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ABSTRACT

The incorporation of glutaraldehyde-crosslinked polyethyleneimine (GLA-PEI) in algal biomass beads (AB/PEI) substantially increases the sorption
capacity for Pd(Il) and Pt(IV) compared to pure algal beads (Laminaria digitata) prepared by an original one-pot synthesis procedure (using a
homogeneous ionotro-pic Ca-gelation, without addition of supplementary alginate). The sorption properties are compared to a reference material
(alginate beads). Sorption efficiency increases with pH in relation with deprotonation of carboxylate and amine groups, limitation of the competition
effect of counter anions and effect of metal speciation. Sorption isotherms (fitted by the Langmuir equation) show maximum sorption capac-ities
close to 1.28 mmol Pd g~ ! and 0.59 mmol Pt g~! for the composite sorbent at pH 2.5, with a marked preference for Pd(Il) against Pt(IV) (sorption
isotherms in bi-component solutions), especially for alginate and algal beads that are more selective than AB/PEI (an excess of chloride ions limits
this selectivity). The uptake kinetics are controlled by the resistance to intraparticle diffusion though the kinetic profiles are well fitted by the
pseudo-second order rate equation. The drying conditions have critical impact on the diffusion properties: freeze-drying limits the irreversible
collapse of the porous structure (which happens with air-drying): the presence of cellulose-like fibers (and/or agglomerates of GLA-PEI) in AB and
AB/PEI limits this impact.

HIGHLIGHTS GRAPHICAL ABSTRACT

« Alginate and pure algal-beads are
prepared by homogeneous ionotropic
gelation.

« PEI incorporation in algal beads
improves Pd(II) and Pt(IV) sorption at
pH 2.5.

« Uptake kinetics are controlled by the
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resistance to intraparticle diffusion.
« Alginate and algal-beads are more “ A A
selective sorbents for Pd(Il) against o 2 14

Pt(IV).

« Metal speciation has a critical impact
on sorption mechanism and
performance.

Sorption efficiency: Algal beads/PEI > Algal beads > alginate beads
Sorption selectivity for Pd(IT) agains Pt(IV): Alginate beads ~ Algal beads > Algal beads/PEI
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1. Introduction

The governmental regulations and incentive politics for waste
recycling at supranational level are driving increasing research
for the removal of pollutants and the recovery of valuable

materials from waste materials [1] or sub-products of industrial
processing [2]. This is especially important for waste electric and

electronic equipment (WEEE) that contains large amounts of
valuable and precious metals [3-5]. Pyrometallurgy [6] and
hydrometallurgy [7] are generally used for the treatment of waste
materials from electronic devices and printed circuit boards [8].

After grinding, flotation and magnetic separation can be used
for reducing the amount of waste material to be processed and
for enriching the solid phase [9]. Plastics and ferrous-metals can
be valorized using specific circuits while non-ferrous wastes can
be leached using acidic solutions [10]. The recovery of metals from
leachates may involve different extraction processes depending on
the composition of the solutions and the concentration of target
metals. For concentrated solutions solvent extraction is fast and
competitive [11,12]; however, in the case of dilute solutions the
loss of toxic and expensive extractant makes the process less
attractive and sorption processes are generally preferred. Ion-
exchange and chelating resins can be used for recovering palla-
dium and platinum from acidic solutions [13-18]. Solvent-
impregnated resins are alternative materials that combine efficient
metal recovery (based on solvent extraction properties) and stable
confinement of the solvent phase in the resin system (immobiliza-
tion in porous network) [19-24]. However, many studies have
recently been directed toward the development of sorbents based
on biomass (agriculture wastes, biopolymers). Biosorbents are
renewable and less expensive than conventional synthetic resins
though they bind metal ions through similar functional groups
[25]. Biopolymers such as chitosan (aminopolysaccharide) and
alginate (polycarboxylic biopolymer bearing guluronic and man-
nuronic acid groups) have been tested for the recovery of precious
metals as raw materials (including crosslinked materials to
improve their chemical stability) [26-28] or after functionalization
(grafting of specific reactive groups) [29-31]. Algal biomass has
also been reported to bind precious metal ions [32,33] through
amino and carboxylic groups present in proteins, carbohydrate,
phosphorous and sulfonic groups on other constituents of cell
walls. Platinum and palladium metal ions can bind to several reac-
tive groups depending on the pH (protonation), the composition of
the solution (presence of ligands) and through different mecha-
nisms including chelation, ion exchange and electrostatic attrac-
tion. For example amine groups can bind Pd(II) by chelation on
nitrogen in near neutral solutions or tetrachloropalladate species
(in presence of chloride ions) in acid solutions by electrostatic
attraction/ion exchange mechanism [34]. Polyethyleneimine (PEI)
is a long-chain polymer bearing primary, secondary and tertiary
amine groups which can readily interact with precious metals ions;
it has been applied for increasing the density of reactive groups on
chitosan [30], biomass [35], alumina particles [36], resins [14] and
then the sorption capacities of modified materials. Alginate-based
materials can be also efficiently used for encapsulating ion-
exchangers with high efficiency for metal recovery: extractants
and ionic liquids [37], clay materials [28], chelating materials
[38,39].

Brown algae are rich in alginate-based material and represent
the most representative class of raw materials used for the extrac-
tion and production of alginate at industrial scale. The manage-
ment of algal biomass is made complex due to the morphology
of ribbon-like brown algae and their swelling. As a consequence
the sorbent may face some problems when used in fixed-bed col-
umns: clogging and head loss pressure phenomena are frequently
occurring. This drawback can be overcome by conditioning the
material under the form of beads. The algal biomass can be incor-
porated in alginate beads by ionotropic gelation of the algal pow-
der dispersed in alginate solution before dropping the slurry into
a calcium chloride solution (herein called heterogeneous ionotro-
pic gelation mode) [40,41]. Recently an alternative process has
been designed making profit of the presence of alginate in brown

algae for the one-pot synthesis of algal beads (without adjunction
of alginate or other encapsulating agent). The alginate fraction is
partially extracted from the algal biomass before being used for
the ionotropic gelation of the algae; this allows the synthesis of
pure algal beads or composite beads by incorporation of an active
charge such as PEI crosslinked with glutaraldehyde [42]. In addi-
tion, this new process includes a variant to the conventional iono-
tropic gelation in order to increase the stability of the beads (when
submitted to alternative acid and neutral pH treatment and for
long-time use); the homogeneous ionotropic gelation proceeds to
the gelation of the whole volume of the bead by the in situ and pro-
gressive release of calcium ions into the beads (for gelation of car-
boxylic acid groups). The 3-D gelation leads to stronger and more
stable structure than in the case of the heterogeneous ionotropic
gelation mode where the external layers are progressively cross-
linked (shrinking core mechanism limited to the external layers).

The same concept was used for preparing composite beads con-
taining PEI crosslinked with glutaraldehyde (linkages between
amine groups for preparing stable solid particles finely divided
for incorporation in the algal slurry, prior to ionotropic gelation).
The sorption properties of these materials have been compared
with those of pure alginate beads (considered as the reference
material) for the recovery of copper(Il) and lead(Il) [42]. The incor-
poration of PEI in algal beads did not significantly improve sorption
properties for base metals, while the sorption properties for algal
beads were slightly lower than those of pure alginate beads. It is
noteworthy that taking into account the actual fraction of alginate
in the algal biomass the sorption properties are relatively higher
than expected: the presence of other functional groups and the
organization of polymer chains favor a rationale use of carboxylic
groups/alginate content. Comparing the costs of the materials
(close to 1/4 for algal biomass compared to alginate) and the envi-
ronmental impact of alginate extraction and bead fabrication the
algal beads appear competitive. The present study uses these
materials for investigating Pd(II) and Pt(IV) sorption. After charac-
terizing these materials the sorption properties are tested with
successive investigation of the impact of pH, study of uptake kinet-
ics (with special interest paid to the effect of drying mode on dif-
fusion properties) and determination of sorption isotherms. The
composition of the solution (presence of chloride ions) and the
selectivity (for bi-component solutions associating both Pd(II)
and Pt(IV)) are also considered.

