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ARTICLE INFO ABSTRACT

Keywords: The recovery of palladium compounds from aqueous solutions containing other metal salts is a challenging task
Aerogel of environmental technology. One solution is the development of selective sorbents by the appropriate design of
Palladium

surface functionality. For this purpose, a mesoporous, polycarboxylate (pyromellitic acid monoamide) func-
tionalized silica-gelatin aerogel was prepared by the sol-gel method and supercritical drying. It is characterized
using low voltage scanning electron microscopy (LV-SEM), Na-sorption porosimetry, small angle neutron scat-
tering (SANS), infrared spectroscopy (FT-IR), solid-state nuclear magnetic resonance spectroscopy (ssNMR) and
X-ray photoelectron spectroscopy (XPS). Its aqueous phase Zeta potential was investigated as a function of pH.
The aerogel has excellent selectivity for binding Pd(II) around pH = 2.0 in the simultaneous presence of Pt(II), Pt
(IV) and six other metal ions with a very high sorption capacity of 369 mg g’1 at pH = 2.3. The quantitative
recovery of PA(II) and the regeneration of the sorbent is possible using 5 mM methionine. The mechanism of
binding is the reversible surface complexation of Pd(II) via the O-atoms of the adjacent carboxylate groups of the
aerogel, as shown by XPS. This high stability coordination mode accounts for the excellent selectivity of the
sorbent, and prevents the reduction of PA(II).

Selective sorption
Surface complexation
Recovery

platinum-group metals from secondary resources is a key challenge for
achieving circular economy [5,10,11].

1. Introduction

Palladium and its compounds have high technological importance
and extensive use in petroleum refining, catalysis, electronics, phar-
maceutics and many other fields. Elementary palladium dispersed in
porous solid supports (e.g. in carbon) is an indispensable industrial
catalyst [1]. Important organic coupling reactions (Sonogashira, Heck,
Negishi, Suzuki) are based on palladium catalysts [2,3]. The oxidation-
and corrosion resistant properties of this valuable metal enable a num-
ber of other technological applications (surge-resistor networks,
jewelry, turbine blades for jet engines) [4,5]. The demand for Pd is
especially high in the automobile and electronics industries as emission
control catalysts and printed circuits [6,7]. Considering the technical,
environmental and economic perspectives, the use of Pd and its com-
pounds have limitations [8,9]. These are the high cost, low natural
abundance, toxicity and environmental hazard. The recovery of
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Palladium and its compounds are present as minor active compo-
nents in industrial formulations. Accordingly, the spent catalysts,
disposed electrical equipment, industrial and nuclear wastes contain
high amounts of other metals (e.g., Fe, Cu, Zn, Ca, Mg) and their com-
pounds [11,12]. Platinum usually accompany palladium and have
similar chemical properties. The chief challenge of recovering palladium
is the separation of these diverse components. Various methods have
been reported for the recovery of palladium and its compounds, and
most of them aim for the immobilization of aqueous Pd(II) as the final
step using liquid-liquid or solid phase extraction, membrane separation,
ion exchange, precipitation, sorption or reverse osmosis [13-15].
Sorption stands out from these methods, because of its cost effectiveness,
ease of operation and high performance even at low Pd(I) concentra-
tions [16]. The recovery of elementary palladium involves the
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dissolution of the metal in acids, because Pd(II) compounds are stable
and easy to handle in acidic solutions. Thus, the selective binding of Pd
(ID) has to be realized in acidic media, where sorption is one of the few
feasible options.

