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Shengye Wang ¢, Mohammed F. Hamza °, Thierry Vincent ¢, Catherine Faur €, Eric Guibal **

2Ecole des mines d’Alés, Centre des Matériaux des Mines d’Alés, Pole Matériaux Polyméres Avancés, 6 avenue de Claviéres, F-30319 Alés cedex, France ® Nuclear Materials
Authority, 530 ElI-Maadi, Cairo, Egypt
€ Institut Européen des Membranes-IEM (UMR 5635, Université de Montpellier, ENSM, CNRS), Place Eugéne Bataillon, 34095 Montpellier Cedex 5, France

ABSTRACT

Algal (Laminaria digitata) beads and algal foams have been prepared by a new synthesis mode and the sorbents were tested for praseodymium sorption in
batch and fixed-bed like systems (recirculation or one-pass modes), respectively. Metal binding occurs through ion-exchange with Ca(Il) ions used for
iono-tropic gelation of alginate contained in the algal biomass and eventually with protons. Sorption isotherms at pH 4 are described by the Langmuir
and the Sips equations with maximum sorption capacities close to 110-120 mg Pr g~ '. Uptake kinetics are fitted by the pseudo-second order reaction
rate equation for both beads and foams; in the case of beads the Crank equation also gives good fit of experimental data. Metal is successfully desorbed
using 2 M HCl/0.05 M CacCl; solutions and the sorbent can be efficiently re-used for a minimum of 5 cycles with negligible decrease in sorption/desorption
properties and appreciable con-centrating effect (around 8-10 times the initial metal concentration). Tested in continuous mode, the algal foam shows
typical breakthrough curves that are fitted by the Yan method; desorption is also effi-cient and allows under the best conditions to achieve a
concentration factor close to 8.

Keywords:

Brown algae
Praseodymium
Ion-exchange
Sorption isotherm
Uptake kinetics
Beads

Foams
Breakthrough columns
Metal desorption
FTIR

SEM-EDX

GRAPHICAL A BSTRACT

,\\i
-loade

Cycled’

Cycle number \'/"\'Ia\}.'énﬁwmll;‘er?cm“:l) i

° CiH/Co |

0

o\
3
)

Y
= &
([m)id paquos J0 Junowsy
2
LS

Ce mg PrLY)
iy

S (Y

. DE=93%
|

S
o

2 729 ‘n

48 200 400
Time (h) Volume (mL)

1. Introduction

Rare earth elements (REEs) are widely used in High-Tech appli-cations (photo-electronics, electronics, super-magnets, special
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alloys, etc.) [1,2]. The rarefaction of the resource and the geopolit-
ical issues associated to the distribution of production areas may
explain the incentive policies for recovering these strategic and
critical metals from sub-marginal sources [1,3] and their recycling
from spent materials [4-6], and more specifically from waste elec-
tric and electronic equipment (WEEE) [7,8]. The leaching of ores or
waste materials generates acidic solutions containing base metals
and precious/critical metals such as rare earth elements [9,10];
these metals can be valorized by selective precipitation [3], solvent
extraction [3,11], membrane solvent extraction [12], or sorption
[13] using resins [14], chemically modified inorganic sorbents
[15], and biosorbents [16,17].

Alginate is a polysaccharide extracted from algal biomass
(mainly brown algae) [18]. The carboxylic acid groups (i.e., guluro-
nic acid and mannuronic acid) are the main reactive groups that
are involved in metal binding [19-27]. Raw alginate and chemi-
cally modified biopolymer have been investigated for the sorption
of rare earth elements [28-33]. However, the extraction of alginate
has environmental impact and increases the relative cost of the
sorbent. Several studies have shown the efficiency of brown algal
biomass for heavy metal removal [34-36] and REEs recovery
[16,37-41]. The main drawback in using these materials is due to
the ribbon-like structure of the algal biomass and its swelling that
may strongly impact their application in continuous systems (such
as fixed-bed columns) with pressure head loss, and blocking
effects. For these reasons several studies have been dedicated to
the immobilization of algal biomass in a suitable polymer or
biopolymer to form hydrogel beads with enhanced hydrodynamic
behavior [42-46]. However, these processes usually require the
incorporation of alginate or other polymer for the encapsulation
of the selected biosorbents with additional cost. Recently, a new
method has been used for the synthesis of algal beads and relevant
composites with a one-pot extraction and shaping of alginate frac-
tion of the algal biomass: the process was used for preparing algal-
biomass beads and composite sorbents (associating algal biomass
and glutaraldehyde cross-linked polyethyleneimine) [47-49].

The method consists of the mild-alkaline extraction of alginate-
based compound from the algal biomass and the further distribu-
tion of the preparation suspension into an ionotropic gelation solu-
tion. This technique was used for elaborating algal biomass beads
(AB beads) without addition of encapsulating agent. The synthesis
of highly macro-porous sponges/foams has been documented for
tissue engineering, growth of biological cells [50] but also for the
elaboration of original materials like reactive sponges [51] that
can be used for absorbing contaminated water: the reaction takes
place in the sponge before a wriggling step allows removing decon-
taminated water and concentrating in the support the toxic metal.
These materials are characterized as highly macro-porous supports
with high percolating properties that can be used as reactive filters
[52,53]. The concept has been used for designing in this work algal
biomass foams (AB foams) that will be used for the recovery of a
REE and the sorption properties are compared with the sorption
behavior of AB beads.

