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ABSTRACT

Posidonia oceanica leaves have been pre-treated with HCI solutions to elaborate a biosorbent that was
carried out for Pb(II) sorption at pH 4 and pH 5. The sorption of Pb(II) was characterized using SEM-EDAX,
XPS spectrometry and FT-IR spectroscopy. Maximum sorption capacity reached up to 140mgPbg-! at
pH 5. The uptake kinetics were controlled by chemisorption reaction rate. This was correlated to the
lamellar structure observed using SEM analysis. The influence of sorbent dosage, particle size and metal
concentration on uptake kinetics was also investigated. Sorption performances are compared to other
biosorbents and to previous studies on P. oceanica for binding of mineral and organic compounds.
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1. Introduction

All over the world the environmental regulations are becoming
progressively more stringent regarding the dispersion of contam-
inants in nature. Nowadays, the discharge of wastewaters to the
environment is more and more controlled. Among the target con-
taminants, heavy metals have retained a great attention since they
can have a direct health impact through absorption and because
they can be bioaccumulated. The accumulation in soil, sediments,
in the food chain can cause in fine dramatic effects on human health:
the case of Minamata in Japan with mercury accumulation in the
food chain is a perfect example of the potential hazards of metal
dispersion. Lead is one of the most controlled metal in wastewa-
ters: its maximum admissible concentration in drinking water was
fixed to 10 wg L~ by European Union [1].

A number of processes have been designed for metal recov-
ery from industrial effluents including precipitation [2], solvent
extraction [3,4], resins [5-8], solvent impregnated materials [9],
membrane processes [10,11]. These conventional processes are fre-
quently inappropriate, especially for low-concentration solutions
due to economic, technical or environmental reasons. The pro-
cesses are not competitive when metal concentration is below
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50-100mgL-!; they may face limitations for reaching target
concentrations, or they may have direct or indirect impact on envi-
ronment. For example, in the case of synthetic resins, the products
may be difficult to eliminate at the end of their life cycle [12]. The
selection of the sorbent may thus take into account a number of cri-
teria such as: competitiveness, technical efficiency, environmental
impact, life cycle and sustainable growth parameters. Biosorption
has been cited as a promising alternative. The concept of biosorp-
tion is based on the use of alternative materials: bacteria [13,14],
alga[15-17],yeast[18], fungi[19,20], but also sub-products of agri-
culture [21,22] or industry, biopolymers [23-25]. These renewable
resources are characterized by the presence of a number of reactive
groups similar to those found on conventional resins and they can
be used for metal binding through a number of different reactions
including ion exchange, electrostatic attraction, complexation [26].
Additionally, they are less hazardous in terms of elimination at the
end of their life cycle (thermal degradation for example) [12].
Marine biomass represents an important resource for biosorp-
tion processes. The biomass can be used as raw material (algal
biosorbent) or as a precursor for more elaborated biosorbents such
as biopolymers (alginate and chitosan). While algal materials have
been widely investigated for metal biosorption [27], the potential
of marine plants such as Posidonia oceanica (Neptune grass) has
been notably understudied. This material is very abundant in the
Mediterranean sea. P. oceanica biomass is a highly fibrous mate-
rial made of cellulose and hemicellulose (about 60-75%) and lignin
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(about 25-30%) plus a non-negligible percentage of ash that con-
tains essentially silica but also some heavy metals [28]. P. oceanica
has been used as a marker for metal contamination [29-32]. But the
biomass was also tested for the sorption of organic contaminants
[33], dyes [34-38], and more recently for inorganic compounds
[39-41]. P. oceanica biomass was also used for the synthesis of sor-
bents, which were obtained by reaction with succinic anhydride.
The modified sorbent was carried out for the sorption of Pb(II) and
direct red 75 dye [42].

Preliminary tests have shown that P. oceanica biomass has a
marked preference for Pb(Il) compared to Cd(II), Ni(Il) and Hg(II).
This study focuses on the investigation of Pb(II) sorption on HCl
pre-treated P. oceanica biomass. The treatment of P. oceanica with
distilled water induces a partial leaching of some elements (includ-
ing S, Mg, Na, Zn, Pb, Cd, Fe, Cr and Ti, [43]). Additionally, the
pre-treatment with acid solutions allows removing/releasing some
organic compounds by leaching; these organic compounds may
contribute to the partial precipitation of metal ions. In order to
improve the stability of the biosorbent (and reduce pH variation
during sorption experiments) it appeared necessary applying this
acidic pre-treatment. The study successively investigates (a) the
effect of pH on metal sorption (for determining optimum operating
conditions), (b) the sorption isotherms, and (c) the uptake kinetics.
Apart these studies of macroscopic sorption properties, the mate-
rials were also characterized by SEM and SEM-EDAX analysis, by
FT-IR spectroscopy and XPS spectrometry.