Biocompatible, natural or bio-waste derived, composite or hybrid
materials with well-designed functionalization can yield cost-effective
and environmentally friendly selective sorbents with high capacities.
Due to their chelating functional groups and chemical stability, bio-
polymers (chitosan, gelatin, alginate) are frequently used eco-friendly
platforms [17-21]. High sorption capacities were reported for binding
metal ions with glutaraldehyde crosslinked chitosan and cyclodextrin
grafted chitosan [22,23]. Introducing sulfur containing soft Lewis bases
(mercaptobenzimidazole or mercaptobenzothiazole) for the complexa-
tion of the soft PA(II) is a favorable route [24,25]. Porous oxides (e.g.
silica, alumina) are excellent non-toxic supports [26-28]. Silica can be
functionalized with amines, thiols, carboxylates for binding aqueous Pd
(ID) [29,30]. Polyethyleneimine (PEI) functionalized alumina shows
high affinity towards Pd(II). Activated carbon, carbon nanotubes, gra-
phene and graphene oxide hybridized with biopolymers are also
frequently used platforms for advanced sorbents [31,32]. A chitosan-
graphene oxide hybrid was reported to effectively bind Pd(II) [33,34].
Polymeric resins are promising platforms, as well [35-39]. High sorp-
tion capacities for binding Pd(II) were reported for Aliquat-336 ionic
liquid impregnated biopolymers and for chitosan/graphene oxide
composites; ca. 200 mg g~ at initial PA(II) concentrations of 1-150 mg
Lt (pH = 2.0-3.0) [28,33]. The sorption equilibrium was reached in 12
h, and the re-solubilization of Pd(II) was realized with thiourea. The
effective recovery of palladium was realized from a spent industrial
catalyst with a novel silica/graphene oxide nanocomposite sorbent both
in batch and fixed bed designs. The selectivity of the sorbent was proved
against several other metal ions, and its efficient regeneration was
demonstrated [40]. Another successful approach for the selective sorp-
tion of Pd(Il) from industrial wastewater was using ion-imprinted
polymers (IIPs) grafted with polymer bushes to eliminate the interfer-
ence of other ions in the water matrix [41].

A novel family of advanced sorbents are supercritically dried aero-
gels, such as silica, biopolymers, hybrids etc. [42-45] The open meso-
porous structure and the high surface area together with appropriate
functionalization result in high sorption capacity and selectivity. In the
present study, we aimed to prepare functionalized hybrid aerogels for
the high capacity and selective sorption of aqueous Pd(II). In order to
maximize the selectivity towards Pd(II), the introduction of adjacent
carboxyl groups in a single functional moiety was targeted. Adjacent
polycarboxylate groups were not tested before for binding Pd(II) from
complicated aqueous matrices. Therefore, biocompatible silica-gelatin
hybrid gels were functionalized with adjacent carboxylate groups
post-gelation in the sol-gel process, and finally dried using supercritical
CO;, to obtain mesoporous aerogels. The aerogel sorbent was designed
by considering that the silica constituent provides high porosity, while
the polycarboxylate moieties ensure high affinity towards Pd(II). The as-
prepared aerogels were characterized by scanning electron microscopy
(SEM), N3 sorption porosimetry, infrared spectroscopy (IR), small angle
neutron scattering (SANS) and solid state nuclear magnetic resonance
spectroscopy (NMR). Batch sorption experiments were conducted using
aqueous Pd(II), Pt(II), Pt(IV), Cd(1I), Cu(Il), Zn(II), Pb(II), Ca(II) and Mg
(ID). In order to explore the most important features of the aerogel sor-
bent, the effects of metal ion concentration, pH, temperature and contact
time were systematically investigated. The coordination chemistry of
the metal ions and the protonation states of the functional groups in the
aerogels were considered for explaining the mechanism of sorption.

