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Two seaweeds (Sargassum muticum, S.m. and Gracilaria caudata, G.c.) collected on the coasts of Cuba have
been tested and compared for nickel biosorption. The metal was efficiently bound to the biomass at
pH 3 for S.m. and pH 5 for G.c. Sorption isotherms, at the optimum pH, showed that S.m. is more effi-
cient than G.c.: maximum sorption capacity reached about 70mgNig-! and 45mgNig-! for S.m. and
G.c., respectively. The isotherms were modeled using the Langmuir equation (which fits better experi-
mental data than the Freundlich and Temkin equations). Sorption kinetics were also carried out varying
metal concentration, sorbent dosage particle size and temperature. The kinetics were modeled using the
pseudo-second order rate equation and the intraparticle diffusion equation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The regulations concerning the discharge of contaminants to the
environment are becoming more and more stringent. For example,
metal ions may induce strong impact on the quality of water bod-
ies, on wild and domestic life, and consequently on human health.
Additionally, in many countries the discharge of a waste material
in landfill is only authorized when the user has proved that the
material cannot be valorized or recycled. These constraints have
motivated a number of processes for recovering metals from efflu-
ents or waste materials. For example, recycling and metal recovery
from spent batteries has retained a great attention in the research
community for the last decade, based on the evolution of discharge
regulations [1].

A number of processes exist for the treatment of metal-bearing
solutions, including sorption on mineral sorbents [2], on ion
exchange and chelating resins [3-5], on extractant impregnated
resin [6,7], chemical precipitation [1,8], or membranes processes
[9]. However, these processes frequently meet limiting criteria
that make their application uncompetitive. Technical limitations
(concentrations reached by the process), economical constraints
(cost of the materials for large-size applications, energy consump-
tion), environmental criteria (production of highly contaminated
sludge or sorbent, poorly recyclable or difficultly valorizable) are
some of the issues that may explain the need for alternative treat-
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ment processes. Biosorption has been widely investigated for the
last decades, being considered a promising alternative to con-
ventional processes [10]. Biosorption consists in using a biomass
(produced from microorganisms, agriculture waste, biopolymers)
for the binding of metal ions [11], dyes [12], organic compounds
through a wide range of physico-chemical mechanisms, includ-
ing ion exchange, chelation, complexation, precipitation. A great
diversity of biosorbents has been carried out for metal binding.
For example, bacterial cells [13,14], fungal biomass [15,16], algal
biomass [17-23], stabilized anaerobic sludge [24,25], agriculture
waste [26], crab shell [27-29], biopolymers [30-34] have been
tested for nickel biosorption.

Algal material has a strong affinity for divalent cations. The bind-
ing efficiency is commonly explained by the presence of several
polysaccharides in their cell walls: alginate [34-39] and fucoidan
[40]. A numerous literature exists on metal interactions with algi-
nate. It is commonly accepted that divalent metal cations interact
with guluronic and mannuronic acids (the units constituting algi-
nate biopolymer) through the “egg box” mechanism. Metal cations
interact with carboxylic groups to form a dense network. Actu-
ally, this interaction can be also used for the ionotropic gelation
of alginate to prepare hydrogels.

This study investigates the potential of two seaweeds, Gracilaria
caudata and Sargassum muticum, endemic macroalgae from Cuban
coasts (but also invasive in several countries over the world, includ-
ing Europe) for biosorption. These biosorbents were tested for Ni(II)
sorption. Nickel is known for having allergic effects (contact allergy
through skin sensitivity causing dermatitis) at low concentration,
while high-level exposure can induce lung and nasal sinus cancers
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depending on the administration mode (carcinogenesis effects).
Nickel causes oxidative stress and may induce nausea, dizziness
and diarrhea. EPA sets the admissible levels in drinking water to
0.04mgL~1[41]. The WHO guideline value was fixed to 0.07 mg L~!
[42].

The first part of the study checks the impact of pH on sorption
performance (and acid-base/charge characteristics of the biosor-
bents). The sorption isotherms are established at the optimum
pH and at different temperatures in order to evaluate the ther-
modynamics of the systems. The last part carries out the uptake
kinetics varying sorbent dosage, sorbent particle size, tempera-
ture and metal concentration in order to evaluate the contribution
of resistance to intraparticle diffusion on the control of sorption
kinetics.

2. Materials and methods
2.1. Biomass

Two different algal biomass were tested: Sargassum muticum
(5.m.), a brown algae collected on the north coast of Cuba (Caibar-
ién beach), and Gracilaria caudata (G.c.), a red algae collected on
the south coast of Cuba (close to Cienfuegos). After being collected,
the biomass was repeatedly washed with demineralized water to
remove impurities and cations such as Ca?* and Na*, dried in an
oven (at 60 °C) and stored in desiccators. In order to investigate the
impact of particle size, the biomass was grinded and sieved into
three fractions: 125-250 pm, 250-500 wm and 710-1000 pm.

2.2. Characterization of biosorbents

The water content of the biosorbent was evaluated by weight
loss at 60°C overnight (higher temperature could induce a partial
degradation of the biomass); the drying time was sufficient to reach
constant weight.