2. Materials and methods
2.1. Biosorbent and materials

Fresh samples of P. oceanica (a flowering plant that lives in
dense meadows) were harvested from the West coast of Algiers.
The leaves are ribbon-like; they are bright green turning brown
with age, while rhizome type stems grown in and at the surface of
sand. In the present study, the biosorbent was prepared from the
leaves. After being collected the samples were rinsed with tap water
to remove impurities such as sand and salt absorbed at the surface
of the biomass. The biomass was cut in strips of 2-4 cm length. The
biomass was treated for 1 h with 0.1 M HCI solution before being
rinsed several times till neutral pH. Finally, the biosorbent was
dried in an oven at 60 °C for 24 h. Dried material was ground and
sieved in different size fractions, which are prioritized from small
to large as: G1 (<125 pm), G2 (125-250 pm), G3 (250-500 p.m), G4
(500-710 pwm), and G5 (710-1000 p.m).

Lead stock solutions were prepared by dissolving lead acetate
(Pb(CyH3C00),-3 H,0, Carlo Erba) in acidified water. Solutions
were prepared by the dilution of the stock solution in demineralized
water (Milli-Q).

2.2. Sorption experiments

The influence of pH was studied by contact of the biosorbent (m:
50 mg, 100 mg, 200 mg or 300 mg of the biosorbent at the particle
size G3) with a volume V (L) of 100 mL of the metal solution (ini-
tial concentration, Cy: 50 mgPbL~1) at target pH values. The initial
pH was set between 2.0 and 6.0. The pH was controlled using molar
solutions of HCl and NaOH. After one day of agitation on a reciprocal
shaker (150 movements per min), the solution was filtrated using
a 1-2 wm pore size filtration membrane and the filtrate was ana-
lyzed by ICP-AES (Jobin-Yvon Activa-M, Jobin-Yvon, Longjumeau,
France) for equilibrium metal concentration (Ceq: mgmetalL~! or
mmol metal L-1). The mass balance equation was used for calcu-
lating the sorption capacity q (mgmetalg=!, or mmol metalg=1),
according to: q=(Cy — Ceq)V/m. The final pH was systematically

monitored at equilibrium (WTW pH meter, Model 526 pH, with
pH electrode ref. SenTix 41, Germany).

Uptake kinetics was determined at room temperature mixing
0.5L of solution with a fixed amount of sorbent. The suspension
was mixed using a magnetic bar and stirrer at the agitation speed
of 200 rpm. Samples were collected at different contact times, fil-
trated and analyzed by ICP-AES for the determination of the kinetic
profile (plotting the relative concentration C(t)/Cy versus time). The
amount of sorbent (i.e., sorbent dosage, SD, gL~1), the initial metal
concentration (Cg, mgL~1) and the particle size (G1-G5) were var-
ied: relevant experimental conditions are extensively described in
the caption of the figures.

Sorption isotherms were performed at pH 4 and 5 (optimum
pHs) for Pb(II). A given amount of sorbent (i.e., 100 mg of biosorbent,
G1-G5)was dropped into 100 mL of metal solution at the appropri-
ate pH. The initial metal concentration was varied between 10 and
200 mg metal L-1, The suspension was maintained under agitation
for 24 h using a reciprocal shaker (velocity: 150 movements per
min) at room temperature (i.e., 20+ 1°C). Finally, the suspension
was filtrated and the residual concentration of metal was analyzed
by ICP-AES.

2.3. Material characterization

The biomass was analyzed by FT-IR spectroscopy (FT-IR Bruker
equipped with OPUS Software) after inclusion in KBr discs. SEM-
EDAX analysis was also performed on the biomass for observation
and identification of binding localization. The dry sorbent was
analyzed using an Environmental Scanning Electron Microscopy
(ESEM) Quanta FEG 200, equipped with an OXFORD Inca 350 Energy
Dispersive X-ray microanalysis (EDX) system.

The chemical characterisation of the surface of the studied sam-
ples was performed by XPS. A Physical Electronics spectrometer
(PHI 5700) was used, with X-ray Mg Ka radiation (300 W, 15kV,
1253.6eV) as the excitation source. High-resolution spectra were
recorded at a given take-off angle of 45° by a concentric hemispheri-
cal analyser operating in the constant pass energy mode at 29.35 eV,
using a 720 pm diameter analysis area. Under these conditions, the
Au 4f7, line was recorded with 1.16 eV FWHM at a binding energy
of 84.0eV. The spectrometer energy scale was calibrated using Cu
2p3j2, Ag 3ds,, and Au 4f;, photoelectron lines at 932.7,368.3, and
84.0eV, respectively. Charge referencing was done against adven-
titious carbon (C 1s, 284.8 eV). Samples were mounted on a sample
holder without adhesive tape and kept overnight at high vacuum
in the preparation chamber before being transferred to the analy-
sis chamber of the spectrometer. Each spectral region was scanned
several sweeps up to a good signal to noise ratio was observed.
The pressure in the analysis chamber was maintained lower than
5 x 1076 Pa. PHI ACCESS ESCA-V6.0 F software package was used
for acquisition and data analysis. A Shirley-type background was
subtracted from the signals. Recorded spectra were always fitted
using Gauss-Lorentz curves, in order to determine more accurately
the binding energy (BE) of the different element core levels. Atomic
concentration percentages of the characteristic elements of the sur-
faces were determined taking into account the corresponding area
sensitivity factor for the different measured spectral regions.