2. Experimental section
2.1. Materials and solutions

All of the fine chemicals ((NH4)2CO3, PA(NO3)y - 2H50, KyPtCly,
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PtCly, KoPtClg; PtCly; Cu(NO3); - 3H20, Cd(NO3), - 4H0, Pb(NO3)s, Zn
(CH3CO00), 2H,0, CaCl;, Mg(CH3COO)2, NaOH, CsH;jNOsS,
C3H7;NOsS, H3BOs3, (3-aminopropyl)trimethoxysilane (APTMS), pyro-
mellitic dianhydride (PMDA), dimethylacetamide (DMAc), HNOs,
H,0,, HF, CH30H, acetone were purchased from Sigma-Aldrich in ACS
reagent grade and used without further purification. All aqueous solu-
tions were prepared with ultrafiltered water (p = 18.2 MQ cm by Milli-Q
from Millipore). Tetramethyl orthosilicate (TMOS) and dimethyl sulf-
oxide (DMSO) was purchased from Fluka. Household gelatin sheets
(type A, 150 kDa, food grade certified) were obtained from Dr. Oetker
ensuring the high and constantly guaranteed quality of the product.
Supercritical CO; was produced from 99.5 + % pure gas (Linde). A
Metrohm 888 Titrando automatic titrator unit equipped with a double-
junction 6.0255.100 pH electrode with KNOs3 as outer electrolyte was
used to measure the pH of the solutions. Because some metal ions may
form Cl™ precipitates and complexes, common single junction electrodes
containing KCl electrolyte were not be used in this study. The desired pH
was set by adding appropriate amounts of HNO3 solution to the samples.

2.2. Synthesis of aerogels

2.2.1. Silica-gelatin hybrid aerogel (SG)

Pristine silica-gelatin hybrid aerogel (SG) was prepared using a
previously published method without modification [46]. Briefly, two
solutions (A and B) were prepared. Solution A was made from 4.0 mL
TMOS dissolved in 16.0 mL DMSO. Solution B was 1.0 g gelatin dis-
solved in 5.4 mL hot water and 16.0 mL DMSO. The two solutions were
mixed under vigorous stirring, then poured into a plastic mold. After 24
h, the fresh gel was transferred into a perforated frame and the sample
was soaked in a mixture of acetone and DMSO for another 24 h. The
solvent was replaced in every 24 h using a new solvent of increasing
acetone content. Finally, the sample was stored in pure acetone for 24 h,
and the gel was dried using supercritical CO,, as described in details
previously [47]. The resulting pristine hybrid silica-gelatin aerogel (SG)
contains 23 wt% gelatin.

2.2.2. Aminopropyl functionalized silica-gelatin hybrid aerogel (SG-NH3)

In order to introduce aminopropyl functional groups to the silica
moiety of the hybrid aerogel, a portion of the TMOS was replaced by
APTMS. Again, two solutions (A and B) were prepared. Solution A was
made from 3.0 mL TMOS and 1.0 mL APTMS dissolved in 16.0 mL
DMSO. 1.0 g gelatin was dissolved in 5.4 mL hot water and 16.0 mL
DMSO to give solution B. The two solutions were mixed under stirring to
form the functionalized fresh gel. Solvent exchange and supercritical
drying was performed using exactly the same protocol as described in
the case of the parent SG aerogel. The resulting aminopropyl function-
alized silica-gelatin hybrid aerogel is termed SG-NHos.

2.2.3. Polycarboxylate functionalized silica-gelatin hybrid aerogel (SG-
COOH)

Polycarboxylate groups were introduced to the silica moiety of the
hybrid aerogel by reacting the wet SG-NH; gel with pyromellitic dia-
nhydride (PMDA) [48]. The fresh SG-NH; gel was directly transferred
from the DMSO-water solvent into a solution (100 mL) of 0.10 M PMDA
dissolved in DMAc. After 24 h reaction time, the functionalized wet gel
was transferred to fresh DMAc-acetone 3:1 (V/V) mixture for 24 h. The
solvent exchange was continued using DMAc-acetone 1:1; 1:3 and
finally pure acetone, each for 24 h. Drying was performed using exactly
the same protocol as for the other aerogels yielding polycarboxylate
(pyromellitic acid monoamide) functionalized silica-gelatin hybrid
aerogel (SG-COOH). The synthesis steps and the chemical structures of
the aerogels are displayed in Scheme 1.