The analysis of biosorbent charge was performed by titration
using the method of pH derivation (pH of zero charge). The biomass
(i.e., 50 mg) was added to a water solution (i.e., 100 mL), which pH
was adjusted to target values (i.e., between pH3 and 11) using 0.1 M
solutions of HCl or NaOH. The suspension was maintained under
agitation (at 150 rpm) for 48 h. The pH of zero charge (pHp;c) was
determined as the pH corresponding to the crossing of the curve
PHeq =f(pH;) with the first bisector (pHeq = pH;).

2.3. Sorption experiments

A stock solution of Ni(Il) was prepared at the concentration
of 1gL-! using Ni(NO3).6H,0 in demineralized water (adding a
drop of nitric acid to stabilize the solution). This stock solution was
used for the preparation of test solutions by dilution (in the range
0-150mgNiL-1, for sorption isotherms; at 10 mgNiL~! for inves-
tigating the pH effect); the pH was controlled to target value using
0.1 M solutions of HCl or NaOH. The biomass was added to the solu-
tion (sorbent dosage: 0.5 g L-1) and the suspension was maintained
under agitation (at the velocity of 150 rpm) on a reciprocal shaker
for 48 h. The pH was not controlled during the sorption process but
the equilibrium pH was systematically measured. Samples were
collected and filtrated on a cellulose filter membrane (pore size:
1-2 pm). A drop of concentrated acid was systematically added
to stabilize the filtrate and for analytical purpose. Metal concen-
tration was determined by ICP-AES (inductively coupled plasma
atomic emission spectrometry) using a Jobin Yvon Activa M (Jobin-
Yvon, Longjumeau, France). Full experimental conditions (sorbent
dosage, pH, metal concentration, temperature, etc.) are reported
in the caption of the figures. The sorption capacity (q, mgNig-1,
or mmol Nig~1) in the biomass is determined by the mass balance

equation: q=(Cp — Ceq) x V/m; where Cy and Ceq are the initial and
final concentrations of Ni(Il) in the solution, V (L) is the volume of
solution and m (g) is the sorbent amount. The sorption efficiency
(SE: 100 x (Cp — Ceq)/Co, %) was plotted versus equilibrium pH for
pH optimization (SE versus pHeq); while for sorption isotherms the
sorption capacity was plotted versus equilibrium metal concentra-
tion in the solution (g versus Ceq).

For uptake kinetics, a given amount of sorbent was added to a
pre-stabilized solution (target metal concentration and pH), sam-
ples were collected at fixed contact times, filtrated using a filter
membrane, acidified and finally analyzed using ICP-AES. Unless
specified (for target experiments) the sorbent dosage was set to
0.5gL-1, the temperature was fixed to 20 °C. The standard particle
size was 125-250 wm, and the agitation speed was set at 150 rpm.
The final pH was measured. The relative concentration (C(t)/Cy) was
plotted versus time for comparing kinetic profiles.

2.4. Modeling of sorption isotherms and uptake kinetics

Sorption isotherms represent the distribution of the solute at
equilibrium between the solid phase (the sorbent) and the liquid
phase (the solution). The plot of g versus Ceq can be modeled using
a number of equations. Though the equations of Freundlich and
Langmuir are the most commonly used, alternative equations such
as the Langmuir-Freundlich and the Temkin equations have also
been cited [43].

bC,
Langmuir: q= Am>~eq

- 1+ bCeq (1)

with g, (mgNig=! or mmolNig=1), b (Lmg~! or Lmmol-1) are
the constants of the Langmuir equation that were determined by a
non-linear regression correlation method.

Freundlich: g¢= kpC;,{" (2)

with kg (mg!=1/"L1/" g=1 or mmol!~1/"L1/" g-1) and n are the con-
stants of the Freundlich equation.

Temkin ¢ = gln(GTeCf) (3)
e

with ate (Lg™1) and bre (Jmol~1) are the constants of the Temkin
equation.

) o qm,LrbLrCey
Langmuir-Freundlich: ¢q= T+ birCE, (4)
with gpmir (mgNig-! or mmolNig-!), by ((Lmg1)!/* or
(Lmmol~1)1/*)and « are the constants of the Langmuir-Freundlich
equation.

The modeled curves frequently meet difficulties for correctly
modeling the curved section of the isotherms. They overestimate
sorption capacity in the intermediary section of the curve. Escudero
et al. used a bi-site Langmuir equation for the modeling of hex-
anol using alginate aerogels [44]. This behavior is typical of systems
involving several types of sorption sites with different adsorption
energies. Assuming that several sites could be involved in the bind-
ing, the Langmuir equation becomes:

CIm,ZbZCeq
1+ bzceq

_ Qm, 1 bl Ceq

- 5
q 1+ b1Ceq (5)

where (g 1,b1) and (qm2,b2) are the parameters for the two types
of sorption sites.

The affinity coefficients (b1 and b,) may be significantly different
reflecting the differences in strength of the interaction of the solute
with these different sorption sites. The same concept can be applied
to systems where the reactive groups interact with different metal
species for which they have different affinities. This is especially
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important when the metal speciation is strongly influenced by the
composition of the solutions (hydrolysis, presence of ligands) [45].