2. Material and methods

2.1. Materials

Alginate (commercial reference: Protanal 200S) was supplied by
FMC BioPolymer (USA). The algal biomass was supplied by Setalg
(Pleubian, France): Laminaria digitata is a brown algae. The biomass
was first washed, dried at 50 °C overnight and grinded (the fraction

>250 pm was used). The procedure described by McHugh [43] and
slightly modified by Bertagnolli et al. [44] was applied for charac-
terizing the alginate content in the biomass: L. digitata contains
about 31% (w/w) of alginate. The fractions of mannuronic (M)
and guluronic (G) acids in the alginate were determined by NMR
analysis [45]. In alginate extracted from L. digitata the M/G frac-
tions were 0.62/0.38 (compared to 0.37/0.63 for alginate reference
material; i.e. Protanal 200 S).

Branched polyethyleneimine (PEI, water free, low molecular
weight: 600-800 g mol~'), calcium carbonate and glutaraldehyde
(50% (w/w) in water) were supplied by Sigma-Aldrich
(Taufkirchen, Germany). Other reagents such as sodium carbonate,
formic acid and calcium chloride were supplied by Chem-Lab
NV (Zedelgem, Belgium). Palladium(Il) chloride and hydrogen



hexachloroplatinate (IV) were supplied by R.D.H (Germany) and
Fluka (Switzerland), respectively.

2.2. Synthesis and conditioning of sorbents

Glutaraldehyde was used for crosslinking PEI: first, 45 g of PEI
were dissolved in Milli-Q water (500 mL) with gentle agitation,
and then 45 g of glutaraldehyde (50%, w/w) were added to the
solution under strong agitation for 24 h. The solid (GLA-PEI) was
recovered by filtration, abundantly washed with demineralized
water before being freeze-dried (at —52 °C, 0.1 mbar). The GLA-
PEI was incorporated into algal beads using the homogeneous
ionotropic gelation method that consists in the in situ release of
Ca(Il) (controlled by acid reaction with a calcium salt introduced
in the mixture) followed by the reaction of Ca(Il) ions with car-
boxylic groups of guluronic and mannuronic acids from alginate
(or from alginate extracted from algal biomass) in the whole mass
of the bead drop.

For the preparation of alginate beads (reference material) 8 g of
alginate were dissolved into 388 mL of Milli-Q water, completed by
the addition of 4 g of CaCOs. The mixture was referenced as solu-
tion A.

For the synthesis of algal beads, 40 g of algal biomass were
mixed with 8 g of Na,CO5 into 1600 mL of Milli-Q water. The sus-
pension was maintained for 24 h at 50 °C: this step contributes to
alginate extraction from algal biomass (by dissolving of Na-
alginate). Then 8 g of CaCO; were added under agitation to the
preparation. The half part of the mixture (suspension B) was used
for preparing algal beads (AB) while the other part was used for
preparing the composite: glutaraldehyde crosslinked PEI incorpo-
rated into algal beads (AB/PEI).

Suspension C was obtained by mixing 2 g of GLA-PEI (grinded
and sieved through a 200 mesh sieve) with the half volume of algal
suspension (equivalent to suspension B).

The preparations marked A, B and C were separately distributed
dropwise in a solution combining CaCl, (1%, w/w) for external
ionotropic gelation and HCOOH (1%, w/w) for promoting slow Ca
(I) release in the core of the beads (and then internal homoge-
neous ionotropic gelation of carboxylic groups from alginate).
The beads were maintained in the CaCl,/HCOOH solution under
agitation for 24 h. In the next step, the beads were washed with
demineralized water and suspended in a aqueous solution at pH
4 (using 0.1 M NaOH solution for pH control). Finally, each stock
of wet beads was separated in two lots: one was air-dried (AD)
(under air flow at 25 °C for 2 days), the other was freeze-dried
(FD) (at —52 °C, 0.1 mbar, for 2 days).

2.3. Characterization of materials

The physical properties of the beads were characterized in size
by determination of the diameters of the dried beads and re-
hydrated beads (moistened in water overnight) by statistical anal-
ysis on samples of 25 beads (scaled photographs).

Scanning electron microscopy (SEM) and SEM-EDX (SEM cou-
pled with energy dispersive X-ray diffraction analysis) were per-
formed using an environmental scanning electron microscope
Quanta FEG 200 (FEI France, Thermo Fisher Scientific, Mérignac,
France), equipped with an Oxford Inca 350 energy dispersive X-
ray micro-analyzer (Oxford Instruments France, Saclay, France).
FT-IR spectrometry analysis was performed in the range 4000-
400 cm ! using an FTIR-ATR (Attenuated Total Reflectance tool)
Bruker VERTEX70 spectrometer (Bruker, Germany), metal loaded
samples were obtained by contact of the sorbents at pH 2.5 for
72 h with sorbent dosage: 2 gL', and initial metal concentration,
Co: 400 mg metal L1,

2.4. Sorption studies

Stock solutions of Pd(Il) and Pt(IV) were prepared by dissolving
PdCl, and PtCl, salts in 3 M HCI solutions (prepared by dilution
with Milli-Q water); the exact amount of HCI introduced in the
stock solution was recorded for further determination of true
quantities of chloride ions in the prepared working solutions.
Working solutions were obtained by diluting the stock solutions
to the desired concentrations. Before the sorption process, the pH
of each test solution was adjusted to the required value by using
0.1 M HNOs or NaOH. The final pH was systematically determined
(using a pH-meter cyber scan pH 6000, Eutech Instruments, Nijk-
erk, Netherlands) in order to evaluate the potential precipitation
phenomena associated with pH variation. Initial and equilibrium
metal concentrations (Co and Ceq, mg L~! or mmol L~!) were subse-
quently determined using an inductively coupled plasma atomic
emission spectrometer ICP-AES ACTIVA M (HORIBA JOBIN YVON,
Longjumeau, France) after samples were filtered.

The sorption experiments were conducted by contact of a given
amount of sorbent (m, g) with a fixed volume (V, L) of metal-
containing solution (Co, mg metal L' or mmol metal L™!) with
fixed initial pH (measured before and after metal sorption). For
the different experimental series the pH, metal concentration and
sorbent dosage (SD, g L™!) were varied and the full experimental
details are systematically reported in the caption of the figures
(see below).

For the study of sorption isotherms and pH effect, the samples
were collected and filtrated after 72 h of contact time before being
analyzed by ICP-AES. The mass balance equation is used for calcu-
lating the amount of metal sorbed per unit of sorbent or sorption
capacity, q (mg metal g~ or mmol metal g~'): q=(Cy — Ceq)V/m.
For uptake kinetics, samples were regularly collected (at fixed con-
tact times), filtrated and analyzed for residual metal concentration.
It is noteworthy that the sorbent samples (both AD and FD sam-
ples) were systematically moistened overnight before being
dropped into the working solutions. Based on the tests on pH effect
and in order to avoid precipitation phenomena, uptake kinetics and
sorption isotherms were performed at pH 2.5 (compromise
between sorption efficiency and stability of metal ions).