2.3. Aerogel characterization

The as-prepared aerogels were characterized using the following
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Scheme 1. Reaction scheme for the stepwise incorporation of aminopropyl, and subsequently polycarboxylate functional groups to the silica moiety of silica-gelatin

hybrid gels.

experimental techniques: low voltage scanning electron microscopy
(LV-SEM), Ny-sorption porosimetry, small angle neutron scattering
(SANS), infrared spectroscopy (FT-IR), solid-state nuclear magnetic
resonance spectroscopy (ssNMR) and X-ray photoelectron spectroscopy
(XPS). The size distribution and the Zeta potential of the suspended
aerogel particles were experimentally determined. Complete experi-
mental details are given in the Supplementary Information for each
technique.

2.4. Batch sorption experiments

The affinities of the suspended aerogels towards various aqueous
metal ions were tested in batch sorption experiments at constant pH. A
dilute HNO3 solution of a pre-defined pH between 2.0 and 2.3 was used
to prepare all suspensions, solutions and other aqueous mixtures. All
solutions, suspensions and other mixtures were prepared and stored cc.
HNOs treated glass vessels applicable for trace metal analysis.

Aqueous suspensions were prepared from the aerogels (cagel = 640
mg LY. The pristine aerogel was ground in a dilute HNO3 solution
using a Potter-Elvehjem tissue grinder for 10 min. This was followed by
sonication (ARGO LAB DU-32) for 15 min and stirring for 20 min at 300
rpm using a magnetic stirrer and a 1.0 cm Teflon-coated rod. This pro-
cedure ensures the highly reproducible preparation of aerogel suspen-
sions that do not settle or aggregate in the time scale of the sorption
experiments.

Metal ion stock solutions were prepared in volumetric flasks by
dissolving exact weights of solid metal salts in dilute HNOs3 solution. The
pH of the stock solutions was adjusted to the desired value using the
calibrated double-junction pH electrode. Metal ion solutions were pre-
pared for the sorption experiments by the dilution of the stock solutions.

Batch sorption experiments were performed by mixing 4.00 mL
metal ion solution of different concentrations and 4.00 mL aerogel
suspension. The initial concentrations of the metal ions in the resulting
8.00 mL samples were between 10 and 200 mg L1, The heterogeneous
samples were agitated with a magnetic stirrer typically for 2-4 h to
reach sorption equilibrium. After the pre-set contact time, the samples
were quantitatively transferred into plastic tubes (PP) and centrifuged
for 20 min at 4700 rpm (VWR MEGASTAR 1.6 R). The supernatant was
separated from the pellets, and the metal ion concentrations of the two
phases were determined by elemental analysis using inductively coupled
plasma optical emission spectrometry (ICP-OES). The initial concen-
trations of metal ions (cy) were measured in control experiments. The
final concentrations of the aqueous metal ions after the establishment of

the sorption equilibrium were measured in the centrifugation superna-
tants. The concentrations of the metal ions were measured in the pellets,
as well. All experiments were performed at least in three replicates. The
applied analytical protocols are given in Section 2.9.

It was proved by independent experiments that the pH of a hetero-
geneous sample is constant during the batch sorption experiment. The
maximum difference between the initial pH and the final pH in the
separated supernatant was less than 0.16.

The above detailed experimental protocol was applied to investigate
the sorption properties of the SG, SG-NHy and SG-COOH aerogels, as
detailed in Sections 2.5, 2.7 and 2.8.

2.5. Selectivity of aerogel sorbent

The selectivity of the SG-COOH aerogel for Pd(II) sorption was tested
in the simultaneous presence of aqueous Pd(II), Cd(II), Cu(Il), Zn(II), Pb
(1), Ca(11), Mg(1I) ions at pH = 2.0 [10]. Besides, the selectivity was also
tested using solutions of PA(II) + Pt(IV) in the form of PtCl4 and KyPtClg,
and Pd(II) + Pt(II) in the form of PtCl, and KoPtCl4 [49]. The Pt(IV) and
the Pt(Il) species are notorious for their inertness, thus, it was investi-
gated how elevated temperatures (60 and 70 °C) promote their sorption
on SG-COOH. The initial concentrations of the metal ions were varied
between ¢y = 10 to 200 mg L ™! in the selectivity experiments.