3. Results and discussion
3.1. pH effect on Pb(II) sorption

The pH is an important parameter for biosorption processes
since it may affect the speciation of the metal (metal distribution,
precipitation, complexation), the stability of the biomass (poten-
tial degradation, leaching of some compounds and functional
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Fig. 1. Influence of pH on Pb(II) sorption using Posidonia biosorbent: (a) pH variation
during metal sorption; (b) biosorption yield; (c) sorption capacity (V: 100 mL; Cp:
50mgPbL-'; Sorbent dosage, SD (gL!): variable; PS: G3).

groups) and the chemical state of its reactive groups (protona-
tion/deprotonation). Fig. 1 shows the impact of pH on biosorption
yield (Fig. 1(b)) and sorption capacity (Fig. 1(c)) but also pH varia-
tion during metal sorption (Fig. 1(a)).

The pre-treatment of the biomass with HCl allows reducing the
variation of pH during metal sorption. This is important for stabi-
lizing the material, for reducing the possible occurrence of local
phenomena of metal micro-precipitation and for comparison of
sorption performance. A biosorbent that changes the pH of the
solution makes difficult the comparison of sorption performance
and the determination of sorption characteristics (for example
sorption isotherms). Increasing the amount of sorbent obviously
increases the impact on pH variation (Fig. 1(a)). The sorption effi-
ciency increases (Fig. 1(b)) with pH. Similar trends were observed
for ammonium binding on P. oceanica [39]. Under acidic conditions,
the reactive groups are protonated due to the competition effect of
protons and these reactive groups are not available for cation bind-
ing. Izquierdo et al. [40] investigated copper sorption on P. oceanica
and they showed that the pHzpc is close to 8.2. This means that
in neutral and acid solutions the biosorbent is positively charged.
However, increasing the pH reduces the density of positive charges
and the repulsion effect for the binding of metal cations. Hence they
observed an increase of Cu(Il) sorption capacity from pH 5 to pH 6.

Table 1
Influence of sorbent dosage (SD, gL~1) on Pb(Il) uptake Kinetics at pH 4—modeling
with the PFORE and the PSORE (G4 particle size; [Pb(II)]: 50 mgL-1).

SD PFORE PSORE

(exp Gmod kl R? Jmod kZ x 103 R?
0.3 104 100.8 0.0382 0.993 110.6 0.44 0.977
0.5 95 95.3 0.053 0.989 102.5 0.72 0.970
0.75 75 74.9 0.060 0.997 80.3 1.05 0.978
1 54 54.5 0.099 0.997 57.1 2.70 0.981
1.25 49 49.3 0.104 0.999 52.0 3.07 0.987

q: mgPbg'; ky: min~'; ky: gmg ' min~1.

When the pH increases above 8, the fiber biopolymers, mainly
lignin and cellulose chains, become negatively charged, which, in
turn makes possible the binding of cations through electrostatic
attraction mechanism [39]. In the case of ammonium binding,
Wahab et al. [39] report several mechanisms: ion exchange mech-
anism of ammonium cation on -ROH and -RCOOH groups but
ammonia hydroxide was also bound through hydrogen bonding
on the same functional polar groups. In the case of chromium(VI)
biosorption on P. oceanica fibers, Ncibi et al. [41] observed a com-
pletely different behavior. The sorption capacity decreased with
increasing the pH. The deprotonation of reactive groups gives a
neutral or anionic surface coverage which is not favorable for the
binding of metal anions. Additionally, the pH changes the speciation
of Cr(VI) species in the solution and their affinity for the biosorbent.
Similar reduction of sorption efficiency was observed on the bind-
ing of textile metal-complexed dyes using also P. oceanica [34]: the
anionic dyes are preferentially adsorbed in acidic conditions corre-
sponding to the protonation of reactive groups at the surface of the
biosorbent.

Under selected experimental conditions (i.e., Co: 50 mgPbL-1)
biosorption yield exceeded 98% when the equilibrium pH reached
5 for a sorbent dosage of 1gL~', and pH 4 for a higher sorbent
dosage (i.e., 2 or 3gL-1) (Fig. 1(b)). The sorption capacity logically
increases with pH (Fig. 1(c)) and decreases with sorbent dosage:
the stabilization of sorption capacity observed on this figure is due
to the complete recovery of the metal from the solution and it is
not indicative of the maximum sorption capacity of the material for
given pH values. For following experiments initial pH 4 and 5 were
tested: these values allow combining favorable conditions for equi-
librium pH (consistent with metal stability, avoiding precipitation)
and high sorption efficiency.