2.5. Modeling of sorption isotherms and uptake kinetics

Sorption isotherms represent the solute distribution at equilib-
rium between the liquid and the solid phases for different initial
metal concentrations: the sorption capacity (q) is plotted vs. the
residual metal concentration (Ceq). Different equations have been
reported for the modeling of sorption isotherms [46]; the Langmuir
equation and Freundlich equations are the most frequently used
models for describing sorption in solid/liquid systems.

Langmuir equation:

G x b x Ce
1= 5bxCy (13)
Linear form : ﬁ = 1 +l X Ceq (1b)
9 Guxb qn
Freundlich equation:
q=keCy" (2a)
Linear form : In(q) = In(kf) +%1n(C9q) (2b)

where g, and b are the Langmuir parameters corresponding to the
sorption capacity at saturation of the monolayer (mg metal g~! or
mmol metal g!) and b is the affinity coefficient (Lmg~! or



Lmmol '); ke (mg' V" g L") and n are the parameters of the Fre-
undlich equation.

Uptake kinetics may be controlled by different diffusion mech-
anisms (including resistance to bulk diffusion, film diffusion and
intraparticle diffusion) and by the proper reaction rate (which is
frequently fitted by the pseudo-first order rate equation, PFORE,
or the pseudo-second order rate equation, PSORE, see below).
The effect of resistance to bulk diffusion can be neglected when
the system is appropriately mixed (sufficient velocity) and the
resistance to film diffusion is mainly active in sorption control
within the first initial step of the process (first minutes of contact).
The resistance to intraparticle diffusion is then considered the pre-
dominant controlling step and this can be approximated using the
so-called Crank equation [47], assuming the sorbent to be free of
metals and the kinetics to be only controlled by the resistance to
intraparticle diffusion:

~_ Go(o+ 1) exp <%ﬂﬁt>

G _q -
=1 949+ qo?

(3a)
Geq n=1
where q; and geq are the metal concentrations in the beads at time t

and equilibrium, respectively; r is the radius of the sorbent and q,
values are the non-zero roots of the Eq. (3b):

3
tang, = 3 +qa”q% (3b)
with:
mqeq o 1
VG, 1+u (3¢)

The value of the intraparticle diffusion coefficient (D., m?-
min~') was calculated using Mathematica™ software and a propri-
etary program.

The PFORE and the PSORE have been developed for describing
modeling the chemical reaction rates in homogeneous systems.
However, it was also frequently used for describing uptake kinetics
in heterogeneous systems. As a consequence the parameters of the
models should be considered as apparent rate coefficients that
integrate the intrinsic contribution of diffusion mechanisms.

PFORE [48]:

q(t) = geg[1 — Exp(—k1t)] (4)
PSORE [49]:

q2 x ky x t
A0 =70 o vt
Qeq X K2 X T

()

where qeq (mg metal g~' or mmol metal g~ ') is the sorption capac-
ity at equilibrium (calculated value to be compared to experimental
value), k; (min~!) and k; (g mg~! min~! or g mmol~! min~!) are the
rate coefficients for PFORE and PSORE models, respectively. The
parameters of the models were determined by non-linear regres-
sion using the Mathematica™ software (Wolfram-France, Paris,
France).

3. Results and discussion
3.1. Characterization of materials

Table 1 reports the size of sorbent beads after overnight re-
hydration for the different materials that were air-dried and
freeze-dried: alginate and algal beads have roughly the same size
distribution, slightly smaller than the composite AB/PEI beads.
The air-drying process induces the irreversible shrinking of the
porous hydrogels while the freeze-drying method allows better
maintaining their physical structure. The drying mode has also a

Table 1
Characteristics of sorbent beads after rehydration.

Sorbent Drying mode Bead size (mm)
Average Standard deviation

Alginate AD 1.49 0.12

FD 2.40 0.20
AB AD 143 0.09

FD 2.35 0.16
AB/PEI AD 1.61 0.14

FD 2.88 0.21

critical impact on the re-hydration of the material (Figure AM1,
see Additional Material Section): freeze-dried materials have
roughly the same size before and after re-hydration while the size
of air-dried beads is significantly increased when the beads are
moistened. This size increase during re-hydration is less significant
for alginate materials because of the presence of other compounds
in algal-based beads (cellulose fibers in algal biomass, PEI micro-
particles in composite sorbent, for example) that contribute to
reduce the irreversible shrinking of the beads when dried. This dif-
ference may have a significant impact on the diffusion properties
of the different sorbents.

The porous structure of the materials is clearly illustrated by
SEM micrographs (Fig. 1, and Figure AM2, see Additional Material
Section) for the materials after being in contact with Pd(Il) and
Pt(IV) solutions. Alginate beads are characterized as much more
opened scaffolds structured with thin internal walls compared
with sorbents prepared with algal biomass (pure algal beads, AB,
and composite beads, AB/PEI). Very large holes are present in the
core of the beads resulting from the synthesis procedure and the
production of CO, bubbles in the beads: the reaction of formic acid
with calcium carbonate leads to the release of Ca(Il) ions and the
bubbling of CO,. The tighter porous network for materials based
on algal biomass (compared to alginate beads) may explain the
more stable structure of these materials against drying and re-
hydration (shrinking less irreversible than for alginate beads as
shown in Figure AM2). The arrows on the SEM micrographs of
ABJPEI sorbents are representing some examples of GLA-PEI
micro-particles embedded in the algal biomass matrix.

Figures AM3-11 (see Additional Material Section) show the
SEM-EDX analysis of the cross-sections of sorbent particles before
and after Pd(II) and Pt(IV) sorption; the EDX spectrum is presented
together with element cartographies: O and Ca elements are
associated to the embedding matrix and sorbent while Cl element
is associated to Pd and Pt elements (probably under the form of
chloroanionic metal complexes), which are bound to the sorbents.
The sorption of Pd(Il) and Pt(IV) is roughly homogeneous in
the whole mass of the sorbent for alginate and AB beads while in
the case of the composite sorbent (AB/PEI) some large aggregates
of metal elements can be identified, probably due to the
concentration of the target metals on the micro-particles of
GLA-PEL It is noteworthy that the sorption of Pt(IV) is significantly
lower than the sorption of Pd(Il): the density of element is much
less intense; this will be confirmed by the comparison of sorption
capacities (see below). It is also important to observe that for
platinum the correlation in element distribution is less marked
between Pt element and Cl element: on AB/PEI large and isolated
white spots mark the high density of Cl element while Pt element
appears homogeneously dispersed at the surface of the cross-
section.

It is noteworthy that the intensity of Ca element significantly
decreases after metal binding. This is associated to the ion-
exchange of calcium ions with metal ions for alginate matrix or
for the encapsulating matrix (alginate-based material for algal
biomass beads).
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Fig. 1. SEM micrographs of Alginate, AB and AB/PEI beads after Pd(I) and Pt(IV) sorption (magnification: x100) (arrows show some examples of agglomerates of GLA-PEI

incorporated into the composite AB/PEI beads).

The chemical composition of the sorbents can be approached by
FT-IR spectrometry analysis (Figure AM12, see Additional Material
Section). The presence of reactive groups (carboxylic acid/carboxy-
late groups) on Alginate beads is characterized by COO~ stretching
vibrations (Table AM1, see Additional Material Section). AB beads
are more complex due to the presence of other constituents than
alginate in the algal biomass: the presence of amine groups is also
identified. In the case of the composite AB/PEI beads apart typical
bands of algal biomass, the intensity of amine bands are increased
due to the increased proportion of primary, secondary and tertiary
amine groups in the whole mass of the sorbent. After metal bind-
ing, the typical bands of carboxylate and amine groups are shifted:
this confirms that these functional groups are involved in metal
binding due to the change in their chemical environment (see
Additional Material Section).