The study is focused on the sorption of praseodymium and
includes the study of pH effect, the investigation of uptake kinetics
using AB beads (air-dried, AD, and freeze-dried, FD), the sorption
isotherms are then compared for AB beads and AB foams. The des-
orption kinetics are investigated before investigating the recycling
of the sorbent (successive sorption/desorption cycles) and also the
effect of the volume ratio between sorption volume and desorption
volume on the concentrating effect and desorption efficiency (opti-
mization of desorption process). Finally the continuous sorption
and desorption of Pr(Ill) were investigated in a fixed-bed mode
using AB foams. The materials have been characterized using FTIR
spectroscopy, scanning electron microscopy (morphology) and
SEM-EDX (energy dispersive X-ray) analysis (map distribution of

elements) for identifying reactive groups and evaluating the
physico-chemical degradation of the material during the alternat-
ing sorption/desorption cycles.

2. Materials and methods
2.1. Materials

Laminaria digitata brown alga was supplied by Setalg (Pleubian,
France). Algal biomass was washed, dried at 50 °C overnight and
grinded (size fraction below 250 um was used). The procedure
described by McHugh [54] and modified by Bertagnolli et al. [55]
was used for the extraction and quantification of alginate from
algal biomass. NMR analysis [56] was used for the characterization
of mannuronic acid (M)/guluronic acid (G) contents in extracted
alginate (i.e., M/G: 0.62/0.38) [47].

Calcium chloride (99.5+, %), HCOOH (99+, %) were supplied by
Chem Lab (Chem Lab NV, Zedelgem, Belgium), Sigma-Aldrich
(Saint-Louis (MO), USA. Calcium carbonate (99+,%) was purchased
from Sigma-Aldrich (Taufkirchen, Germany). Praseodymium chlo-
ride was supplied by Alfa Aesar (Thermo Fisher (Kandel) GmbH,
Karlsruhe, Germany).

2.2. Synthesis of beads and foams

Algal biomass (40 g, dry weight) and Na,COs (8 g, d.w.) were
introduced into 1152 mL of demineralized water. The suspension
was maintained at 50 °C for 24 h. In the next step, CaCO3; powder
(8 g) was homogeneously dispersed in the suspension under strong
stirring. The suspension was then wisely dropped into a CaCl,/
HCOOH solution (1%, w/w for both salt and acid). The beads formed
by ionotropic gelation were kept under agitation (150 rpm) for
24 h: the slow reaction between formic acid and calcium carbonate
releases Ca(Il) ions that cross-link the alginate extracted from algal
biomass (reaction between carboxylic groups of the biopolymer
and calcium ions); in addition, CO, bubbles are produced that con-
tribute to produce internal porosity. The last step consisted of con-
trolling the pH of the solution to 4. After 24 h of contact the beads
were carefully washed with demineralized water before being
freeze-dried (—52 °C, 0.1 mbar) for 2 days. Freeze-drying allows
maintaining, at least partially, the porous structure of the beads
(FD) contrary to beads that were air-dried (AD).

Ionotropic gelation was also applied for the synthesis of algal
foams. Fifteen g of Laminaria digitata (dry weight) and 3 g of Na,-
CO3; were mixed into 576 mL of pure water before being heated
at 50 °C for 24 h in an oven. Six hundred milliliters of algal suspen-
sion were mixed with 20 mL of a homogeneous suspension of
CaCOs3 suspension (1%, w/w). The homogeneous suspension was
rapidly dropped into disc molds (50 mm, diameter). The molds
were frozen at —80 °C for 1 h before being freeze-dried (—52 °C,
0.1 mbar) for 2 days. Thereafter dried foams were soaked into a
solution containing both CaCl, (1%, w/w) and HCOOH (1%, w/w)
under slow shaking (20 rpm) for 24 h. The foams were then care-
fully washed with demineralized water (4 steps, with 4 L of water)
and freeze-dried (—52 °C, 0.1 mbar) for 24 h.

2.3. Characterization of materials

The size of the beads (dried, freeze-dried, and soaked) were
determined by optical photographs and statistical analysis on a
20-samples lot. Scanning electron microscopy (SEM) and SEM-
EDX (SEM coupled with energy dispersive X-ray diffraction analy-
sis) were performed 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 Reflec-
tance tool) Bruker VERTEX70 spectrometer (Bruker, Germany).

For the physico-chemical characterization of Pr(Ill) sorption on
algal beads, the beads were mixed for 48 h with 200 mg PrL!
solution (at pH 4, controlled by either 1 M NaOH or nitric acid solu-
tions) with a sorbent dosage (SD) of 200 mg L™!. For the character-
ization of recycled material (5 sorption/desorption steps), the
following experimental conditions have been used; sorption: Co:
25mgPrL'; SD: 0.4 gL"!; contact time: 24 h - desorption: 2 M
HC1/0.05 M CaCly; SD: 0.4 gL™!; contact time: 2 h. Similar proce-
dure was used for loading AB foams and the Pr(Ill) loading on
the sorbents was close to the maximum sorption capacity
(i.e., about 100 mg Prg1).

The pHzpc of the sorbent was determined by titration [57]. One
hundred and fifty mg of sorbent were mixed with a 0.1 M NaCl
solution for 48 h; the initial pHs (pHg) were varied between 2
and 8, the final pH (pHeq) was recorded and plotted against initial
pH; the pHzpc corresponds to the pH were the plot crosses the first
bisectrice (i.e., pHeq = PHo).

The apparent density and porosity of the foams were character-
ized by pycnometer measurements using ethanol as the soaking
agent. Two different processes were tested using either foam discs
(as produced) and geometrically cut materials (measuring the
dimensions with a vernier caliper).