3.2. Uptake kinetics

The effects of sorbent dosage, particle size and metal concen-
tration on uptake kinetics have been carried out and the kinetic
profiles were fitted to different models including the pseudo-first
order rate equation (PFORE) and the pseudo-second order rate
equation (PSORE) (see Additional Material Section). The parame-
ters of the models will be shown in Tables 1-3. Generally the PFORE
model allows approaching more accurately experimental data as

Table 2
Influence of particle size (PS) on Pb(II) uptake kinetics at pH 5—modeling with the
PFORE and the PSORE (SD: 0.5gL"; [Pb(II)]: 50 mgL~").

PS PFORE PSORE

Gexp Gmod k1 R? Gmod ka x 103 R?
G1 90 89.3 0.268 9.998 923 4.5 0.988
G2 106 106.0 0.096 0.999 111.9 1.28 0.983
G3 101 101.1 0.064 0.995 107.8 0.87 0.988
G4 102 101.3 0.052 0.997 109.4 0.67 0.991
G5 102 98.8 0.034 0.989 109.4 0.40 0.974

q: mgPbg1; k;: min~1; ky: gmg~! min~1.



Table 3
Influence of metal concentration (Co: mgPbL~") on Pb(Il) uptake kinetics at pH
4—modeling with the PFORE and PSORE (SD: 0.5gL~'; PS: G4).

Co PFORE PSORE
exp Gmod Iy R? Amod kz x 10° R?
20 40 40.8 0.050 0.989 44.0 1.52 0.969
50 95 95.3 0.053 0.989 102.5 0.72 0.970
100 139 140.0 0.071 0.991 149.0 0.69 0.976

q: mgPbg'; ky: min~'; kp: gmg~! min~"'.

shown by the correlation coefficient and also by the comparison of
sorption capacities at equilibrium. The differences between experi-
mental values and the modeled values of g, obtained were, in most
cases, less marked for the PFORE model (less than 3%) than for the
PSORE model.

3.3. Effect of sorbent dosage (SD)

Fig. 2 shows the effect of sorbent dosage on Pb(II) uptake kinet-
ics at initial pH 4. The final pH, regardless of the SD, was between
4.05 and 4.52: the pH variation increased with sorbent dosage but
due to the pre-treatment of the biomass the pH change was lim-
ited. A contact time of 2-4h is generally sufficient for achieving
the equilibrium, under selected experimental conditions. Though
the modeling of the curves in the curvature zone was not per-
fect the PSORE allowed roughly describing the kinetic trends. The
modeling with the Crank’s equation (on plane membrane), which
represents the resistance to intraparticle diffusion also failed to fit
the curvature zone (not shown). This probably means that several
phenomena are involved in the control of mass transfer (including
resistance to film diffusion, to intraparticle diffusion and the proper
reaction rate). Table 1 summarizes the parameters of the models.
The modeled equilibrium sorption capacity (gmoq) Systematically
overestimates the experimental value. Its value logically decreased
with increasing sorbent dosage due to the higher rationale use of
reactive groups when using lower sorbent dosage (approaching
biosorbent saturation). On the opposite hand, when the sorbent
dosage increased the kinetic parameter, k, (mg g~ min—1), linearly
increased from 4 x 10~4 to 3.1 x 10~3 gmg~1 min~1, according to:

k, =3.04x103xSD-7.12x107% (R%=0.918) (1)

where SD is the sorbent dosage (gL 1).
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Fig. 2. Influence of sorbent dosage (SD) on Pb(II) uptake kinetics (pH 4; PS: G4,
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with the PFORE).
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Fig. 3. Influence of particle size (PS, pm: 0<G1<125<G2<250<G3
<500<G4<710<G5<1000) on Pb(ll) uptake kinetics (pH 5; SD: 0.5gL~'; Co:
50mgPbL-": curves represent the modeling of uptake kinetics with the PFORE).

These values are much lower than those cited for dye [44]
and for ammonium [39] sorption using P. oceanica biosorbent:
0.035-0.377gmg ' min~! and 0.37-0.57gmg ! min~!, respec-
tively. But they are slightly higher than those obtained in the case
of Pb(II) sorption using a red alga (Chondracanthus chamissoi) (i.e.,
0.1-0.4 x 10~3 gmg~1 min~1) [45]. In this case the kinetic parame-
ter slightly increased with SD for Pb(II) sorption while it remained
almost constant for Cd(Il) uptake.

With the PFORE model, the g, obtained by the model is much
closer to the experimental values than for PSORE model (Table 1).
The kinetic parameter k; (min~') linearly increases with SD accord-
ing to:

ki = 0.074 x SD + 0.0145 (R? = 0.934) (2)

Chadlia et al. [42] also observed that the PFORE model fitted
better experimental data than the PSORE model for the sorp-
tion of lead on a chemical derivative of P. oceanica obtained by
succinic anhydride grafting. The values of the kinetic parameter
reported by Chadlia et al. are significantly higher (i.e., between
0.20 and 0.86 min~!) than those obtained in the present study (i.e.,
0.04-0.1 min™1).