The kinetics have been modeled using three conventional mod-
els: (i) the pseudo-first order rate equation (the so-called Lagergren
equation), (b) the pseudo-second order rate equation [46], and
(c) the simplified approach of intraparticle diffusion, the so-called
Crank equation [47].

Pseudo-first order equation (PFORE) [48]:

O _ ey (geq — a0 (62)

and after integration:
In < - q(t)> = —kqt (6b)
Cqu

where geq (mgg™!) is the sorption capacity at equilibrium (exper-
imental value), k; (min~1) is the pseudo-first order rate constant.
Pseudo-second order rate equation (PSORE) [46]:

dq(t)

2
—ar = kz(Qeq —q(t)) (7a)
and after integration:
ngth
)= ————"— 7b
W=7 0kt (7)
After linearization:
S T 70

q(t) - kzng (eq

where geq (mgg1) is the sorption capacity at equilibrium (cal-
culated value from experimental data), k, (gmg~! min—') is the
pseudo-second order rate constant.

The intraparticle diffusion coefficient (Deff, effective diffusiv-
ity, m2 min~1) has been determined using the Crank’s equation,
assuming the solid to be initially free of metal, external diffusion
resistance not being limiting at long contact time [47]:

o0
q(t) _ 1 6 6a(or + 1)exp(—Degrqat/r?) (8a)
eq 72 9 + 9a + q2a?

n=1
gn non-zero roots of the equation:

3qn

tang, = 8b
qdn Epn aq% (8Db)
with
q 1
V6 " T1a (8¢)

and r being the radius of the particle.

The parameters for the different models (for both isotherms
and kinetics) were determined using the Mathematica® package
(which also gives the estimated variance under selected format of
experimental entries).

3. Results and discussion
3.1. Effect of pH on Ni(II) biosorption

3.1.1. Effect of pH on sorption efficiency

The pH of the solution is a key parameter for the evaluation
of sorption performance. Its effect can be attributed to different
causes: (a) impact on the reactive groups present at the surface of
the sorbent (protonation/deprotonation effects), or (b) metal speci-
ation [45,49]. In the case of Ni(II) sorption (in the absence of specific
ligands in the solution) the speciation of the metal is not changed
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Fig. 1. Effect of pH on Ni(Il) biosorption using Sargassum muticum and Gracilaria
caudata (agitation speed: 150rpm; agitation time: 48 h; T: 20°C; particle size:
125-250 pm; sorbent dosage (SD): 0.5gL1).

by the pH and the main effect will be explained by the impact of
this parameter on the functional groups of the biomass.

Fig. 1 compares the sorption efficiency for the two biosorbents
for different initial pHs (ranging between 2 and 6). For both S.m.
and G.c. the sorption efficiency increases with equilibrium pH. This
general trend is consistent with the abundant literature on metal
cation binding on biosorbents. This can be attributed to a decrease
of the competition of protons for binding on reactive groups (also
correlated to the progressive deprotonation of sorption sites such
as carboxylic groups). Assuming that the most reactive groups
are brought by alginate fraction in the biomass, the pK, of car-
boxylic groups on the biomass are generally found between 2 and 4
[50,51]. However, substantial differences can be observed between
the two biosorbents: while G.c. biomass maintains sorption effi-
ciency below 50% with an equilibrium pH below 6, S.m. reaches
sorption efficiency close to 90% under selected experimental con-
ditions. In addition, it is possible to observe that the equilibrium pH
for S.m. is substantially increased up to 7-7.3. At pH close to 7, the
chemical conditions in the solution are close to the precipitation
of Ni(II) based on the calculations of the MEDUSA software [52].
However, the simulation of the current experimental conditions
with the Visual MINTEQ software makes debatable the occurrence
of precipitation at pH 7-7.3 [53]. The differences in pH variation
show that the characteristics of the biosorbents are substantially
different.

3.2. Biosorbent titration

For these reasons a potentiometric-titration study was per-
formed on the two biosorbents (Fig. 2) (note: these experiments
were performed in nickel-free solutions). For G.c., the pH remained
approximately constant (varying by less than 0.2 pH unit) after
metal sorption in the range pH 2-6; above, the biosorbent tends
to stabilize the pH around a value in the range 6-6.7 (for pH;
varying between 6 and 10). The intersection between the curve
pHeq =f(pH;) and the first bisector is close to pH 6. In the case of
S.m., the acid-base behavior of the sorbent is quite different with
a significant pH increase: at pH; 4, the equilibrium pH approached
pH 7 and maintained around pH 8 in the pH; range 6-10. The pH-
stabilizing effect for S.m. is stronger (larger pH range) than for G.c.,
and at a higher pH value (about two pH units). The pH increase was
attributed to the dissolution of cytoplasmic compounds and ions
present in the algal biomass [54].

Taking into account the acid-base properties of these materials
and inorder to prevent metal precipitation at high pH, the operating
initial pH was selected to pH 3 for S. muticum and to pH 5 for G.
caudata. With the increase of pH in the solution due to biosorption
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Table 1
Modeling of Ni(Il) sorption isotherms—comparison of isotherm equations (initial
pH: 3 and 5 for S. muticum and G. caudata, respectively).