2.4. Sorption tests

For the sorption experiments performed on algal biomass beads
(AB beads) the sorbent was mixed with Pr(Ill) solutions at fixed
values of pH (controlled with 1 M NaOH or HNOj3 solutions) for
48 h. The pH was not adjusted during the experiment but was sys-
tematically monitored at equilibrium (using a pH-meter cyber scan
pH 6000 (Eutech instruments, Nijkerk, Netherlands). Experiments
were performed at 20 °C £ 1 °C. Experimental conditions such as
pH, sorbent dosage (SD = m/V, mg L~!, m: g; V: L), metal concentra-
tion (Co: mg Pr L), contact time were varied for carrying out pH
effect, sorption isotherms, uptake kinetics: full experimental con-
ditions are systematically reported in the caption of the figures
(see below). Samples were collected, filtrated on 1.2 pm pore size
membranes and analyzed for residual metal concentration (C(t)
or Ceq, mg PrL™!, or mmol PrL~!) using an ICP-AES spectrometer
(inductively coupled plasma atomic emission spectrometer, Horiba
France, Jobin-Yvon Activa M, Longjumeau, France). The mass balance
equation was used for calculating the amount of metal immobilized
on the sorbent (q, mg Prg~' or mmol Prg~"): q=(Co — Ceq)V/m. For
desorption studies similar methods were used; the eluent was, in
most cases, 2 M HCI/0.05 M CaCl,; solution. The addition of calcium
chloride in the eluent is supposed to reinforce the stability of the
sorbent. The mass balance between sorption and desorption steps
allowed calculating desorption efficiency. In order to evaluate the
concentration effect during the desorption, two different condi-
tions of volume ratio (Vsorption/Vdesorption) Were considered: Vg /
Ves. = 1 (desorption efficiency) and Vorpt./Vaes. = 10 (concentration
effect).

Experiments with AB foams were carried out by disposing the
foam (which was cut with a die to a diameter of 25 mm) into a fil-
ter membrane holder (Swinnex, @ 25 mm, Millipore, Merck Chimie
SAS, Fontenay sous Bois, France). Metal ions solutions were
pumped (using a MasterFlex peristaltic pump) through the immo-
bilized AB foams on a recirculation mode at high flow rate (i.e.,
5mL min~!; to prevent the formation of internal air bubbles, and
preferential channels). Specific experiments were performed in
direct flow mode (without solution recirculation) at low flow rate
(i.e., 0.2 mL min~!) to simulate fixed-bed system: a sample collec-

tor was connected to the outlet of the immobilized AB foam. The
filtration bed consisted of a single foam disc (m: 98.7 mg (d.w.),
@: 25 mm; height: ~2.45 + 0.11 mm).

The sorbents were stored as dry beads (or foams) and were
soaked in water overnight just before use.

Note: Selected sorption tests were duplicated and the variation
was considered negligible when the standard deviation was less
than 6%. For example, a repeatability test carried out on break-
through curves is presented at the end of the Additional Material
Section.

2.5. Modeling of sorption processes

Conventional equations used for modeling sorption processes
such as uptake kinetics (pseudo-first order rate equation [58],
PFORE, pseudo-second order rate equation [59], PSORE, and Crank
equation [60]), sorption isotherms [61] (Langmuir and Sips equa-
tions), and breakthrough columns (Yan equation [62]) are summa-
rized in the Additional Material Section.

3. Results and discussion
3.1. Characterization of materials

The size characteristics of AB beads have been previously
reported [47,63]: the size of dried beads and rehydrated beads
strongly depends on the drying mode. The freeze-dried AB beads
have very close particle size before and after rehydration:
2.64 +£0.16 mm and 2.50 £ 0.22 mm, respectively. The air-drying
has a much stronger impact on the size of sorbent particles: dried
particles have a diameter of 0.99 + 0.10 mm while after rehydra-
tion the size significantly increases to 1.46 + 0.13 mm (though it
remains much lower than the soaked FD beads). The air-drying
irreversibly affects the porosity of the algal hydrogel while the
freeze-drying controls the capillary forces during the drying step
and the collapse of the porous structure is reduced and hardly
affects the size of the objects. The size reduction with air-drying
may have an important impact on accessibility to internal reactive
groups and to kinetic profiles. However, this effect is relatively lim-
ited for the binding of metal cations such as Pb(II) and Cu(II) [47],
while its impact is more significant for large size metal anions such
as hexachloroplatinate and tetrachloropalladate anions [63].

Fig. 1 shows the internal porosity of AB beads and the morphol-
ogy of AB foams. AB beads have a roughly spherical shape with
very large internal porosity (up to 500 pm): the production of
CO, during the reaction of calcium carbonate with formic acid dur-
ing the synthesis may explain this porosity together with the
proper ionotropic gelation mechanism that segregates the water
from polymer scaffold. The AB foams also shows a large internal
porosity (up to 150 um; i.e., smaller than the largest holes in the
AB beads) that clearly explain the good percolating properties of
the thin discs. It is noteworthy that the freeze-drying may con-
tribute to break some internal foils in the scaffold: the porosity is
also clearly interconnected. The pycnometer measurements
allowed calculating the density (0.492 +0.066 g cm~>), the bulk
density (0.0326 + 0.000375 g cm~3), and the porosity of the foam
(93.33 £ 1.03%).

