 stoichiometry, on which for example the
Langmuir model is based.

Ion exchange occurred during metal binding: for
native peels, the amount of ions such as Ca2+ released
was equal to the amount of cadmium bound; for pro-
tonated peels, protons were exchanged against Cd2+.

Cd2+ sorption was completely reversible by acidic
desorption, and the sorption capacity was maintained
during several adsorption/desorption cycles. For
native peels, the binding capacity even increased from
the first to the second cycle due to protonation.

Esterification of carboxyl groups with acidic meth-
anol or propylene oxide reduced Cd2+ binding by
80%, demonstrating that Cd2+ binds to carboxyl
groups. Blocking amine and hydroxyl groups by form-
aldehyde reduced binding by 30–50% compared with

native and protonated peels, demonstrating that these
groups contribute to metal binding.

FTIR spectra of GFPs before and after cadmium
binding showed that the carboxylate peak shifted
from 1,638 to 1,625 cm�1, confirming the involvement
of carboxyl groups. The hydroxyl peak shifted from
3,431 to 3,424 cm�1, indicating involvement of those
groups in metal binding.

Overall, it can be concluded that GFPs are a prom-
ising biosorbent with high sorption capacity and sta-
bility. Cadmium is bound mainly by carboxyl groups
with a 1:2 stoichiometry, with some contribution of
amine and/or hydroxyl groups.
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