2.6. Hydrolysis of palladium(Il)

In order to ensure the reliability of the results of the sorption ex-
periments, the possibility of the spontaneous hydrolysis and precipita-
tion of the metal ions was investigated. Metal ion solutions (10-200 mg
L) were prepared in an identical way as for the sorption experiments,
but in the absence of a sorbent, agitated, centrifuged and analyzed to
detect the spontaneous formation of precipitates.

The results revealed that the hydrolysis of aqueous Pd(II) is signifi-
cant above pH = 2.5 in the applied initial metal ion concentration range,
as detailed later in Section 3.2.3. Thus, all sorption experiments were
conducted at 0.010-0.005 M acid concentrations (pH = 2.0-2.3). The
hydrolysis of aqueous Pd(Il) is taken into account based on the ther-
modynamic laws of solution equilibria, and the aqueous species distri-
bution of Pd(Il) is given in Section 3.2.3.

2.7. Time-resolved experiments, kinetics of sorption

In order to study the rate at which the sorption equilibrium is
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reached, time-resolved experiments were carried out at ¢y = 80 and 160
mg L~! metal ion concentrations at pH = 2.0. The same protocol was
used as in case of the batch experiments, but the length of the contact
time was varied between 5 min and 24 h agitation.

2.8. Recovery of Pd(Il), sorbent regeneration

The recovery of Pd(II) and the reversibility of its binding was tested
by washing the previously equilibrated aerogels with either cysteine or
methionine (5 mM; pH = 2.0) solutions. Essentially, the same experi-
mental protocol was applied as in the sorption experiments. After
centrifuging the equilibrium mixture of the aerogel and Pd(II) solution,
the supernatant was quantitatively decanted and analysed for Pd(II).
Subsequently, 8.00 mL of regenerating solution was added to the left-
over aerogel pellet at pre-set pH. The aerogel was suspended, agitated
for 1 h and centrifuged for a second time. The pellet and the supernatant
were separated and analyzed. The regenerated aerogel was re-suspended
in 8.00 mL dilute HNOg3 solution (pH = 2.0) to remove the traces of
leftover cysteine or methionine. The system was centrifuged again and
the supernatant was discharged. The regenerated aerogel was suspended
in 4.00 mL dilute HNOg solution (pH = 2.0) and tested again for Pd(II)
sorption. Altogether, three sorption-regeneration cycles were performed
with one individual sample of aerogel.

2.9. Elemental analysis by ICP-OES

The experimental details for the ICP-OES analysis of the aerogel
pellets and the various supernatants are given in the Supplementary
Information.

2.10. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy measurements were performed in
order to determine the chemical structure of the aerogel sorbent, as well
as, that of the bound palladium. The experimental details are given in
the Supplementary Information.

3. Results and discussion
3.1. Aerogel characterization

3.1.1. Scanning electron microscopy (SEM)

Representative SEM images of the as-prepared aerogels are shown in
Fig. 1. The hybrid aerogel backbone is built from primary spherical
nanoparticles that are covalently connected to each other forming an
open porous network, which is characteristic for silica aerogels and
silica-based hybrids [46,50]. The fundamental skeletal nanostructures of
the SG, SG-NH; and SG-COOH aerogels are the same, independently of
the functionalization; however the surface morphologies are distinct, as
follows. The morphology of the pristine SG is similar to that of the
archetypical silica aerogel. All the studied aerogels are mesoporous.
Besides mesopores, a number of macropores are visible in the SEM im-
ages, especially in the case of the functionalized aerogels. The
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introduction of the aminopropyl (SG-NH>), and subsequently the poly-
carboxylate functional groups (SG-COOH) results in the formation of a
large number of macropores. Still, the total porosity of the different
aerogels is approximately the same, as discussed in Sections 3.1.2 and
3.1.3. The incorporation of the polycarboxylate functional groups cause
the visible coarsening of the aerogel backbone. This is indicative of the
partial aggregation of the primary nanoparticles. These new super-
structures in the backbone result in formation of wide ridges, and
consequently, larger macropores.