Figs. AM1-AM3 (see Additional Material Section) shows the
porous structure, the EDX analysis and the map distribution of
main elements for AB beads before, after Pr(Ill) sorption and after
5 cycles of sorption/desorption. The raw material (Fig. AM1) is
characterized by the presence of C and O elements (organic trac-
ers), S element (sulfated polysaccharides such as fucoidans, car-
rageenans, which are present in brown algae). Small amounts of
Si element (probably associated to impurities, diatomaceous
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Fig. 1. Porous structure of Algal Biomass sorbents (SEM micrographs).

residues), Na and Cl elements (residues of the extraction/shaping
process) are also present. Ca element is typically the tracer of the
ionotropic gelation process. These elements are homogeneously
distributed in the section of AB bead. After Pr(Ill) sorption the mor-
phology of the beads does not significantly change (Fig. AM2), con-
trary to the elemental composition: the Ca peaks on the EDX
analysis almost disappears and are replaced with the signals of
Pr element. The sorption of Pr(Ill) clearly involves an ion-
exchange mechanism between Pr(IIl) and Ca(Il). Pr(IlI) distribution
is also homogeneous in the sorbent: the material is porous enough
to make all internal reactive groups in the sorbent accessible for Pr
(III). The SEM-EDX analysis on AB beads after 5 successive sorp-
tion/desorption cycles shows that the structure of the material
remains stable, that Ca element re-appears in the biosorbents
while Pr element almost completely disappears: residual metal
concentration in the beads does not exceed 9.2 mgPrg~!, corre-
sponding to the reversal ion-exchange between Ca(Il) and Pr(III)
(compared to the sorption step). Ca element is homogeneously dis-
tributed in the complete section of the AB bead. Similar trends are
observed in the case of AB foams (Figs. AM4-5): the elements are
homogeneously distributed and metal binding occurs through
ion-exchange between Ca(Il) and Pr(III).

The analysis of these three materials (raw, after Pr(IIl) sorption
and after 5 sorption/desorption cycles) was also performed by FTIR
spectroscopy (Fig. AM6, wavenumber range: 1800-400 cm™'; see
Additional Material Section). The FTIR spectra of the sorbent before
and after Pr(Ill) sorption show very similar profiles. The assign-
ments of the main bands in spectra are reported in Table AM1
(see Additional Material Section). After Pr(Ill) sorption the main
changes are associated to a slight shift of the band at 1595 cm™!
(assigned t0 Vasymm(COO™), [64]) toward lower wavenumber
(i.e., 1582 cm™'). It is noteworthy that the width of this band and
that of the band at 1415cm™! (assigned to Vsymm(COO™)) are
slightly broadened after metal binding. Papageorgiu et al. [64] dis-
cuss the mode of interaction of different metal ions with carboxy-
late groups alginate (bidentate chelating coordination, bidentate
bridging coordination or unidentate coordination) in relation with
the difference in the wavenumbers for asymmetric and symmetric
stretching vibrations of carboxylate groups (Av(COO™)). When the
AV(COO/Me) is lower than Av(COO/Na) the binding mechanism is
a bidentate chelating coordination; on the other hand, when the
two Av(COO) are similar the mechanisms involves bidentate bridg-
ing coordination, while metal binding mechanism consists of
unidentate coordination when the Av(COO/Me) is lower than Av
(COO/Na). In the binding of Ca(II), Cu(II), Cd(II), Pb(II), Ni(Il) and
Zn(Il) they found values for Ay(COO/Me) that are comparable or

slightly slower than the corresponding value for Na(I) (i.e., close
to 192 cm™1!). In the case of Pr(Ill) binding on AB beads the Av
(COO/Pr) is close to 167 cm™! (i.e.;, similar to the values found
for Pb(I) and Cd(II) by alginate) lower than the value for Na(I)
meaning that the unidentate bridging coordination would explain
metal binding. However, they deeply discuss the mechanism and
explain that several mechanisms may be involved due to the pres-
ence of mannuronic acid and guluronic acid that differently react
with metal ions involving a pseudo-bridging unidentate mecha-
nism for polygulurononate-metal complexes and a bidentate
bridging coordination for metal binding in polymannuronic-
metal complexes. The complexity of the interaction mechanisms
is even more complex in the case of algal biomass due to the pres-
ence of additional groups that may be involved in metal uptake
(including amine groups present on some internal cell constituents
and fucoidan-based compounds). In the case of the sorbent that
was recycled 5 times, many changes show that the material was
chemically modified by the successive sorption/desorption treat-
ments. A new peak is appearing at 1726 cm ™' (which was assigned
to the stretching vibration of C=0 bond); this is probably associ-
ated to the degradation of carboxylic groups. In addition, the asym-
metric stretching of COO~ bond is shifted toward higher
wavenumbers (i.e., 1620 cm™!): the stability of the “macroscopic
composition” (identified on SEM-EDX analysis) is not confirmed
by the FTIR characterization. Other changes consist of the appear-
ance of a shoulder at around 1520 cm™}, and a band at 1234 cm ™!
(which was assigned to the stretching of C-O bonds). In addition;
some weak peaks around 870 cm™!, 930 cm~! and 1050 cm™! are
little more marked in the recycled material. Most of praseodymium
binding occurs on carboxylic/carboxylate groups through coordi-
nation; the succession of sorption/desorption steps affects the
chemical structure of the sorbent (especially these groups that
are involved in metal binding). Further experiments will show
how this chemical modification may affect (or not) the sorption
performance (see below).

The so-called pH drift method [57] was used for evaluating the
pHzpc of the sorbent (not shown). The value is close to 5.09 for AB
foams and 4.84 for beads. This means that below pH 5, the sorbents
are roughly positively charged.