3.4. Effect of particle size (PS)

The particle size is an important parameter that should be
checked to verify the contribution of the resistance to intraparticle
diffusion on the control of uptake kinetics. Fig. 3 shows that this
parameter had a limited impact on kinetic profiles (experiments
carried out at pH 5). The curves almost overlapped indicating that
the particle size has a limited impact on mass transfer. This is first
evidence that the resistance to intraparticle diffusion is probably
not the limiting step in the sorption process. This is consistent with
the morphology and the structure of the biosorbent as shown by
SEM and SEM-EDAX analyses (see below): the lamellar structure
allows metals ions to access internal reactive groups. Ncibi et al.
also [41] reported that Cr(VI) sorption on P. oceanica is controlled
by chemisorption rate rather than mass transfer resistance. The
slightly lower performance for G1 particle size may be due to a
partial degradation of the biomass during grinding operations [45].

There was no difference for particle sizes G2-G5 (i.e.,
125-1000 wm), and a slight decrease of sorption performance
for the smallest particles (below 125 wm). This is confirmed by
the equilibrium sorption capacity for the PSORE (Table 2): a
10% increase was observed between G1 and G2 fractions fol-
lowed by a stabilization of the uptake capacity. The kinetic rate
(i.e., ky) decreased with particle size; however, the most sig-
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nificant difference was observed between G1 and G2 particle
sizes (from 45x 103 gmg ' min~! to 1.3 x 103 gmg ! min~1),
while for largest particles the variation was rather limited (from
1.3 x103gmg ' min~! to 0.4 x 10~3 gmg! min~!). Actually, the
kinetic parameter k; linearly increases with the reciprocal of aver-
age diameter of sorbent particles (d, um) according to:

ky = 0.272 x (%) 1+8.39x107° (R?=0.997) (3)

It is interesting to compare data obtained at pH 4 (Table 1) with
the relevant information obtained at pH 5 (Table 2) for similar sor-
bentdosage (SD: 0.5 gL~')and particle size (G4): the kinetic rate, k,,
for the PSORE was of the same order of magnitude, i.e., 0.72 x 10~3
and 0.67 x 1073 gmg~! min~! at pH 4 and pH 5, respectively; while
the sorption capacity slightly increases with pH.

Again the comparison of g, for model and experimental data
shows a very good correlation when using the PFORE model. The
kinetic parameter k; drastically reduces when increasing particle
size; kq linearly decreases with the reciprocal of average diameter
of particles, according to:

ki = 15.41 x (%) 0.020 (R?=0.997) (4)

The kinetic parameter k; is very close at pH 4 and pH 5 for sim-
ilar experimental conditions (Tables 1-2, G4 particle size and SD:
0.5gL-1). The variation of the kinetic parameters (both k; and k)
with the reciprocal of the average diameter of sorbent particles is a
first indication that the external surface plays a part in the control
of uptake kinetics.

3.5. Effect of metal concentration (Cp)

Fig. 4 shows the effect of metal concentration on uptake kinetics
at pH 5. Selected experimental conditions cover operating condi-
tions: the highest concentration (i.e., 100mgPbL-1) corresponds
to the quasi-saturation of the sorbent, while the lowest concentra-
tion may correspond to a sorption limited to external layers. The
equilibrium sorption capacity obviously increased with metal con-
centration (Table 3). The variation in the kinetic parameters are
not high enough (in this concentration range) to define a clear
trend. In the case of the PFORE model a good correlation was
found between experimental and modeled values of qr,. The kinetic
parameter slightly increased with the concentration (between 0.05
and 0.071 min~! when increasing metal concentration from 20 to
100mgPbL-1).
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Fig. 5. Pb(II) sorption isotherms using Posidonia biosorbent—effect of initial pH: (a)
pH 4, and (b) pH 5 (solid line represents the modeling of experimental data with
the Langmuir equation and the parameters reported in Table 4 for combined data,
joining all PS series).

The kinetic rate, k,, decreased between 20 and 50 mgPbL-!
but remained constant between 50 and 100 mgL~!. In the case of
methylene blue biosorption on P. oceanica, Ncibi et al. [44] observed
aprogressive increase of the kinetic rate for the PSORE with increas-
ing metal concentration (between 10 and 40 mgdyeL~1) while at
50mgdye L~ the kinetic rate substantially decreased. In the case
of Cr(VI) sorption on the same material the kinetic rate continu-
ously increased with metal concentration [41]. A contrary trend
was cited by Guezguez et al. [38] for the sorption of Yellow 59 dye
on P. oceanica: the rate parameter decreased with increasing dye
concentration.