Model Parameter S. muticum G. caudata
Langmuir qm (mgg1) 75.6 50.1
b(Lmg) 0.0547 0.0455
EV 14.8 8.7
Freundlich k 12.76 7.83
n 2.78 2.73
EV 11.6 42
Temkin are (Lg™1) 0.76 0.63
bre (Jmol-1) 163.9 2455
EV 12.1 6.1
Langmuir-Freundlich qm (mgg1) 119.6 216.8
b(Lmg) 0.0799 0.0339
o 0.592 0.427
EV 10.1 4.5
Langmuir bi-site qm1 (mgg1) 69.4 59.5
by (Lmg™1) 0.0615 0.0063
qm2 (mgg1) 10.0 20.0
b, (Lmg~1) 0.0077 0.291
EV 16.3 4.5

EV: estimated variance.

addition the resulting charge of the biomass is negative making
possible the binding of metal cations (proton exchange with metal
cations). The equilibrium pH values remain consistent with metal
solubility.

3.3. Sorption mechanism

FT-IR spectra were not collected in the present study; how-
ever, Sheng et al. investigated the sorption of Sargassum sp. and
Gracilaria sp. for a series of metal cations (including Ni(Il)) [21].
They observed the same increase of sorption capacity with pH. They
characterized the biosorbents using XPS analysis and FT-IR spec-
troscopy. They correlated the enhancement of sorption with pH to
the presence of weak carboxylic acid groups (R-COO~) (apparent
pK; in the range 3.5-5.0) for alginate-rich algae; indeed, fucoidan
bearing sulfonic acid groups (apparent pK; in the range 1-2.5)
poorly contributes to biosorption. The biomass containing hydroxyl
groups may also adsorb at high pH due to their negative charge.
They showed that FT-IR spectra were poorly changed after metal
sorption in the wavenumber range representative of fucoidan (i.e.,
1250 cm~1) while the bands representative of carboxylate groups
were significantly shifted (by 200cm~1) after metal binding (at
~1630cm~! and ~1420cm™!, for asymmetrical and symmetrical
stretching bands, respectively). Some shifts were also observed

Equilibrium pH
(=)}

Initial pH

Fig. 2. Biomass (S. muticum and G. caudata) titration—equilibrium pH versus initial
pH (continuous lines are not modeled curves; they just contribute to visualize the
trends).
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Fig. 3. Comparison of different models for the modeling of sorption isotherms for
Ni(II) recovery using S. muticum (S.m.) and G. caudata (G.c.) (initial pH: 3 and 5 for S.
muticum and G. caudata, respectively).

close to 1126 cm~! and 1070cm~! (for —-C-O stretching of ether
groups, and -C-0 stretching of alcoholic groups, respectively) and
close to 1525 cm~! for amine groups [21]. They suggest that most of
metal sorption through chelation on carboxylic groups (bidentate
complex) with contribution of alcoholic groups and amine groups
to a lesser extent.

3.4. Sorption isotherms

3.4.1. Sorption isotherms at 20°C modeling

In a first step, the sorption isotherms were performed at room
temperature at the optimum pH value (Fig. 3). S. muticum reached
a maximum sorption capacity close to 65 mgNig~1, slightly higher
than the level reached with G. caudata (i.e., 45mgNig~1) (Table 1).
These values are consistent with those found in the literature con-
cerning Ni(Il) biosorption using algae (Table 2). The higher sorption
capacities for S.m. than for G.c. may be explained by different com-

Table 2
Comparison of maximum Ni(Il) sorption capacity for different algal biosorbents.
Biosorbent pH; Sorption Reference
capacity
(mgNig™)
Chlorella vulgaris, free or immobilized 5 14-31 [17]
C. vulgaris 4.5 48-60 [56]
C. vulgaris immobilized 4-5 48-60 [57]
Sargassum sp. and Padina sp. 5.5 35 [21]
Ulva sp. and Gracilaria sp. 5.5 17 [21]
Laminaria japonica immobilized 4-7 40 [58]
Undaria pinnatifida 4.7 25 [18]
Enteromorpha prolifera 2-5 49-65 [59]
Sargassum wightii 4 20-26 [60]
Cystoseira indica 6 111-132 [61]
Sargassum muticum 5 70 This study
Gracilaria caudata 5 45 This study
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Table 3

Influence of temperature on Ni(II) sorption isotherms using S. muticum and G. caudata—parameters of the Langmuir equation (initial pH: 3 and 5 for S. muticum and G. caudata,

respectively).