3.2. pH effect

The effect of pH was investigated using beads only; indeed,
foam- and bead-shaped materials were characterized by very
close pHzpc. Fig. 2 shows the effect of pH on sorption capacity
and sorption efficiency. At pH close to 1.5, sorption capacity is
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Fig. 2. pH effect on Pr(Ill) sorption on Algal Biomass beads - sorption efficiencies
and sorption capacities vs. equilibrium pH (Co: 100 mg Pr(Ill) L=!; Sorbent dosage,
SD: 0.2 gL~'; contact time: 48 h; T: 20 °C).

negligible (around 5 mgPrg!). Increasing pH improves Pr(Ill)
sorption: the sorption capacity linearly increases. This may be
explained by the progressive decrease of the competition effect
of protons. The pHzpc being close to 5.1, reactive groups are pro-
tonated and metal sorption may occurs through ion-exchange
between Pr(III) cations and the protons and Ca(Il) cations bound
to the sorbent (sulfonic/sulfated groups, amine groups, carboxy-
late groups). An excess of protons in acidic solution competes
against Pr(Ill) cations for binding and ion-exchange on sorbent
surface. The pK,s of mannuronic acid and guluronic acid have
been determined by titration close to 3.38 and 3.65, respectively
[65]. These values are below the pHzpc; the presence of other
functional groups induces different and more complex acid-base
behavior. Fig. AM7 (see Additional Material Section) plots the dis-
tribution ratio (calculated by the ratio D = qeq/Ceq; Lg™") vs. equi-
librium pH. The slope of the plot is usually correlated to the
number of protons exchanged during metal sorption (a concept
derived from the analysis of pH effect in solvent extraction sys-
tems); in the case of rare earth sorption on chelating derivatives
of chitosan (bearing EDTA and DTPA, ethylenediaminetetraacetic
acid and diethylenetriaminepentaacetic acid, respectively) Inoue
and Alam [66] reported a slope close to 3, which is consistent
with the expected stoichiometry between protons exchanged on
carboxylic groups of EDTA and DTPA and the trivalent charge
of the REEs. In the present case, the conclusions are much more
complex with a change in the slope close to pH 3.5. The corre-
sponding stoichiometric ratios are close to 6.06:1 below pH 3.5
and to 1.64:1 above pH 3.5 (which corresponds to the order of
magnitude of the pK,s of mannuronic acid and guluronic acid
moieties). This complexity may be associated to different causes,
such as (a) the presence of other functional groups (including
sulfated polysaccharides present in the biomass, i.e., fucoidans,
carrageenans, or amino-acids and other amine compounds) that
have different acid-base properties, and different modes of reac-
tion, but also (b) the possibility to exchange Ca(ll) (instead of
protons) with Pr(Ill). The equilibrium pH systematically increases
during metal sorption (Fig. AMS8, see Additional Material Section).
However, the variation does not exceed 0.4 pH unit, probably due
to proton binding on some of the reactive groups present on the
biomass (more specifically amine groups). For limiting the risks
of metal precipitation in the case of higher metal concentrations
(such as the values used for achieving the saturation of the sor-
bent in the study of sorption isotherms) the pH is systematically
adjusted at 4 for further experiments.

3.3. Uptake kinetics

The uptake kinetics have been investigated with AB beads for Pr
(1I1) recovery (Fig. 3). The effect of drying method was carried out
comparing the kinetic profiles for air-dried and freeze-dried mate-
rials (soaked overnight just before use). Under selected experimen-
tal conditions, a pseudo-equilibrium is reached within the first 8 h
of contact. The residual sorption after 48 h of contact does not rep-
resent more than 8-9% of total sorption. There is a steep initial
slope within the first hour of contact that represents a decrease
in the relative concentration of about 40% (about 60% of the total
sorption obtained at equilibrium). This first step corresponds to
the sorption of the metal at the surface of AB beads (and within
the first external layers of the sorbent) followed by a second phase
that lasts for 6-7 h and corresponds to a slower sorption, which is
associated to resistance to intraparticle diffusion.

Uptake kinetics are controlled by a series of mechanisms such
as resistance to diffusion (both in the film surrounding the parti-
cles, and the intraparticle diffusion) in addition to the proper reac-
tion rate (see Additional Material Section). In reactors with
appropriate agitation the resistance to bulk diffusion can be
neglected and the contribution of resistance to film diffusion is
generally limited to the first minutes of contact. The kinetic pro-
files have been fitted by the pseudo-first order rate equation
(PFORE, [58]), the pseudo-second order rate equation (PSORE,
[59]) and the Crank equation (for intraparticle diffusion, [60]).
Fig. 3 shows the modeling of experimental data with the PSORE,
while the modeling with the Crank equation and the PFORE fit is
presented in Fig. AM9 (see Additional Material Section). The PFORE
and Crank equations fit well experimental profiles and better than
the PFORE. Table 1 reports the parameters of the different models
for Pr(Ill) sorption kinetics using two types of AB beads: air-dried
beads (AD) and freeze-dried (FD) beads. This conclusion is con-
firmed by the comparison of estimated variances for PFORE and
PSORE and by the much better approximation of the equilibrium
sorption capacity (geqexp) While using PSORE (errors being less
than 3%) compared to PFORE (differences exceed 5%).

The characterization of materials (Section 3.1) showed that the
freeze-drying allows maintaining the porous structure of the mate-
rial better than the air-drying because of the restoration of particle
size after soaking. This means that the drying method may influ-
ence the mass transfer properties of these materials. Actually this
effect strongly depends on the type of metal and its chemical spe-
ciation in the solution (probably in relation with its ionic size). In
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Fig. 3. Uptake kinetics for Pr(Ill) sorption using Algal Biomass beads - modeling
with PSORE (freeze-dried: FD and air-dried: AD; pH 4.0; Co: 50 mg PrL~"; SD:
0.3 g L™!; v: 150 rpm; beads soaked overnight before use; flow rate: 5 mL min~"! for
AB foams in recirculation mode; T: 20 °C).



Table 1

Uptake kinetics for Pr(IlI) sorption using Algal Biomass Beads - effect of drying mode (FD: freeze-drying, AD: air-drying) and kinetic modeling (Crank equation, PFORE and PSORE).