3.6. Sorption isotherms

The sorption isotherms were obtained at initial pH 4 and 5
(Fig. 5) for different particle sizes (G1-G5). The experimental data
were superimposed: this result confirms previous conclusion on
the impact of particle size on uptake kinetics (Fig. 3 and Table 2).
This means that all the reactive groups remain available for metal
binding. A slight increase in the affinity coefficient was observed
when increasing the size of sorbent particles. The different series
were merged and the Langmuir equation was applied to cumulative
data: the parameters are reported in Table 4.

The maximum sorption capacity reached 109mgPbg-!
(0.53mmolPbg-') at pH 4 and increased up to 140mgPbg-!
(0.68 mmolPbg-1) at pH 5. This increase in sorption capacity is
consistent with the conclusions on pH effect (Fig. 1). The affin-
ity coefficient (b coefficient) was close to 0.39Lmg-! at pH 4
but slightly decreased to 0.3Lmg~! at pH 5. Increasing the pH



Table 4
Sorption isotherms—parameters of the Langmuir equation.

pH PS Langmuir parameters
dm (mgPbg1) b(Lmg™) R?

4 G1 109.0 0.343 0.997
G2 108.9 0.329 0.997
G3 114.4 0.314 0.996
G4 107.6 0.486 0.998
G5 106.1 0.531 0.998
Combined 109.1 0.388 0.996

5 G1 138.1 0.247 0.986
G2 139.6 0.248 0.994
G3 139.9 0.296 0.996
G4 139.6 0.304 0.995
G5 138.5 0.386 0.997
Combined 138.8 0.283 0.992

Combined: modeling of sorption isotherms cumulating all the series (independently
of particle size).

increased maximum sorption at the expense of a slight decrease
of affinity coefficient.

These values are compared to the sorption performance
of a series of alternative biosorbents in Table 5. Among the
most efficient biosorbents are alginate-based materials, Ca-
alginate and Na-alginate, with sorption capacities as high as

551 and 443mgPbg-! [23]. Sorption capacities in the range
200-300 mg Pb g~ ! were obtained using algae such as Fucus vesicu-
losus [17], Chondracanthus chamissoi [45] or Sargassum natans [46].
P. oceanica shows intermediary maximum sorption capacity with
values of 109 and 140 mgPbg~'. This is comparable to the lev-
els reached for Oedogonium sp. and Nostoc sp. [16] or Streptomyces
rimosus [13], and much better than chitosan [25] or fungi such as
Rhizopus arrhizus [47,48]. It is noteworthy that the affinity coeffi-
cient (b) was significantly higher for P. oceanica compared to other
biosorbents (Table 5). P. oceanica was also tested for Cu(II) binding
at pH 5 and 6 with sorption capacities close to 57 and 86 mgCug~!,
respectively (i.e., 0.9 and 1.35 mmol Cug~1) [40]. The affinity coef-
ficients for Cu(Il) were significantly lower than those of Pb(Il): 6.35
and 8.26 Lmmol~! for Cu(Il) (at pH 5 and 6, respectively) versus
62.8 and 80.4L mmol-! for Pb(Il) (at pH 4 and 5, respectively). In
the case of ammonium sorption using the same type of biosorbent,
Wahab et al.[39] obtained very low sorption capacities (below 3 mg
NH,4* g~1) with affinity coefficients in the range 0.13-0.17 Lmg~!.
In the case of Yellow 59 dye sorption on P. oceanica, Guezguez et al.
[38] found sorption capacities close to 77 mgdyeg~! with very
high affinity coefficient (close to 2.9Lmg~!). For methylene blue
sorption on P. oceanica, much lower Langmuir parameters were
obtained (gm: 5.6 mgdyeg~!, and b: 0.22 L mg~1) [44].

Fig. 6. SEM photographs of Posidonia biomass (scale bar: 100 wm (A), 50 wm (C), 20 pm (B)).



Table 5
Comparison of Pb(II) sorption for different biosorbents.

Biosorbent pH Specific experimental conditions (m OF gmax (MgPbg=1) b(Lmg) Reference
Cereal chaff 5.5 20-30°C 10-13 0.09-0.07 [21]
Chitosan beads 4.5 - 35 0.076 [25]
Na-alginate 6 30°C 443 0.204 [23]
Ca-alginate 6 30°C 551 0.023 [23]
Oedogonium sp. 5 25-45°C 145-170 0.022-0.025 [16]
Nostoc sp. 5 25-45°C 93-106 0.023-0.024 [16]
Phanaerochaete chrysosporium 4.5 27°C 50 - [19]
Fucus vesiculosus 5 23°C 211 0.06 [17]
Streptomyces rimosus - 137 0.172 [13]
Cephalosporium aphidicola 5 20°C 92 0.015 [20]
Pinus silvestris 4 25°C 11 - [49]
Zooglea ramigera 4.5 25°C 10 - [50]
Rhizopus arrhizus 5 25°C 16 - [50]
Rhizopus arrhizus 5-7 - 56 - [51]
Sargassum natans 35 26°C 310 - [46]
Chondracanthus chamissoi 4-5 20°C 280 0.089 [45]
Posidonia oceanica 4 20°C 109 0.388 This study
Posidonia oceanica 5 20°C 140 0.303 This study
" Incomplete isotherm (the saturation plateau was not reached).
™ Unadjusted pH.
™" NaOH-treated biomass.
4. Material characterization surface morphology of the biomass. This is a very-structured mate-
rial characterized by a “fibrous” aspect. This is confirmed by Fig. 6(C)
4.1. SEM and SEM-EDAX analyses that shows the presence of lamellar structures on the external