3.2. Effect of pH and metal speciation on Pd(Il) and Pt(IV) sorption

The pH is a critical parameter for the design of a sorption pro-
cess. Indeed, the pH may affect: (a) the chemical state of reactive
groups (protonation/deprotonation) and then their affinity for
metal ions (electrostatic attraction mechanism, competition effect
of protons), and/or (b) the speciation of metal ions (especially in
the presence of ligands) [50,51].

Figs. 2 and 3 show the effect of pH on Pd(Il) and Pt(IV) sorption
capacities for the three sorbents from solutions controlled by sul-
furic acid and hydrochloric acid, respectively. The pH-edges are
substantially different for Pd(II) and Pt(IV) profiles. In the case of
Pd(II) the sorption capacity (independently of the acid used for
pH control) increases quasi linearly with pH. The profiles are
almost superimposed for Pd(II) sorption in sulfuric acid solutions
for alginate and AB beads while for hydrochloric acid solutions
AB beads exhibit slightly higher sorption capacities. In terms of
Pd(II) sorption the sorbents can be ranked according the series:
AB/PEI > AB > alginate beads. In alginate the reactive groups are
limited to the carboxylic acid/carboxylate groups hold by guluronic
and mannuronic acid. The mechanism involved in metal binding
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Fig. 2. pH effect on Pd(II) and Pt(IV) sorption using Alginate, Algal biomass (AB) and
composite Algal biomass/PEI (AB/PEI) beads - pH control: sulfuric acid (For Pd(II)
SD, sorbent dosage: 0.5 g L~ for Alginate and AB and 0.25 gL' for AB/PEI; for Pt
(IV) SD: 1 g L7! for Alginate and AB and 0.25 g L™! for AB/PEI; Co: 40 mg Pd L™ and
50 mg Pt L~!; Temperature: 20 °C; contact time: 3 days).
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Fig. 3. pH effect on Pd(II) and Pt(IV) sorption using Alginate, Algal biomass (AB) and
composite Algal biomass/PEI (AB/PEI) beads - pH control: hydrochloric acid (For Pd
(I1) SD, sorbent dosage: 0.5 g L' for Alginate and AB and 0.25 g L' for AB/PEI; for Pt
(IV) SD: 1 g L~! for Alginate and AB and 0.25 g L' for AB/PEI; Co: 40 mg Pd L' and
50 mg Pt L~!; Temperature: 20 °C; contact time: 3 days).

may consist in metal cation exchange with the protons on car-
boxylic groups in acidic solutions, ion-exchange with calcium ions
bound to carboxyl groups or by complexation of metal cations on
carboxylate groups (under less acidic solutions corresponding to
the deprotonation of carboxylic groups). Mannuronic and guluro-
nic acids have pK, values close to 3.38 and 3.65, respectively
[52]. This means that below pH 3 most of carboxylate groups are
protonated and the mechanism involved in metal binding should
be ion-exchange between protons and free metal cations (i.e.,
Pd?* or PdCI*, and Pt) while increasing the pH the deprotonation
of carboxylic acid groups allows the complexation of metal cations
(or the ion exchange of metal ions with Ca(Il)). However, the spe-
ciation of Pd(Il) and Pt(IV) species shows the predominance of
chloro-anionic complexes in chloride-containing solutions (HCl
solutions but also H,SO,4 solutions since the stock solutions where
prepared in HCl solutions; the residual chloride concentration in
the diluted working solutions was high enough to induce the for-
mation of chloro-anionic complexes) (See the discussion of metal
speciation in the Additional Material Section). In low-Cl~ concen-
tration solutions, Uheida et al. [53] reported the predominance of
PdCl,(H,0), (60%) PdCI(H,0)3 and PdCl3(H,0)". Ricoux et al. [54]
observed a slight increase in Pd(II) sorption capacity onto
phosphine-oxide functionalized polymer with pH increase (at fixed
chloride concentration; i.e., 0.1 M) and with a decrease in chloride
concentration (at pH 2). They concluded that Pd(II) sorption occurs
by ligand exchange mechanisms on amine and/or on phosphine
oxide groups. They also comment that the progressive protonation

of amine groups limits the coordination of Pd(Il) by competition
between the protonation and the Pd coordination or by steric hin-
drance (for the part of metal sorption occurring on phosphine
oxide groups). Wei et al. [55] investigated the sorption of Pd(II)
using polystyrene-sulfonic acid immobilized in alginate capsules:
they show that the deprotonation of carboxylic acid is rejecting
the diffusion of chloroanionic metal species that cannot access to
the sulfonic groups of the encapsulated ligand. They observe that
above pH 3 the formation of soluble Pd(OH), species makes possi-
ble the transfer of palladium species through alginate membrane
and the binding of the metal on polystyrene-sulfonic acid. This
mechanism may explain the selectivity of the composite sorbent
for Pd(II) over Pt(IV) (which does not form neutral species, capable
to diffuse through alginate membrane). The same conclusion can
be reached in the present case for Pt(IV) sorption on alginate
beads; however, a non-negligible sorption of Pd(Il) can also be
observed at pH 2-3 (close to 10 mg Pd g~!) in sulfuric acid solu-
tions while in HCI solutions the sorption capacities are little lower:
the increase in chloride concentration favors the formation of
PdCI5~ while at lower concentration the neutral form (PdCly) is sig-
nificantly present in the solution (see discussion of metal specia-
tion in Additional Material Section, Figures AM13 and AM14).
Another possible mechanism may consist of the binding of free
Pd(II) (and Pt(IV)) by complexation on carboxylate groups at the
highest pH values: the binding of Pd?* and Pt** would progres-
sively displace the equilibrium of complexation of free metal ions
by chloride ions to the formation of free species that can bind to
carboxylate reactive groups (or sulfate groups of fucoidan for AB,
see below). For Pt(IV) sorption, the type of acid used for pH control
hardly affects sorption capacity, which remains (regardless of the
pH) below 4 mg Pt g~ 1.

In the case of AB beads, the sorption of Pt(IV) is also relatively
low (below 10 mg Pt g~!, though a little higher than for alginate
beads) and the pH-edges is shifted toward lower pH. The composi-
tion of the algal biomass changes with season [56] and growing
conditions [57]; however, it is basically constituted of fibers (30-
40%) both insoluble (cellulose-like) and soluble (like fucans and
laminarans, which are soluble at pH 2, and alginate, which is sol-
uble at pH 7.5). Nielsen et al. [57] reported average values for
the weight % composition of L. digitata: 71.5% of carbohydrates,
2.6% of proteins, and about 0.9% of natural pigments (chlorophyll
a, fucoxanthin, B-carotene and violaxanthin) plus about 15% of
ashes (including metals). The presence of other carbohydrates
(especially sulfate-containing fucoidan) and of proteins offers
new reactive groups that have different acid-base properties and
other modes of interaction with metal ions. The pK, of sulfate
groups of fucoidan is close to 2 [58]. Proteins bear carboxylic acid
and amino-acid moieties that may interact with Pd(Il) and Pt(IV)
through ion-exchange/electrostatic attraction (protonated amine
groups under acidic conditions). This may explain a slightly higher
sorption capacity at pH above 2.5 and higher sorption efficiency at
acidic pH. In amino acid, the pK, of carboxylic group varies
between 1.8 and 2.9, while the pK, of amino groups varies between
8.8 and 10.6: this means that in acidic solutions amino groups of
proteins will be able to bind chloro-anionic species (i.e., PdCI3™,
PdCl3 or PtCl2~, PtCl5 and PtCls(OH)?"). This may explain the more
efficient sorption of Pd(II) at lower pH values (below 2.5) compared
to alginate beads. These trends indicate that at pH 3-3.5 (below the
precipitation of the metal ions) the sorption of Pd(Il) is relatively
efficient (sorption capacities around 60 mg Pd g~!) while the sorp-
tion capacity for Pt(IV) remains below 5 mg Pt g ': a kind of selec-
tivity in metal binding can be anticipated for Pd(II) over Pt(IV).
Wotowicz and Hubicki [59] also reported higher sorption of Pd
(11) over Pt(IV) using Lewatit MonoPlus TP-220 and they correlated
this result to a difference in the electronic configuration of metal