Model Parameter FD AD Foams
Experiment Qeqexp (Mg Prg~1)/[mmol Prg'] 116.5/0.83 119.7/0.85 100.8/0.72
PFORE Geqeatc (Mg Prg~")/[mmol Prg-1] 109.2/0.78 114.6/0.81 97.3/0.69

ki x 10% (min 1) 3.02 156 0.956

EV 109.2 114.6 11.7
PSORE Geqeale (Mg Prg~")/[mmol Prg-'] 113.9/0.81 119.0/0.84 106.1/0.75

k, x 10* (g mg~! min~"') 4.37 1.86 1.26

EV 48.2 48.8 4.69
Crank De x 10" (m? min~") 4.04 0.62 n.d.

EV 0.0224 0.0215 n.d.

EV: estimated variance; n.d.: not determined.

the case of Pb(Il) and Cu(Il) using similar materials the drying
method did not significantly change the kinetic profiles [47]. The
conclusion was completely different in the case of Pd(Il) and Pt
(IV) sorption [63]: the air-drying slowed-down mass transfer,
especially for alginate beads (the effect was less marked for AB
beads and AB/PEI beads). The formation of tetrachloropalladate
and hexachloroplatinate anions may probably explain the more
significant impact of drying method (and porous/structural proper-
ties) on the resistance to intraparticle diffusion and sorption kinet-
ics. In the case of Pr(Ill) sorption the drying method has a very
limited impact on sorption velocity: the kinetic profiles almost
overlap; a slight time-shift of about 1 h is observed for AD materi-
als compared to FD sorbent. The result suggests that although the
air-dried sorbents are less porous than freeze-dried ones (possess-
ing a smaller diameter, see in Section 3.1), the internal porosity
built up by the re-hydration step is sufficient for readily diffusion
of metal ions inside the sorbents (negligible diffusion hindrance).
The ionic radius of Pb(II) (i.e., 1.19 A; hydrated species under the
form Pb(H,0)2") is of the same order of magnitude than the value
cited for Pr(Ill) (i.e., 1.179 A, hydrated species under the form Pr
(H,0)3*) [67]. The air-drying method halves the values of the
apparent rate coefficients (k; and k;) (Table 1). This is directly
associated to slightly hindered diffusion properties: the diffusion
coefficient (i.e., D) decreases from 4 x 10~ m? min~"! for FD sor-
bent to 0.6 x 1071 m? min~! for air-dried material. This is several
orders of magnitude lower than the molecular diffusivity of Pr(III)
in water (i.e,, 3.7 x 107 m? min~!, [68]). This confirms the non-
negligible effect of the resistance to intraparticle diffusion in the
control of uptake kinetics. In the case of Pd(Il) and Pt(IV) sorption
using similar materials the air-drying also decreased the intraparti-
cle diffusion coefficient from 1.4 x107°m?min~! to
0.24 x 107 m? min~"' for Pd(Il) and from 1.82 x 10~ m? min~'
to 0.58 x 10719m? min~! for Pt(IV) [63]. Similar effect was
observed for Cu(Il) and Pb(II) sorption on AB beads: for Cu(Il) the
intraparticle diffusion coefficient decreases from 0.88 x 10~'° m?
min~! to 0.18 x 1071 m? min~!, and for Pb(ll) from 1.35 x 10~1°
m? min ! to 0.24 x 10~ m? min~"' [47]. In terms of diffusion coef-
ficients in AB beads the metals can be ranked according: Pr(IIl) > Pt
(IV) > Pd(II) ~ Pb(II) > Cu(II). It is noteworthy that this ranking can-
not be correlated to ionic size of hydrated species.

The uptake kinetics has also been determined in a recirculation
mode with AB foams, under comparable experimental conditions.
The kinetic profile is shown in Fig. 3 and Fig. AM9 (see Additional
Material Section). It is noteworthy that the uptake kinetics is
roughly superimposed to the curves obtained with AB beads: the
AB foam curve is very close to the profile of air-dried AB beads,
though the kinetics is slightly slower than for the beads. The com-
parison of apparent rate coefficients shows that the foams have
slightly slower kinetic rates (consistently with Fig. 3): k; decreases
from 1.56 x 1072 min~! for air-dried AB beads to 0.96 x 1072
min~! for AB foams while k, decreases from 1.86 x 10*gmg ! -

min~! to 1.26 x 10* gmg ' min~!, respectively. The sorption

capacity at equilibrium is overestimated (106.1 mg Pr g~! against
100.8 mg Prg~!) and slightly lower than the values reached with
AB beads (i.e., 116.5 and 119.7 mgPrg~!). The conditioning of
the biosorbents as a foam does not strongly impact kinetic
behavior.

3.4. Sorption isotherms

The sorption isotherms represent the distribution of the solute
between the liquid and solid phases for different solute concentra-
tions. Several equations may be used for fitting these distribution
curves including the Langmuir and the Freundlich equations
[61]; these are the equations the most frequently used for describ-
ing sorption isotherms (see Additional Material Section for a
reminder on these equations). The Freundlich equation is charac-
terized by an exponential form (power-type function), which is
not appropriate for fitting the asymptotic trend of sorption iso-
therms found in the case of Pr(Ill) removal by AB beads and AB
foams (Fig. 4). However, the Langmuir equation fails to fit the
experimental curves in the zone of higher curvature (dashed lines
in Fig. 4) and the Sips equation was used. The Sips equation (also
called Langmuir-Freundlich equation) introduces a supplementary
parameter (i.e., n) that logically improves the quality of mathemat-
ical fit: this is confirmed by the good adjustment of the experimen-
tal profile with the Sips fit (solid lines) and the comparison of
estimated variances in Table 2. The table reports the parameters
of the Langmuir and Sips models for AB beads and AB foams and
the experimental maximum sorption capacity. The value of qy, is
sorption capacity at saturation of the monolayer for the Langmuir
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Fig. 4. Pr(Ill) sorption isotherms at pH 4 using Algal Biomass beads and foams -
modeling with the Langmuir equation (dashed lines) and the Sips equation (solid
lines) (; T: 20 °C).