Temperature (K) S. muticum G. caudata

qm (mgNig™") b(Lmg™) EV qm (mgNig™") b(Lmg™) EV
293 75.6 0.055 14.8 50.1 0.046 8.7
303 59.0 0.038 371 - - -
323 41.5 0.031 6.1 41.7 0.030 16.9

positions of the cell wall of the algae, and more specifically different
contents of alginate and even different guluronic/mannuronic acid
ratio. Since the guluronic acid groups (G) are favorable to the for-
mation of the “egg-box”, contrary to mannuronic acid groups (M),
high G/M molar ratios are favorable to the sorption of divalent
cations [55]. Experimental data were modeled using Egs. (2)-(6),
and the parameters of these models are summarized in Table 1. All
the models roughly fit experimental data (dots) with discrepancies
that appear either in the initial section (low residual metal concen-
tration) or in the curvature, or close to the saturation plateau. The
EVs (estimated variance) of the different models are close enough
to make difficult the selection of a model against the others, espe-
cially considering the different responses given by S.m. and G.c.;
increasing the number of parameters in the model may contribute
to improving the fitting of experimental data (loosing freedom
degrees). However, the differences are not very marked. The EVs
are systematically higher for S.m. than for G.c. The tendency of
sorption capacity to stabilize above the residual concentration of
100 mgNiL~1 (plateau) appears to be more consistent with equa-
tions that have asymptotic trend (contrary to Freundlich equations
characterized by an exponential trend). In the concentration range
tested in the study it was not possible identifying the satura-
tion plateau and really discriminating between these models: it
would be necessary increasing metal concentration. The affinity
constant for the Langmuir constant (i.e., b coefficient) is close to
0.05Lmg~! for both S.m. and G.c., while the maximum sorption
capacities are of the same order of magnitude (though slightly
higher) than experimental maximum sorption capacities (i.e., 76
and 50 mgNig~! versus 70 and 45mgNig~!, respectively). In the
Freundlich model the coefficient n is also indicative of the affinity
of the sorbent for the metal and the two biosorbents have a simi-
lar coefficient (close to 2.75 Lmg~1). The Langmuir-Freundlich and
the Langmuir bi-site models gave very similar simulated plots of
the sorption isotherms. For the Langmuir-Freundlich equation the
maximum sorption capacities were much higher than the exper-
imental maximum sorption capacity, the n coefficient was close
to 0.5 (0.59 for S.m. and 0.43 for G.c.), while the affinity coef-
ficient was more than doubled for S.m. compared to G.c. In the
case of the Langmuir bi-site model, the values found for maximum
sorption capacities ;1 and g, are consistent with experimen-
tal maximum sorption capacities for S.m. (i.e., 69+ 10 compared
to 70mgNig~') but much higher for G.c. (i.e., 60+ 20 compared to
45mgNig-1). While the affinity coefficients for the first reactive
groups (i.e., b1) are comparable for the two biosorbents, the other
reactive groups are much higher for G.c. than for S.m. (0.29 L mg~!
versus 0.008 Lmg~1). The Temkin equation gave an intermediary
simulated plot between the Langmuir plot and the other plots
(Langmuir-Freundlich, Freundlich and Langmuir bi-site models).
The coefficient bt varied around 0.7 ]Jmol~! for the two sorbents.
These results confirm that S. muticum and G. caudata have compa-
rable affinity for Ni(Il) and that S. muticum has a higher sorption
capacity than G. caudata probably due to a higher content of car-
boxylate groups (alginate). The differences in the modeling with
the different equations are not very marked and the Langmuir
equation will be used for the study of the effect of tempera-
ture.

3.4.2. Influence of temperature on sorption isotherms

Fig. 4 shows Ni(Il) sorption isotherms at different temperatures
(in the range 20-50°C) for both S. muticum and G. caudata. The
parameters of the Langmuir model are summarized in Table 3.
Increasing the temperature induces a decrease in the sorption
capacity for Ni(II), regardless of the biosorbent. However, the differ-
ences are more marked for S.m. than for G.c.: the sorption capacity
was halved when increasing temperature from 20°C to 50°C for
S.m., while for G.c.,, the same temperature increase diminishes sorp-
tion capacity by less 30%. The process is exothermic. This result
contrasts with the biosorption of Ni(II) using Chlorella vulgaris [56]:
in this case, the sorption capacity increased with temperature. The
thermodynamic equilibrium constant K. can be determined plot-
ting q/Ceq versus Ceq and extrapolating this plot to 0 (not shown):

K. = lim <q) = qmb 9)

Ceq—0 Ceq

The thermodynamics can be described by the following equations:

AG® = —RT InK, (10)
As®  AHO
InKe = — — —— 11
c=3 RT (11)
80
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A A
60 -
~ ~ A ]
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ED 40 - A
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Fig. 4. Influence of temperature on Ni(Il) sorption isotherms using S. muticum (S.m.)
and G. caudata (G.c.) (initial pH: 3 and 5 for S. muticum and G. caudata, respectively).
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with AG? is the Gibbs free energy of biosorption (k] mol~1), AH?
is the enthalpy change of biosorption (kjmol~!) and ASO is the
entropy change of biosorption (kjmol~!K-1). Enthalpy change
and entropy change are determined from the slope and inter-
cept of the Van't Hoff plot (InK; versus 1/T). Based on the limited
number of temperatures investigated the values should only be
considered as indicative of the order of magnitude of thermody-
namic parameters. The standard enthalpy and entropy changes
were —29.7kJmol-! and —90.3]mol-1K-! for S. muticum and
—16.0kJmol~! and —47.7]mol-1 K- for G. caudata, respectively.
The values of the thermodynamic parameters are roughly the dou-
ble for S.m. compared to G.c.: this is consistent with the greater
affinity of Sargassum biomass compared to Gracilaria material. The
negative values of AH? are explained by the exothermic nature of
the biosorption process. On the other hand, the negative values of
AS? mean that during the biosorption the solid-solution interface
reaches a more organized structure (decrease of randomness). For
both S. muticum and G caudata the Gibbs free energy is negative;
this means that the biosorption is spontaneous with high affinity
for Ni(Il). However, with increasing the temperature the absolute
value of AG? decreases indicating that the affinity of the biosor-
bents diminishes. In the case of Ni(II) biosorption using C. vulgaris
the mechanism was endothermic and the enthalpy change was sig-
nificantly lower (about 11 k] mol~!) while the entropy change was
greater (about 39] mol~1K-1) [56].