ions: d® for Pd(II) with square planar stereochemistry vs. d° for Pt
(IV) with octahedral stereochemistry.

The incorporation of GLA-PEI into algal beads strongly increases
the sorption properties for Pd(Il) and even more for Pt(IV). The
change in sorbent dosage is not sufficient for explaining the
increase in sorption capacities. In the case of Pd(Il) the sorption
capacity is almost linearly correlated to the equilibrium pH and
reaches about 135mgPdg! in sulfuric acid solutions and
80 mgPd g~! in HCl solutions. For Pt(IV) the beneficial effect of
PEI incorporation is even much significant: while for other sor-
bents sorption capacities were negligible (below 5 mg Pt g~ 1), the
sorption capacity increases with pH to reach sorption capacities
as high as 100 and 90 mg Pt g~! in sulfuric acid and hydrochloric
acid solutions, respectively. The presence of amine groups (pri-
mary, secondary and tertiary amine groups of PEI) brings addi-
tional reactive groups that may bind chloro-anionic metal
species. Obviously the pK, values of amine groups strongly depend
on the type of amine group considered but also on the environ-
ment of these amine groups (branched vs. linear PEI) [60]. Demadis
et al. [61] report the values of pK, for primary, secondary and ter-
tiary amines of PEI: 4.5, 6.7 and 11.6, respectively. This means that
in acidic solutions (pH below 4) the amino groups are uniformly
protonated and then able to bind chloro-anionic metal species.
The strong improvement in sorption capacities can thus be
explained by the presence of these protonated amine groups that
drastically increases the volumetric density of reactive groups.
The increase in sorption properties with pH is due to the contribu-
tion of other reactive groups in less acidic solutions (especially car-
boxylic/carboxylate groups) and to the progressive decrease of the
competition effect of anions (sulfate anions for H,SO4 solutions,
and chloride anions for HCl solutions). Ricoux et al. [54] also
reported the competitor effect of chloride ions through two effect:
(a) the formation of stable chloro-complexes with chloride ions,
and (b) the direct competition effect of chloride anions for binding
on protonated amine groups (coulombic interaction).

In addition, the efficient sorption of both Pd(Il) and Pt(IV) also
means that the sorbent will probably be less selective than are algi-
nate and AB beads for Pd(Il) (against Pt(IV)). Pd(Il) and Pt(IV) can
be classified as soft acids according the Pearson’s theory [62]: they
have higher affinity for soft ligands and they will bound more read-
ily to Cl and N type ligands than to O-bearing ligands; this may
explain the higher efficiency of AB/PEI sorbent for these metal ions.
Palladium(II) forms with chloride ions tetrachloropalladate species
in the square D4d configuration with an ionic radius of 315 pm
while hexachloroplatinate species are characterized by an octahe-
dral Oh configuration with an ionic radius of 313 pm (and 4
unpaired electrons) [63].

Figure AM15 (see Additional Material Section) shows the com-
parison of sorption capacities for the three sorbents obtained at pH
1, 2 and 2.5, using both sulfuric acid and hydrochloric acid for pH
control. Alginate and AB beads show similar trends: for Pd(II) sorp-
tion sulfuric acid solutions are slightly better for metal recovery
than hydrochloric acid solutions; this is even more evident for Pt
(IV) recovery. Similar trends were observed in the case of Pd(II)
sorption from solutions controlled with either sulfuric acid or
hydrochloric acid in the case of glutaraldehyde cross-linked chi-
tosan: maximum sorption capacity was about 20% higher when
the pH was controlled with sulfuric acid [64]. The difference
between Pd(Il) and Pt(IV) was discussed above in relation with
metal speciation. For AB/PEI the sorption are roughly comparable
for HCI and H,SO, solutions (for both Pd(II) and Pt(IV)): the speci-
ation of Pt(IV) is less sensitive (compared to Pd(II)) to pH and chlo-
ride concentration.

The pH variation during metal sorption was recorded for the
different systems (Figure AM16, see Additional Material Section).
Regardless of the acid used for pH control and the target metal sim-

ilar trends were observed. For Alginate and AB beads the pH was
not changed between pH 1 and 2, while the pH slightly increased
(by less than 0.8 unit) after metal sorption in the range pH 2-3
while at pH 3.5 the pH variation tended to stabilize and the equi-
librium pH value was close to its initial value (+0.4 pH unit). The
incorporation of GLA-PEI in the algal biomass matrix shows a
slightly different trend: the pH variation was almost negligible
(less than 0.2 units) in the pHo range 1-3.5; the largest variation
was observed at pH 4: the equilibrium pH tended to decrease by
0.4 pH unit. The presence of numerous amine groups (having dif-
ferent pK,s due to the primary, secondary and tertiary amines)
has a kind of buffering effect.

3.3. Uptake kinetics and diffusion mechanisms - effect of hydrogel
drying

The uptake kinetics for Pd(II) and Pt(IV) for alginate, AB, AB/PEI
are reported in Figs. 4 and 5, respectively. The kinetic profiles have
been compared for air-dried (AD) and freeze-dried (FD) beads
(which were re-hydrated overnight prior to be used for kinetic
experiments). The size characterization of the beads has shown
that the different materials do not have the same behavior in terms
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of irreversible shrinking and regain of water at rehydration (Table 1
and Figure AM1, see Additional Material Section). This may affect
the diffusion properties: expanded structure limits the resistance
to intraparticle diffusion. The solid lines on the figures show the
fit of experimental profiles with the Crank equation (using the Dif-
fusion coefficients reported in Table 2). The Crank equation fits
well experimental data for alginate and AB beads but some dis-
crepancies are observed in the case of the composite material
(AB/PEI), especially in the last stage of the kinetic profiles for both
Pd(II) and Pt(IV). This is probably due to the superimposition of
two diffusion steps: (a) diffusion in the alginate or algal biomass
matrices, and (b) the diffusion in the dense GLA-PEI particles or
aggregates embedded in the biomass matrix. It is noteworthy that
the freeze-drying systematically allows faster sorption than air-
drying. The collapse of the porous structure during the air-drying
is only partially restored by the re-hydration of the beads. This
was already reported in the case of glutaraldehyde crosslinked chi-
tosan beads [26]: freeze-drying allows obtaining kinetic profiles
relatively closer to the sorption of Pd(Il) and Pt(IV) on wet beads
(never dried) than those obtained with air-dried/re-hydrated