Table 2
Sorption isotherms at pH 4 for Algal Biomass beads and foams - modeling with the
Langmuir and the Sips equations.

Model Parameters AB beads AB foams
Experimental Qmax (mmol Prg—1) 0.89 0.79
Qmax (MgPrg) 125.4 111.3
Langmuir qm (mmol Prg—1) 0.85 0.75
qm (mgPrg™) 119.8 105.7
b (L mmol 1) 58.2 84.5
EV 0.0117 0.0053
Sips Qm (mmol Prg—1) 1.03 0.89
Qm (mgPrg1) 145.1 125.4
b (L mmol~1) 3.81 5.42
n 2.96 2.75
EV 0.0025 0.0025

equation is systematically slightly lower (by a few percent) than
the experimental maximum sorption capacity (qmax; in the range
0.79-0.89 mmol Prg~!, or 111-125mgPrg~!). It is noteworthy
that the AB foams have slightly lower g, and qmax values than
AB beads. On the opposite hand, the corresponding q,, values in
the Sips models slightly overestimate the qma.x. The values of the
coefficient b (related to the affinity of the sorbent for the target
metal) for AB foams increase for both Langmuir and Sips models
(in comparison with AB beads). For Langmuir equation the product
Qm x b is analogous to a distribution coefficient (L g~!) and repre-
sents the initial slope of the isotherm curve: this slope increases for
AB foams (i.e., 63.4 L g~') compared with AB beads (i.e., 49.5Lg™1).

However, in this study, although it is difficult to confirm the
amount of the functional groups due to the complexity of the sor-
bents, the sorption isotherms (almost irreversible) give a steep rise
when C. is below 6 mgL~! for beads and 8 mgL~! for foams. In
most cases (C. >8 mg L™1), the binding mechanism is the uniden-
tate bridging coordination; this is consistent with the results
deduced from FTIR analysis.

Table AM2 (see Additional Material Section) reports Pr(III) sorp-
tion properties of a series of sorbents. Macroporous resin D72
(which bears sulfonic groups) has much higher sorption capacities
than other sorbents. AB beads and foams show sorption levels
comparable with those of conventional biosorbents: algal biomass
[40,69], or fungal biomass [70] and much better than agriculture
waste materials [71] or TVEX-PHOR resin [72].

3.5. Metal desorption and sorbent recycling using beads

Metal desorption from loaded sorbent may have two objectives:
(a) the release of the metal for facilitating the re-use of the sorbent,
and (b) the effect of concentration of the metal in a reduced vol-
ume for final valorization of the metal. In addition to the proper
selectivity of the sorption mechanism, in the case of complex sys-
tems involving several metal ions, desorption may contribute to
improve the selective separation of the metals. The sorbents col-
lected during the investigation of the kinetics have been used for
testing the desorption kinetics (Fig. AM10, see Additional Material
Section). The acidic solution of CaCl, is used for removing Pr(III)
from loaded AB beads: the acid is supposed to bring high concen-
tration of protons that will displace the metal ions from the sor-
bent (at low pH the interaction between reactive groups such as
carboxylate groups and Pr(IIl) ions is strongly depreciated) and this
competition effect is completed by the action of Ca(ll) ions that
contribute to re-stabilize the sorbent (ionotropic gelation of car-
boxylate groups with Ca(Il)). The comparison of desorption kinetics
for air-dried and freeze-dried beads confirms (as already identified
during the study of uptake kinetics) that the freeze-drying
increases the kinetics of the desorption process: the complete

removal of Pr(Ill) occurs within 0.5-1 h of contact for FD AB beads
while for AD AB beads the contact time should be extended to 5-
6 h.

Fig. AM11 (see Additional Material Section) shows the change in
the sorption/desorption along five cycles of sorption/desorption
using different volume ratios between the volumes used for sorp-
tion and desorption steps. This figure clearly shows that the
decrease in both sorption and desorption efficiencies is relatively
limited: at the fifth cycle the decrease in desorption efficiency
remains below 6% for the two volumetric ratios while the sorption
efficiency decreases by less than 4%. The main sorption/desorption
mechanism that consists of Pr (IlI)/Ca(Il) ion exchange has been
confirmed by SEM-EDX results (see Section 3.1.). Adding calcium
chloride (at the concentration of 0.05 M) to acid desorption agent
not only helps to maintain the stability of the sorbents, but also
contributes to the highly efficiency of desorption. In addition, FTIR
analysis confirms that active functional groups are not significantly
lost even after 5 cycles (see Section 3.1.). This explains that only a
little reduction of the sorption capacity is observed. The calculated
amount of Pr(Ill) remaining on the beads after 5 cycles is as low as
9mg g~! (after the last desorption step, data not shown). The two
volumetric ratios show very similar results: the sorption efficiency
is even better for the large Vsorpr/Vaes. ratio; this may be explained
by a weaker degradation of the sorbent due to the lower amount of
strong acid solution. The materials are remarkably stable in terms
of sorption/desorption properties when re-used for a minimum of
5 cycles.

Fig. AM12 (see Additional Material Section) addresses more
specifically the determination of optimum conditions for combined
high desorption efficiency (%) and high concentration factor (CF,
ratio of metal concentration in the eluate over its concentration
in the sorption step solution) when varying the volumetric ratio
Vsorpt./Vaes. 0N a larger scale (up to 40). As expected, the CF
increases when the volume of eluate decreases. However, when
the volumetric ratio exceeds 10 the efficiency of desorption pro-
gressively decreases. A good compromise between these parame-
ters rises in the range: Vope/Vaes. 10-15 with desorption
efficiency higher than 92% and a CF in the range 8-10.