3.5. Uptake kinetics

Four experimental parameters have been considered for their
potential impact on uptake kinetics: sorbent dosage (SD), par-
ticle size (PS), initial metal concentration (Cy) and temperature
(T). These parameters may influence external surface available
for metal binding, diffusion properties (resistance to intraparticle
diffusion, molecular diffusivity), and concentration gradient. The
results are reported in Figs. 5-8 with superimposition of the curves
simulated with the model of resistance to intraparticle diffusion
(Egs. (8a)—(8c)). The pseudo-first order and pseudo-second order
rate equations were compared for modeling uptake kinetics and the
PSORE model systematically gave a best fit of experimental curves
(not shown). This is consistent with many studies that showed
that the PSORE was more efficient for modeling kinetic profiles
than the PFORE [62]. The modeling of experimental data with the
PSORE is shown in section Additional Material (Figs. AM1-AM4).
The parameters of the models are summarized in Table 4 (resis-
tance to intraparticle diffusion) and Table 5 (PSORE): in most cases,
the estimated variance was higher for the PSORE than for the resis-
tance to intraparticle diffusion model. The specific surface area
of this type of biomass is rather limited compared to conven-
tional sorbents (mineral sorbents, synthetic resins), when they are
not physically modified. For example, for S. muticum values like
11 m?2 g1 were found; however, generally these values are limited
to a few m2 g~1 [63]. This is confirmed by the limited intraparticle
porosity of these materials (below 9%) [63]. The sorption will mainly
proceed at the surface of the biosorbent, limiting the contribu-
tion of internal reactive groups and then the effect of intraparticle
diffusion mechanism.

3.6. Influence of sorbent dosage

The variation of sorbent dosage contributes to increasing
the number of reactive groups (and thus the equilibrium per-
formance) but also the surface in contact with the solution.
This may impact the resistance to film diffusion. The model of
resistance to intraparticle diffusion fits well experimental data.
The intraparticle diffusion coefficient (D) varies in the range
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Fig. 5. Influence of sorbent dosage (SD) on Ni(Il) uptake kinetics using S. muticum
(S.m.) and G. caudata (G.c.)-modeling using the intraparticle diffusion coefficient

(initial pH: 3 and 5 for S. muticum and G. caudata, respectively; T: 20°C; v: 150 rpm;
PS: 125-250 pwm; Cp: 10mgNiL-1).
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Fig. 6. Influence of particle size (PS) on Ni(Il) uptake kinetics using S. muticum (S.m.)
and G. caudata (G.c.)—modeling using the intraparticle diffusion coefficient (initial
pH: 3 and 5 for S. muticum and G. caudata, respectively; T: 20°C; v: 150 rpm; Co:
10mgNiL~'; SD: 0.5gL1).
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Table 4
Ni(II) uptake kinetics—parameters of the model of resistance to the intraparticle diffusion (Crank’s equation).

Biosorbent T PS SD Co Degr x 101 EV
293 125-250 0.5 10 3.8 0.012
293 125-250 0.5 30 21.1 0.007
293 125-250 0.5 50 9.4 0.040
293 125-250 1 10 4.6 0.031

S. muticum 293 125-250 2 10 7.5 0.015
303 125-250 0.5 10 5.9 0.047
323 125-250 0.5 10 10.9 0.130
293 250-500 0.5 10 294 0.057
293 710-1000 0.5 10 64.5 0.048
293 125-250 0.5 10 6.9 0.034
293 125-250 0.5 30 49 0.015
293 125-250 0.5 50 89.5 0.032
293 125-250 1 10 7.1 0.047

G. caudata 293 125-250 2 10 8.6 0.048
303 125-250 0.5 10 6.3 0.018
323 125-250 0.5 10 19.2 0.152
293 250-500 0.5 10 423 0.034
293 710-1000 0.5 10 101.0 0.023

T(K); PS (wm); SD (gL~1); Co (mgNiL1); Der (m? min1).