beads. Supercritical drying (using solvent exchange and exposition
to supercritical CO, conditions) is an alternative process for safe-
drying of alginate-based hydrogels. The fibrillary structure of the
aerogel is maintained allowing high specific surface areas and
micro-porosities [65]. Freeze-drying offers an intermediary treat-
ment, more accessible with partial conservation of porous proper-
ties. This is a good compromise in terms of cost/performance.
Previous study using the same sorbents for the recovery of Pb(II)
and Cu(Il) showed that kinetic profiles were not affected by the
drying mode for AB and AB/PEI while the freeze-drying improved
uptake kinetics for alginate beads [42]. This was explained by the
presence of GLA-PEI (in the composite) and more generally
cellulose-like fibers that maintain a little better the morphology/-
porous organization of the hydrogels during the air-drying opera-
tion; this is confirmed by the size variations during drying and
re-hydration steps (higher stability with matrices based on algal
biomass). In the present case this effect is less marked; this may
due to the fact that the size of metal ion complexes is bigger than
those of metal cations: the irreversible shrinking during the drying
step (and only partially restored by the re-hydration) induces a
greater impact of the resistance to intraparticle diffusion for larger
metal ions (Renkin equation, [66,67]). The comparison of apparent
diffusion coefficients, D, confirms the significant improvement of
kinetic performance when the hydrogels are freeze-dried. The dif-
fusivity in water of PdCl3~ and PtCI2~ were reported to be close to
8.4 x 1078 m? min~!: this is several orders of magnitude higher
than the diffusivity coefficients reported in Table 2. This is a confir-
mation that the resistance to intraparticle diffusion plays a key role
in the control of uptake kinetics. The diffusion coefficients are
roughly of the same order of magnitude for alginate and AB beads
and significantly lower (by one order of magnitude) for the com-
posite material (i.e., AB/PEI): this is associated to the slow diffusion
of metal ions in the GLA-PEI aggregates embedded in AB matrix. It
is noteworthy that the differences between alginate and AB beads
on one side and AB/PEI on the other side were less marked in the
case of the diffusion coefficients for Pb(II) and Cu(Il) sorption
[42]; this is probably due (as already reported) to the much smaller
size of metal cations (compared to chloro-anionic complexes).

The PFORE and the PSORE models were also tested for fitting Pd
(II) and Pt(IV) uptake kinetics. The PFORE (not shown) gave large
dispersion in the fit of the experimental curves and great discrep-
ancies when comparing the experimental value of sorption capac-
ity at equilibrium and the corresponding calculated values. On the
opposite hand, the PSORE gives quite good fits of experimental
data (Figure AM17, see Additional Material Section) and the order
of magnitude of the calculated value of geq Was consistent with
experimental values (Table 3). The PSORE allows a significantly
better fit of the kinetic profiles at long contact time, especially
for AB/PEI sorbent, compared to Crank equation. In most cases
the apparent rate coefficient (k,) are higher for freeze-dried beads
than for air-dried materials: this is directly related to the intrinsic
contribution of resistance to intraparticle diffusion.

The presence of natural fibers (in algal biomass) or the embed-
ment of sorbent particles allows maintaining the stability of por-
ous structure and limits the impact of the drying mode
(minimization of the effects of shrinking mechanisms). On the
other side, large aggregates of GLA-PEI induce mass transfer limita-
tions associated to resistance to intraparticle diffusion; in this case
the PSORE allows better fit of kinetic profiles than the Crank equa-
tion (especially for long contact time).

3.4. Sorption isotherms and effect of incorporation of cross-linked PEI-
particles on sorption capacities

The sorption isotherms at pH 2.5 were established (in mono-
component solutions) for the three sorbents (Fig. 6). The sorption



Table 2
Modeling of uptake kinetics using the Crank equation.

Metal Sorbent Co (mgL™) SD (gL™") Drying mode De x 10" (m? min™1) SSR
Alginate 24 04 AD 16.5 0.016
FD 219 0.024
Pd(Il) AB 24 04 AD 241 0.013
FD 14.0 0.014
AB/PEI 24 04 AD 0.17 0.070
FD 0.65 0.053
Alginate 7 4.0 AD 4.52 0.060
FD 334 0.041
PE(IV) AB 8.5 2.0 AD 5.82 0.018
FD 18.2 0.035
AB/PEI 23 02 AD 0.47 0.133
FD 1.99 0.147
SSR: sum of square of residuals.
Table 3
Modeling of uptake kinetics using the PSORE.
Metal Sorbent Co(mgL™1) SD(gL™1) Drying mode Qeqexp (Mg ") Qeqcalc (Mgg™1) ky x 10* (m? min~1) EV
Alginate 24 04 AD 17.5 13.2 11.0 3.89
FD 283 271 4.66 2.27
Pd(IT) AB 24 04 AD 323 304 2.03 9.83
FD 37.9 34.1 6.25 6.41
AB/PEI 24 0.4 AD 47.8 49.6 0.63 5.64
FD 56.3 54.9 2.03 7.46
Alginate 7 4.0 AD 1.13 1.00 2915 0.13
FD 1.23 1.21 459.4 0.0068
PH(IV) AB 8.5 20 AD 2.56 2.41 86.8 0.028
FD 2.84 2.68 99.8 0.046
AB/PEI 23 0.2 AD 69.5 86.9 0.083 5.64
FD 76.9 89.6 0.134 16.67

EV: estimated variance.

capacity is drastically increased after the incorporation of the GLA-
PEI in the AB matrix. This is obviously due to the increase in the
volumetric density of reactive groups, and by the highest affinity
of reactive groups (amine groups vs. carboxylate groups). While
the Freundlich equation supposes an exponential trend, the Lang-
muir equation is characterized by an asymptotic trend, which is
consistent with the saturation plateau observed on sorption iso-
therms. This is confirmed by much lower determination coeffi-
cients (R?) for Freundlich fits (varying between 0.61 and 0.86, not
shown) than Langmuir modeling (Table 4). In Fig. 6 the solid lines
represent the fits of experimental isotherms with the Langmuir
equation. Sorption capacities are ranked for both Pd(II) and Pt(IV)
according the series: alginate beads < AB beads <« AB/PEI beads.
The greater affinity for the composite sorbent is related to the
softer character of N-based ligands (compared to O-based ligand)
(see above discussion of pH effect). Similar preference for Pd(II)
over Pt(IV) was observed in the case of N-aminoguanidine modi-
fied persimmon tannin [68]: the mechanism involved in metal
binding consisted of chelation of chloro-anionic species on
amino/imino groups of guanidine moiety (with release of chloride
ions). The same adsorbent tested for Au(Ill) recovery showed much
higher sorption capacities due to different mechanism involving
anion exchange coupled to electrostatic attraction; in addition,
the redox potential of the couple AuClz;/Au (E%+1.00V) being
higher than the redox potential of tannin gel (E%:+0.74 V) (contrary
to those of PtCI2 /PtCl3~, E°:+0.68 V and PdCI3 /Pd, E°:+0.62 V)
makes possible gold reduction to its metallic form (contrary to
Pd(II) and Pt(IV)).

The fraction of GLA-PEI in the composite material was not quan-
tified; however, based on the synthesis procedure it is possible
assuming that the weight fraction of the PEI derivative represent
about 9% (d.w.). Based on the equivalent sorption capacity attribu-

table to the algal biomass fraction (i.e., 91%), which represents
about 0.43 mmol Pd g~ !, the fraction assigned to GLA-PEI should
be close to 0.84 mmol Pd g~! (i.e., 9.33 mmol Pd g~! GLA-PEI); for
Pt(IV) the sorption capacity (i.e., 0.583 mmol Pt g~!) is approxi-
mately decomposed into 0.113 and 0.477 mmol Ptg~! for algal
biomass and GLA-PEI contribution (i.e., 5.3 mmol Pt g~! GLA-PEI),
respectively.