3.6. Tests in dynamic systems using foams: sorption and desorption

The AB foams have been tested in dynamic systems. In this case
the immobilized disc was not fed in a recirculation mode but in a
single-pass mode at decreased flow rate in order to maintain the
solution in contact with the foams for a sufficient time. The Fig. 5
shows the breakthrough curve for Pr(Ill) sorption on AB foam:
the relative metal concentration at the outlet of the foam and the
cumulative amount of Pr(Ill) bound to the foam are plotted against
contact time. The sorption efficiency is calculated (close to 57%) at
quasi-saturation of the sorbent (taking into account the amount of
metal fed into the column and the amount effectively bound on the
support). The sorption capacity calculated by the mass balance
gives a sorption capacity close to 78 mg Prg~! (0.56 mmol Prg!)
that can be compared to the sorption capacity calculated from
sorption isotherms for a residual concentration corresponding to
the feed concentration (i.e., 0.62 mmol Prg—! or 87.6 mgPrg!).
The slight decrease can be explained by the incomplete saturation
of the sorbent (C(t)/Cq: 0.88). Several models exist for the modeling
of breakthrough such as the Thomas equation [73] and the Adams-
Bohart model [74]. Yan et al. [62] suggest using an alternative
model based on logistic function for getting a better approximation
of the breakthrough curves at the beginning and ending steps of
the breakthrough curves. The so-called Yan equation is reported
in Additional Material Section [75], in Fig. 5 the dotted line repre-
sents the modeling of the breakthrough curve with the following
equation:
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Fig. 5. Breakthrough curve for Pr(Ill) sorption through Algal Biomass foam -
evolutions of C(t)/Co and amount of Pr(Ill) sorbed vs. time (Sorbent amount:
101.9 mg; Co: 15 mg Pr L~ pH 4; flow rate: 0.2 mL min~"'; T: 20 °C; dotted line: BC
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This corresponds to qy.,=69.8 mgPrg'. This value is lower
than the value obtained by the mass balance on the experimental
data from breakthrough curves (i.e, 78.3mgPrg—') and even
lower than the expected value deduced from sips equation (i.e.,
87.7 mg Pr g ). It is noteworthy that the sorbent was not fully sat-
urated since the relative outlet concentration after passing a vol-
ume of 1.1 L of Pr(Ill) solution did not exceed 95%: this may
explain the underestimated value of sorption capacity at pseudo-
saturation in the column.

The efficiency of desorption reaches 93% with a concentration
factor (CF) that is close to 8 (Fig. 6). The CF was calculated as the
ratio of the equivalent eluate concentration (i.e., 112 mgPrL ')
after passing 62.5 mL of eluent in the column to the inlet concen-
tration (i.e., 13.5 mg Pr L~ 1). Indeed, 62.5 mL of eluent are sufficient
for achieving about 98% of total desorption: the eluate concentra-
tion being below 2 mg PrL! for the subsequent eluate fractions.
The peak concentration obtained within the first fraction of
12.5 mL reached up to 425 mg PrL™'.

The continuous mode reveals quite efficient for the recovery,
desorption and concentration of Pr(Ill) using low flow rate (i.e.,
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Fig. 6. Pr(Ill) desorption from metal-loaded Algal Biomass foam in continuous
mode - evolutions of eluate concentration (Cqes) and amount of Pr(IIl) desorbed vs.
volume of eluent solution (Pr-loaded sorbent collected from Fig. AM5 experiment;
desorption using 2 M HCI/0.05 M CaCl, solutions; flow rate: 0.2 mL min~'; T: 20 °C).

0.2mLmin"!, 12mLh~! and superficial flow velocity close to

2.44 x 1072 m h™ ') to achieve a sufficient contact time in the foam.

4. Conclusion

SEM-EDX analysis shows the macro-porous structure of the
materials and the homogeneous distribution of Pr(Ill) in the mate-
rial: all reactive groups remain available and accessible. FTIR anal-
ysis confirms the contribution of carboxylic groups in the binding
of Pr(Ill); the detection of S element on the SEM-EDX spectra shows
that sulfonic groups are also present and may contribute to metal
binding. The mechanisms involved in praseodymium uptake con-
sist of the ion-exchange of Pr(Ill) with Ca(Il) ions (ionotropic gela-
tion agent for the synthesis of AB “hydrogels”). The co-existence of
different reactive groups and the possibility for metal to exchange
also with protons on biosorbents may explain the difficulty in cor-
relating distribution coefficient with pH variation (non-consistent
with the stoichiometric ratio of ion charges).

The one-pot extraction and shaping of algal biomass (AB, with-
out addition of encapsulating agent) and the conditioning of the
material as beads and foams offer promising processes for the elab-
oration of biosorbents with improved processing properties such
as fixed-bed column systems (contrary to ribbon-like or granular
shape of original materials). The sorption properties of the materi-
als for Pr(III) reveal comparable to those of other algal biosorbents.
The sorption isotherms are well described by the Langmuir and the
Sips equations and the maximum sorption capacities are around
110-120 mg Pr(1ll) g~'. The uptake kinetics for AB beads are fitted
by the pseudo-second order rate equation (PSORE) and by the
Crank equation; they are hardly affected by the mode of drying
(freeze-dried against air-dried). In the case of AB foams the PSORE
fits well experimental profile. Metal desorption is successfully
operated both in batch tests (for AB beads) and fixed-bed columns
(for AB foams) using 2 M HCI/0.05 M CaCl,. Desorption is fast, effi-
cient (higher than 95%) and the recycling of the sorbent is possible
for at least 5 cycles of sorption/desorption. A concentration factor
of 8-10 can easily be achieved while selecting appropriate volumes
of eluent.
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