(3.8-7.5)x 10" "' m2 min~! and (6.9-8.6) x 10-"' mZ min~! for S.
muticum and G. caudata, respectively. These values are 3 orders
of magnitude lower than the values of the molecular diffusivity
of Ni(Il) in water (i.e., 3.97 x 10-8 m2 min~!) [64]. This means that
the diffusion of metal ions through the layers of the biosorbent
is significantly hindered by the poor porosity of the material. The
effective diffusivity is not expected to vary with sorbent dosage.
Though D, increases with SD, the values remain in the same order
of magnitude and the differences between the two sorbents are not
very marked. The slight variation may be caused by the occurrence
of complementary limitations such as resistance to film diffusion
or the proper reaction rate. It is generally necessary to simultane-
ously take into account all these mechanisms [43], at the expense
of complex numerical calculations. Additionally, these complex
numerical models require simplifying approximations (homoge-
neous material, spherical particles, and single reactive groups) that
are generally far from the true properties and characteristics of
materials such as biosorbents. For this reason the simplified Crank’s
equation will be considered acceptable, despite the small discrep-
ancies due to variation of Deg with SD. Table 5 shows that the kinetic
rate (i.e., k) increases with SD with almost the same amplitude for
the two sorbents (in the range (0.5-6.7) x 10~2gmg~! min—1). As
expected, increasing SD decreases the sorption capacity and the

sorption capacity obtained by the simulation is close to the exper-
imental value.

3.7. Influence of particle size

Varying the particle size is generally used for evaluating the
accessibility and the availability of reactive groups. If the equilib-
rium concentration is independent of the particle size, this means
that all the reactive groups are accessible to solute molecules. On
the opposite hand if the equilibrium concentration depends on sor-
bent particle size the solute cannot interact with internal reactive
groups. Fig. 6 shows that S. muticum and G. caudata obey quite dif-
ferent behavior. With G.c. biomass the uptake kinetics were not
affected by the size of sorbent particles: Ni(Il) can bound on all reac-
tive groups (even at the center of large particles; i.e., 710-1000 pm
fraction). On the contrary, with S.m. very different kinetic pro-
files were observed when increasing the size of sorbent particles.
The equilibrium concentration but also the time required to reach
the equilibrium increase with the diameter of the particles. The
superimposition of the kinetic profiles for G.c. indicates that this
biomass is not subject to strong resistance to intraparticle diffusion.
Table 4 shows that for both S.m. and G.c. the effective diffusivity
linearly increased with the average of particle radius. The diffu-

Table 5
Ni(II) uptake kinetics—parameters of the pseudo-second order rate equation (PSORE).

Biosorbent T PS SD Co eqexp eq,mod ko x 102 EV
293 125-250 0.5 10 14.5 15.4 0.54 0.21
293 125-250 0.5 30 21.7 23.1 1.17 0.52
293 125-250 0.5 50 47.8 50.1 0.32 3.76
293 125-250 1 10 7.9 85 1.64 0.10

S. muticum 293 125-250 2 10 4.0 4.0 6.69 0.01
303 125-250 0.5 10 121 13.5 0.85 0.74
323 125-250 0.5 10 9.9 11.0 1.08 0.91
293 250-500 0.5 10 115 12.6 0.69 0.54
293 710-1000 0.5 10 7.4 9.0 0.28 0.09
293 125-250 0.5 10 12.9 13.6 1.08 0.55
293 125-250 0.5 30 19.2 19.4 3.11 0.56
293 125-250 0.5 50 204 20.2 5.77 0.46
293 125-250 1 10 6.7 7.2 2.00 0.21

G. caudata 293 125-250 2 10 3.5 3.9 6.59 0.06
303 125-250 0.5 10 11.8 125 0.83 0.13
323 125-250 0.5 10 115 13.2 3.07 1.95
293 250-500 0.5 10 12.7 134 1.35 0.61
293 710-1000 0.5 10 13.5 14.9 0.53 0.31

T (K); PS (um); SD (gL1); Co (mgNiL™"); Gegexp and Geqmoa (MgNig1); k (gmg~" min-1).
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150 rpm; PS: 125-250 pm; SD: 0.5gL1).

1@
‘ S.m. - Intraparticle O T:293K
0.8 B diffusion OT: 303K
AT:323K
- 0.6
Q
T 04 -
0.2 A1
0 T T T
0 60 120 180 240
Time (min)
1
£ G.c.- Intraparticle O T:293K
0.8 diffusion O T: 303K
A T:323K
0.6
L\JQ A A A A
= 04 e
© o (@) o)
0.2 4
0 T T T T T T T
0 60 120 180 240

Time (min)

Fig. 8. Influence of temperature (T) on Ni(II) uptake kinetics using S. muticum (S.m.)
and G. caudata (G.c.)—modeling using the intraparticle diffusion coefficient (initial
pH: 3 and 5 for S. muticum and G. caudata, respectively; v: 150 rpm; Cp: 10mgNiL-1,
PS: 125-250 wm; SD: 0.5gL"1).

sion coefficient varies in the range (3.8-65) x 10~ m? min~! and
(6.9-101) x 10~ m2 min~! for S. muticum and G. caudata, respec-
tively.

The particle size does not affect the sorption capacity at equilib-
rium for G. caudata while increasing the particle size reduces the
sorption capacity for S. muticum for both experimental and mod-
eled values (which are of the same order of magnitude): this is
another evidence of the significant difference in the behavior of the
two biosorbents. The difference in sorption capacity at equilibrium
means that all the reactive groups in the inner part of sorbent par-
ticles are not accessible for S.m.. The kinetic rate constant k, does
not follow a regular trend when increasing the size of sorbent par-
ticles. It varies between 0.28 x 102 and 0.69 x 10~2 gmg~! min~!
for S.m. and between 0.53 x 10~2 and 1.35 x 10~2 gmg~! min~! for
G.c.: the kinetic rate is about two times higher for G.c. (compared
to S.m.).