In addition, maximum sorption capacities are significantly
greater for Pd(Il) compared to Pt(IV). The molar ratio of maximum
sorption capacities (Qmaxpd/dmaxpt) fOr mono-component solutions
increases according to: AB/PEI (2.2) < AB (3.7) ~ Alginate (4.1).
The comparison of these virtual selectivity ratio lets imagine that
AB/PEI will be less selective for Pd(II) recovery than AB and alginate
beads. This will be confirmed by the selective sorption of Pd(II) and
Pt(IV) from bi-component solutions (see below). Pd(Il) has a square
electronic configuration while Pt(IV) is characterized by an octahe-
dral electronic configuration (with 4 unpaired electrons that
require accommodating other ligands or water molecules): this
may explain a greater difficulty to spatial arrangement in the frame
of the biopolymer/biomass matrix (and composite sorbent).

It is noteworthy that some mechanisms of reduction of Pt(IV) to
Pt(II) have already been reported during the sorption of Pt(IV) on
organic supports in mild acidic conditions [31,69]. Actually plat-
inum element may be stable in aqueous solutions under both Pt
(II) and Pt(IV) forms contrary to palladium (unique stable form:
Pd(II)). The oxidation state of platinum on the sorbent was not ana-
lyzed. This may contribute to make more complex the interpreta-
tion of sorption performance.

Tables AM2 and AM3 (see Additional Material Section) report
the sorption performance of selected sorbents for Pd(II) and Pt
(IV), respectively. Though the sorption capacities of the present
sorbents are much lower than the values obtained with synthetic
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Fig. 6. Pd(Il) and Pt(IV) sorption isotherms using Alginate, Algal biomass and
composite Algal biomass/PEI beads at pH 2.5 (solid lines represent the Langmuir fit
of experimental data with parameters summarized in Table 4).

resins [59,70], the general sorption performance is consistent with
alternative biopolymer-based materials, at least for Pd(Il); the
sorption capacities for Pt(IV) are substantially lower than the sorp-
tion levels obtained with synthetic resins. This means that these
sorbents (especially AB/PEI) has real interest for Pd(Il) recovery
(but should not be applicable for Pt(IV) recovery); in addition,
the relatively simple and cost-effective synthesis of these materials
(based on renewable resources) represent a substantial advantage
compared to some sophisticated expensive materials. Compared to
synthetic resins it is noteworthy that the thermal degradation of
the alginate or AB beads is expected to produce lower quantities
of ashes and to generate environmentally-friendly volatile com-
pounds. Indeed, Dubois et al. [71] showed that the incineration
or pyrolysis of synthetic resin may produce substantial quantities
of toxic volatile organic compounds.

The major interest of these materials is based on the facts that
they are renewable resources (alginate, and algal biomass),

relatively cheap (5 €/kg for algal biomass, at lab scale, probably
cheaper at larger-scale), the life cycle is more environmentally-
friendly (elimination is less hazardous than for synthetic resins),
and very versatile physically (we are currently working on macro-
porous foams that can be designed as discs, monoliths). The
original process designed for algal beads is not requesting the addi-
tion of alginate and can be prepared through a one-pot process
which is more environmentally-friendly (less reagents, less
wastes) and cheaper than alginate materials.

Despite low sorption capacities for Pd(Il) (compared to AB/PEI),
alginate and AB beads are able to bind the metal at levels compa-
rable to those used in conventional supported catalysts. (around
5%, w/w). AB/PEI can then be oriented toward the recovery of Pd
(I1) while alginate and AB/Beads is more focused on the synthesis
of new and alternative supported catalysts, or may be considered
for selective separation of Pd(II) from Pt(IV). It is noteworthy that
the actual content of alginate in the algal biomass is close to 31%.
Despite this lower amount of carboxylic groups, the sorption
capacity is of the same order of magnitude (and even slightly
higher) that for the reference material (i.e., alginate beads). This
means that the difference in the distribution of guluronic and man-
nuronic acid, the presence of other reactive groups or the enhanced
dispersion of these polysaccharides chains (due to cellulose-like
fibers) may contribute to increase the reactivity and/or availability
of carboxylic functions and/or the density of sorption sites. A more
rationale use of carboxylic groups is demonstrated.

Actually, the process appears especially designed to: (a) the
manufacturing of new supports for heterogeneous catalysis, (b)
the recovery of valuable metals (precious or strategic), or (c) the
treatment of hazardous metal ions for low-flow effluents from
industrial niche.

3.5. Sorption selectivity — preference for Pd(Il) over Pt(IV) in bi-
component solutions

The sorption isotherms on mono-component solutions show
better potential of the sorbents for Pd(Il) over Pt(IV). This is con-
firmed by Pd(II) and Pt(IV) sorption isotherms at pH 2.5 (controlled
by sulfuric acid) in bi-component solutions (the solutions were
prepared using a constant molar ratio Pt(IV)/Pd(II) for the different
initial concentrations of metals) (Fig. 7). For AB/PEI the presence of
Pt(IV) reduces by 30% Pd(II) sorption capacity compared to sorp-
tion performance in mono-component solutions. In the case of
alginate and AB beads Pd(II) sorption properties are much less
affected by the presence of Pt(IV). On the other side, the sorption
of Pt(IV) is halved for the three sorbents in the presence of Pd(II).
As a conclusion, the sorption of Pt(IV) is more sensitive to the pres-
ence of Pd(Il) than the reciprocal. The comparison of the affinity
coefficients (b) (Table 4) demonstrates that alginate and AB beads
have a significantly higher affinity coefficient (b parameter of the
Langmuir equation, Table 4) for Pd(II) than for Pt(IV) (by a factor
3-16), while for AB/PEI the affinity coefficients for Pd(Il) and Pt
(IV) are of the same order of magnitude. This means that Pd(II) will
readily displace Pt(IV) sorbed on alginate and AB beads, contrary to

Table 4
Sorption isotherms for Pd(II) and Pt(IV) recovery using alginate, AB and AB/PEI beads at pH 2.5 - Parameters of the Langmuir model.
Metal Sorbent Qmax (Mmol g 1) Qm (mmol g™ 1) b (L mmol~1) R?
Alginate 0.38 0.36 84.5 0.997
Pd(11) AB 047 0.49 24.4 0.994
AB/PEI 1.27 1.28 71.3 0.999
Alginate 0.075 0.088 5.13 0.984
Pt(IV) AB 0.124 0.134 7.97 0.984
AB/PEI 0.590 0.583 76.0 0.998
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AB/PEI: this may explain the difference in selectivity between the
different sorbents. Similar phenomenon was observed for selective
sorption of Pd(II) against Pt(IV) using amine-modified tannin gel
[72] and chitosan derivatives [30].

Similar experiments were performed at the same pH controlled
with hydrochloric acid solutions (Figure AM18, see Additional
Material Section). The presence of this excess of chloride ions sub-
stantially reduces the sorption capacity of both Pd(Il) and Pt(IV):
maximum sorption capacities are reduced by 60-70%.

In order to better analyze the impact of the composition of the
solution (pH control, presence of the competitor metal) the selec-
tivity coefficient (olpgjpr, dimensionless parameter) was systemati-
cally calculated according to:

Table 5
Competitive sorption parameter opg;pe of Pd(I) and Pt(IV) using alginate, AB and AB/
PEI at pH 2.5 (initial molar ratio Pt/Pd = 4/3).