layers, while the central part of the ribbon-like material is charac-
Scanning electron microscopy was used for characterizing the terized by a less-structured aspect. The surface morphology offers a
morphology and structure of the biosorbent. Fig. 6(A-B) shows the more favorable area than a smooth-surface material; additionally,
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Fig. 7. SEM-EDAX analysis of Posidonia biosorbent before and after Pb(Il) sorption.
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Fig. 8. SEM-EDAX analysis of Posidonia biosorbent after Pb(Il) sorption—metal localization (framed zone corresponds to the surface area analyzed by EDAX).

the observation of the biosorbent section indicates that channels
may exist in the external layers of the material that can make eas-
ier the diffusion of the solute to the center of the particles. This will
be important for evaluating the contribution of the resistance to
intraparticle diffusion on the control of uptake kinetics.

o
w

Fig. 7 shows the SEM-EDAX analyses of the biosorbent before
and after Pb(II) sorption. The analyzed surface covers the whole
external surface of the biomass shown on the SEM photographs. On
the raw material the most representative elements (apart of carbon
or oxygen) are Ca, Al and Mg. After Pb(II) sorption these elements
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Fig. 9. FT-IR spectroscopy spectra for Posidonia biosorbent before (a) and after (b) Pb(II) sorption.



Table 6

XPS spectrometry analysis of biosorbent (raw and metal-loaded forms)—binding energies (BEs, eV) and atomic fraction (AF, %) of most significant elements.

CIS N]s 015 Pb4f7/2
Raw P. oceanica BEs (eV) 284.80 400.1 532.1 -
286.79
288.23
AF (%) 73.4-74.6 4.85-4.44 20.56-17.49 N
P. oceanica + Pb(II) BEs (eV) 284.78 400.1 532.1 138.7
286.49
288.13
AF (%) 73.6-75.2 4.69-3.93 20.17-16.69 1.07-1.09

disappeared and they are replaced by Pb(Il). This could indicate
that metal binding occurs through ion exchange between divalent
cations (Ca(Il) and Mg(Il)) and Pb(II). The phase-contrast photo-
graph of Pb(Il)-loaded biosorbent (not shown) does not indicate
the presence of metal aggregates at the surface of the material. This
means that the metal is probably bound uniformly at the surface
of the biosorbent without occurrence of micro-precipitation. Fig. 8
compares the distribution of lead in cross-section of the biosorbent
(the biosorbent was cut after metal sorption) showing the element
analyses of the external layer and the central part of the biomass.
Actually, the analytical probe detects the elements in a volumetric
zone which is not limited to the surface: the analysis operates on
peripheral layers. For this reason it is difficult to definitively con-
clude. However, the SEM-EDAX analysis shows that the amount of
Pb is higher in the external layers than in the central part of the
biosorbent. The difference in Pb concentration may indicate (a) dif-
fusion limitations, (b) incomplete saturation of the biomass. In any
case the metal can access the reactive groups located at the center
of the biosorbent. It is also important to observe that Al element is
present in much higher quantity than at the surface of the biomass
(Figs. 7 and 8).

4.2. FT-IR spectroscopy analysis

The major components of Posidonia biomass are lignin, hemi-
cellulose, and cellulose. Lignin is characterized by the presence
of phenolic hydroxyl, aliphatic hydroxyl, methoxyl and carbonyl
functional groups. Hemicellulose is constituted of different het-
eropolysaccharides (xylose, mannose, galactose. ..) associated on
a disorganized (non-linear, ramified) mode with other polysac-
charides and with lignin. Cellulose is characterized by a linear
structure made of B(1— 4) linked D-glucose units associated to
other chains through hydrogen bonds; it is also rich in hydroxyl
groups. FT-IR spectra for P. oceanica were recorded before and
after Pb(Il) biosorption (Fig. 9). The first part of the spectra (in
the range 4000-2000cm~1) is poorly resolved: (a) a broad band
is observed in the range 3700-3000cm~!, which is representa-
tive of the convolution of the signals for different vibration modes
such as free OH, O-H stretch, and inter-chains H-bonds, (b) and
two small peaks at 2919 cm~! and 2855 cm~! that correspond to
symmetric —CH, valence vibration and -CH stretching vibration,
respectively [52]. It is generally difficult finding useful information
from this wavenumber range and spectrum analysis is gener-
ally focused on the 2000-600cm~! region. A band is observed
close to 1652 cm!: this band is attributed to C=0 stretch in con-
jugated p-substituted aryl ketones [52]. On this broad band, a
shoulder can be observed at 1728 cm~!: this is representative of
either C=0 stretch in unconjugated ketones, carbonyls and in ester
groups (especially in carbohydrates) conjugated aldehydes and car-
boxylic acids, or C=0 valence vibration of acetyl or COOH groups.
The peak at 1534cm™! can be identified in amine/amide groups
and in carboxyl groups. A series of peaks are identified in the
range 1430-1300cm™'; they are non-specific bands that can be
readily identified in cellulose material (1423, 1371, 1314cm™1)