3.8. Influence of metal concentration

Fig. 7 shows the impact of initial metal concentration on Ni(II)
kinetic profiles (with the model of resistance to intraparticle dif-
fusion) for both S.m. and G.c.; Tables 4 and 5 summarize the
parameters of the models (PSORE and intraparticle diffusion resis-
tance). Increasing metal concentration increases the concentration
gradient between the solution and the center (free of metal) of
the particles. This increase in gradient concentration enhances
the transfer of the solute and reduces the time required to reach
equilibrium. Some discrepancies were obtained in the experimen-
tal series especially for S.m., where the equilibrium concentration
was higher at Cp: 30mgNiL~! than the value reached at Cy:
50mgNiL~!, inducing, in turn, discrepancies in the trends of intra-
particle diffusivities. The coefficient Dg varies between 3.8 x 10~11
and 2.1 x 10~ 1°m2 min~! for S.m. while for G.c. the intraparticle
diffusivity increased from 4.9 x 10-1! and 9.0 x 10~ m2 min~1.

In the case of the PSORE, the sorption capacity at equi-
librium calculated for the model is close to the experimental
value (the differences do not exceed 10%) and logically increases
with metal concentration. While for G.c. the kinetic rate coeffi-
cient follows a continuously increasing trend (from 1.1 x 10~2 to
5.8 x10~2gmg ' min~1), in the case of S.m. the variation of the
parameter k; was discontinuous and less marked (in the range
(0.3-1.2)x 10~2gmg~! min~1).

3.9. Influence of temperature

The study of temperature effect on sorption isotherms has
shown that this parameter has a greater impact on the sorp-
tion of Ni(Il) using S.m. than with G.c.; this is confirmed by the
comparison of uptake kinetics at different temperatures. In the
case of G.c., the kinetic profiles are quite close, though the intra-
particle diffusivity increased from (6.3-6.9) x 10~ m2 min~! to
19.2 x 10~ m2 min~! when temperature increases from 20-30°C
to 50°C. For S.m. the intraparticle diffusivity progressively and
continuously increases with temperature (from 3.8 x 10! to
10.9 x 10~ m2 min~—'). Similar trends were observed with the
PSORE kinetic rate: the coefficient k, increases with temperature
for S.m., and more discontinuously for G.c.. The Arrhenius plot of
Ink, versus the reciprocal of temperature allows determining the
activation energy of the system (Eq, k] mol~1):

Eq
Ink;, =InA — 7T (12)
The slope of the curve (not shown) gives the activation energy.
Since the kinetics were performed at only three different tem-
peratures (with some little discrepancies) the values should be
only considered as indicative of the order of magnitude. For S.
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muticum, Eq is close to 30.5 k] mol~1, about almost two times the
value obtained with G. caudata (i.e., 17.2 k] mol~1). Ayoob et al. cor-
related the activation energy in to the sorption mechanism: (a)
8-25kJmol~! physical adsorption; (b) <21kJmol~! to water dif-
fusion; (c) 20-40 k] mol~! to pore diffusion; (d) >40 k] mol~! to ion
exchange mechanism [65]. The greater contribution of the resis-
tance to intraparticle diffusion on the kinetic control may explain
the higher energy of activation found for S.m..

4. Conclusion

Nickel ions can be efficiently sorbed on Sargassum muticum
and Gracilaria caudata seaweeds, at initial pH 3 and 5, respec-
tively. Sorption capacities are slightly higher for S. muticum than
for G. caudata. Simultaneously to metal sorption the pH of the
solution is significantly increased for S. muticum (the variation is
much lower for G. caudata), consistently with the acid-base prop-
erties of the biosorbents. The sorption isotherms can be described
by conventional Langmuir and Freundlich equations, though more
sophisticated models (Temkin, Langmuir-Freundlich, or Langmuir
bi-site equations) also gave good fits of experimental data. The
sorption process is exothermic (negative value of the enthalpy):
the sorption capacity decreases with increasing the temperature,
especially for S. muticum biomass. Uptake kinetics have been mod-
eled using both the model of resistance to intraparticle diffusion
and the pseudo-second order rate equation. These two models
gave comparable fits for experimental data. The sorbent dosage
has a limited impact on uptake kinetics compared to metal con-
centration. When changing the size of sorbent particles significant
differences were observed between S. muticum and G. caudata:
while this parameter hardly affects sorption kinetics for Gracilaria
biosorbent, with S. muticum the differences are more marked. This
means that the resistance to intraparticle diffusion is playing an
important role in the control of sorption kinetics (especially for
S.m.). This is probably due to restricted accessibility to the reactive
groups located at the center of the particles. The temperature had a
limited effect on Ni(II) sorption kinetics on G. caudata, compared to
S. muticum. The intraparticle diffusivity varied between 3.8 x 1011
and 65 x 10~ m2 min~! for S. muticum and between 4.9 x 10~11
and 101 x 10~1! m2 min~! for G. caudata. The activation energy that
was roughly evaluated confirms that the sorption mechanism took
place through physical sorption with contribution of resistance to
intraparticle diffusion (especially for S. muticum).
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