Sorbent Olpd/pt

Chloride— Chloride+
Alginate 15.6 (£3.2) 3.2 (¢1.0)
AB 15.0 (£5.2) 4.8 (+0.6)
AB|/PEI 5.8 (+0.9) 3.4 (20.8)

Chloride—/Chloride+: correspond to molar ratios Pd/Pt/Cl of 3/4/80 and 3/4/800,
respectively.

Geq(Pd)
Ceq(Pd)
Olpd/pr = qu(Pt) (6)

Ceq(PY)

Table 5 confirms that alginate and AB beads have comparable
preference for Pd(Il) sorption against Pt(IV) (in the range 15-16)
in solutions controlled with sulfuric acid while the control of pH
with hydrochloric acid considerably limits the selectivity (in the
range 3-5). The selectivity for Pd(II) is much higher that of AB/
PEI sorbent, at least in solutions controlled with sulfuric acid
(otpaspe: 5.8). When the pH is controlled by HCl the selectivity coef-
ficient is of the same order for the different sorbents. When the
concentration of chloride is increased the speciation of metal ions
is shifted toward the predominance of chloro-anionic species with
ion-exchange and electrostatic attraction mechanisms which are
not selective, while for chloride-less solutions the sorption may
involve binding of free metal ions; the chelation is expected to
be little more selective (involving both carboxylate and amine
groups). Investigating Pd(II) and Pt(IV) sorption by Escherichia coli,
Kim et al. [73] conclude that the selectivity for Pd(II) against Pt(IV)
is attributed to the presence of primary amine groups. For support-
ing their conclusions they studied in parallel the sorption proper-
ties of selected synthetic resins bearing different functional
groups. By the correlation in the sorption behaviors they suppose
that primary amine are more selective to Pd(Il) (in relation with
steric hindrance) and can explain the selectivity of E. coli. They also
comment that the charge density of PdCI5~ is more favorable than
that of PtCI2~ (in relation with the size of metal ions). Kononova
et al. [74] used Purolite S985 (chelating resin) for the sorption of
Pd(II), Pt(IV) and Rh(IIl) from complex solutions (presence of Ni
(I1)) and they showed that the selectivity of PGM recovery against
Ni(II) increases when the solution contains both chloride and sul-
fate anions; this is consistent with present results (Table 5).

Complementary sorption isotherms were performed with fixed
initial concentration of the competitor ions (and varying the con-
centration of target metal) under similar experimental conditions
(Figure AM19, see Additional Material Section). The presence of
Pt(IV) (Co: 0.55 mmol Pt g~!) decreases Pd(Il) sorption capacities
for AB/PEI beads while for alginate and AB beads the impact of Pt
(IV) is almost negligible. On the other hand, the presence of Pd
(11) (Co: 0.4 mmol Pt g~1) strongly impacts Pt(IV) sorption capaci-
ties, especially for AB/PEI sorbent. These results confirm the trends
observed in Fig. 7.

3.6. Sorption selectivity - effect of calcium chloride addition to the
solution

The effect of the acid used for pH control on the sorption capac-
ities has highlighted the influence of chloride ions, probably due to
the effects of metal speciation. In order to verify this hypothesis, a
complementary series of experiments was performed comparing
the sorption capacities (under similar experimental conditions)
for solutions completed with increasing concentrations of CaCl,
(Figure AM20, see Additional Material Section). For the different
systems the sorption capacities decrease with increasing the
amount of salt added to the solution. This can be explained by
the effect of chloride ions on metal speciation, to the competition
effect of chloride ions (for mechanisms involving ion-exchange
on protonated amine groups) or the competition of Ca(Il) for bind-
ing to carboxylate groups. However, the chloride ions affect more
significantly the sorption of Pd(II) than the recovery of Pt(IV). Mor-
isada et al. [72] showed that chloride ion concentration influences
more Pd(II) speciation than the distribution of Pt(IV) species at pH
2.

There was no significant difference in the negative impact of
chloride/Ca(Il) between the different sorbents: the active reactive



groups are equally affected by the addition of CaCl, in terms of Pd
(1) and Pt(IV) sorption performance.

4. Conclusions

New sorbents prepared by innovative conditioning of algal bio-
mass (preparation of Laminaria digitata beads without addition of
alginate for shaping by a one-pot synthesis procedure) were suc-
cessfully developed and used for direct sorption of precious metal
ions (PGMs: Pd(Il) and Pt(IV)). The same procedure was used for
preparing a composite sorbent obtained by the incorporation of a
polyethyleneimine derivative (glutaraldehyde-crosslinked PEI)
into alginate beads. Their sorption properties have been compared
to a reference material (i.e., alginate beads, synthesized with the
homogeneous gelation method). Sorption properties are consider-
ably increased by the incorporation of PEI (that brings new reactive
groups: primary, secondary and tertiary amine groups) with higher
reactivity than the main carboxylic groups of alginate and algal
biomass. The sorption of PGMs increases with pH due to the pro-
gressive deprotonation of carboxylic acid and amine groups, the
decrease in the competition effect of counter anions and the
weaker impact of metal speciation. The drying of the material is
a key parameter for uptake kinetics: freeze-drying maintaining,
at least partially, the original porous structure of the beads facili-
tates mass transfer while air-drying irreversibly shrinks the porous
structure (with limitations in mass transfer properties). The re-
hydration of the beads is not able to restore the porous structure,
especially for alginate beads; in the case of algal-based materials
the presence of cellulose-like fibers and of the agglomerates of
PEI particles improve the swelling of the materials and enhance
mass transfer performance. The Crank equation and the pseudo-
second order rate equation allows good fitting of kinetic profiles.
Sorption isotherms are well described by the Langmuir equation
and the sorption capacity reaches up to 1.28 mmol Pd g~ ! for com-
posite AB/PEI beads (much higher than the values reached for algi-
nate and AB beads; i.e., lower than 0.5 mmol Pd g!). The sorption
of Pt(IV) is considerably lower especially for alginate and AB beads
(maximum sorption capacity does not exceed 0.12 mmol Pt g~1)
while for AB/PEI the presence of amine groups (less selective due
to the ion-exchange mechanism) allows maintaining a sorption
capacity close to 0.59 mmol Pt g~'. In any case, the sorbents have
a marked preference for Pd(II) against Pt(IV) as shown by compet-
itive sorption in bi-component solutions, especially for alginate
and AB beads (much higher selectivity coefficient opqg/p¢) than for
AB/PEI beads. The increase in chloride concentration reduces the
selectivity effect, probably due to the change in metal speciation.

AB/PEI seems to be specially designed for recovery of Pd(Il) and
Pt(IV) metal ions, while alginate and AB beads have a higher selec-
tivity. In addition the sorption levels for Pd(II) are high enough to
be used for preparing supported catalysts (next step of this
research program).

The study of metal desorption (and sorbent recycling) was not
considered in this study: the relatively cheap cost of the sorbent
does not necessarily requires the re-use of the sorbent and metal
could be recovered by thermal degradation. However, preliminary
tests showed that metal desorption was relatively difficult:
thiourea/HCl eluent should be used for obtaining appreciable levels
of desorption. The same materials have been conditioned under the
form of macroporous discs (used as reactive filtration units) and
the sorption/desorption are currently tested.

This work is part of a broader research project with the objec-
tive of designing supported catalysts (Pd(Il) immobilized on
algal-based supports, further chemically reduced to synthesize Pd
nano-particles) that will be tested for simple hydrogenation
reactions.
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