because the biopolymer is more crystalline than other constituents
of hemicelluloses and lignin [53]. Another broad band appears at
1241 cm! that was attributed to symmetric stretching in carboxyl
groups. The broad band around 1100 cm~! (with a series of small
peaks) is representative of carbohydrate ring bonds. The peak at
891 cm~! can be probably attributed to anomere C-groups and ring
valence vibration [52].

After Pb(Il) binding, the spectrum s not drastically modified. The
main differences can be observed (a) in the range 1750-1600 cm™~!
where the width of the broad band is reduced (sharper and more
resolved peak), at (b) 1534cm~! where the shoulder was less
marked, and (c) at 1423cm~! and 1371cm~!, where the peaks
slightly decreased. This probably means that some amine/amide
groups may be involved together with cellulose functional groups.
The band representative of the aromatic skeletal vibration of the
phenol and phenolate in lignin are supposed to appear around
1512-1495cm~! (respectively) [54]. They may contribute in the
change of the bands in this wavenumber range after metal sorption
through the probable contribution of phenolic compounds.

4.3. XPS analysis

XPS spectrometry can be used for both quantifying the elements
present on the sorbent (and their relative variation during the sorp-
tion process) and identifying their binding energy (that can be
affected by the sorption process). The biosorbent was analyzed by
XPS before and after metal binding (with experimental conditions
corresponding to pH 5, SD: 0.5gL~! and Cp: 100mgPbL-1; this
means a sorption capacity close to 140 mgPbg~1). Table 6 reports
the BEs and the atomic fraction of the most significant elements.
Actually, the sorption of lead had a negligible effect on the values
of both BEs and atomic fractions.

5. Conclusion

P. oceanica is very efficient for Pb(Il) biosorption. The interpre-
tation of pH effect confirms that the binding of metal cations is
favored at near neutral pH, probably through electrostatic binding
on anionic groups (after deprotonation of surface reactive groups)
or ion exchange with alkaline and alkaline-earth elements (as
shown by SEM-EDAX). The optimum pH is found close to pH 4-5.
The asymptotic trend of the sorption isotherm confirms that the
equilibrium is preferentially described by the Langmuir equation
(rather than the Freundlich equation). Maximum sorption capaci-
ties reach 109 mgPbg~! (at pH 4) and 140 mgPbg~! (at pH 5). The
affinity coefficient is in the range 0.3-0.38 Lmg~!; this means ones
of the highest among conventional biosorbents. The particle size
does not affect sorption capacity at equilibrium indicating that all
reactive groups remain accessible. This is consistent with the SEM-
EDAX observations that show the presence of lead at the center of
biosorbent particles. Additionally, the particle size hardly changes
the uptake profiles: this means that the intraparticle diffusion is
probably not the predominant controlling step in the sorption pro-
cess. This is consistent with the observation of biosorbent structure



through SEM analysis: the lamellar structure of the biosorbent (at
the surface) enhances the accessibility of solute to the center of
the particles. Uptake profiles were better fitted by the pseudo-
first order rate equation (PFORE) than by the pseudo-second order
rate equation (PSORE). The kinetic parameter (k; for PFORE) lin-
early increases with sorbent dosage and linearly decreased with
the reciprocal of the average diameter of sorbent particles, while
the concentration has a limited impact on kinetic parameter.

Nomenclature

b Langmuir constant (Lmg~1)

Co initial concentration of metal in solution (mg/L~1)

Ceq equilibrium concentration of metal in solution (mgL-1)

D average particle diameter for selected particle size sample
(pm)

Defr effective diffusivity (m? min—1)

k1 rate constant of first-order kinetic model (min—1)

ko rate constant of pseudo-second-order kinetic model
(gmg ' min-1)

m mass of biomass (g)

q adsorbed metal ion quantity per gram of biomass at any
time (mgg-1)

(eq adsorbed metal ion quantity per gram of biomass at equi-
librium (mgg~1)

qm maximum amount of adsorbed metal per gram of biomass
(mgg™1)

Gmod modeled equilibrium sorption capacity (mgg-1)

R? correlation coefficient

t time (min)

Vv solution volume (L)
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