3.1.2. N, adsorption-desorption porosimetry

Representative Ny adsorption-desorption isotherms of the silica-
gelatin aerogels are shown in Fig. 2A. All hysteresis curves are classi-
fied to be IUPAC IV category with a H3 type loop. This is characteristic
for mesoporous materials with some macropores, which may not be
completely filled with the Ny condensate during measurement [51]. The
position of the hysteresis loops is different for the functionalized SG-NH;,
and SG-COOH aerogels compared to the pristine SG, which is in accor-
dance with the marked morphological changes observed in the SEM
images. The adsorption-desorption curves reflect that the pristine SG is
dominantly mesoporous, while many macropores are present in SG-NHj
and SG-COOH. All desorption curves return to zero relative pressure,
meaning that the rigidity of the aerogel backbones is intact during the
Ny-sorption measurements.

The structural parameters calculated from the isotherms by the BET
and the BJH methods are given in Table 1. The apparent surface area of
the SG aerogel is 742 m? g1, which is reasonable in comparison with
previous results [46]. The apparent surface areas of the functionalized
aerogels are smaller than that of the parent SG according to the Nj-
sorption measurements, and it is the smallest in the case of SG-COOH
(382 m? g_l). The BJH pore size distribution curves in Fig. 2B are in
good agreement with the morphological features observed in the SEM
images.

The SG is mainly mesoporous with a mean pore size of ca. dpore = 25
nm. The pore size distributions are significantly wider towards the larger
pores in the case of the functionalized aerogels due to the presence of
macropores. The maxima of the wide pore size distributions of the
functionalized aerogels are approximately at the same position as for the
SG. Taking into account the contribution of the large macropores, the
overall porosity of the functionalized aerogels are estimated to be
comparable to that of the parent SG.

The smaller apparent surface areas of the functionalized aerogels are
due to the transformation of some of the mesopores into macropores that
are larger than 200 nm, thus, out of the quantification range of the No-
sorption method. This is also concluded in previous reports discussing
the connection between the mechanism of the formation of amino-
functionalized silica gels in co-gelation and the structure of the final
functionalized aerogels [52-55]. These reports are in agreement with
each other and suggest that the trend in the decreasing surface area with
the increasing amino group content is due to the increasing rate of
gelation and the incomplete formation of the silica network in the
presence of the basic precursor (e.g. APTMS) in the co-gelation. In the
case of SG-COOH, the introduction of the acidic reagent after gelation

Fig. 1. LV-SEM images of the as-prepared silica-gelatin aerogels.
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Fig. 2. Panel A: Nitrogen adsorption-desorption isotherms of the aerogels as given in the legend. Panel B: Pore size distribution curves calculated from the desorption

isotherms using the BJH method.

Table 1

Structural parameters of the aerogels estimated by the BET and the BJH methods
from N adsorption-desorption porosimetry data in Fig. 2. Due to the limitations
of the technique, the estimated parameters are valid for the pore size range from
3 to 170 nm.

SG SG-NH, SG- Data
COOH evaluation
C-constant 61 +2 39+4 33+3 BET
Specific surface area (m? 742 + 589 +
2 + 2 BET
g h 35 17 38 0
Average pore size (nm) 14 +2 24 +£2 20£2 BJH
3
Totejll pore volume (cm 3.2+ 1.5+ 14401 BJH
g ) 0.1 0.2

induces minor secondary condensation reactions in the network, which
alters the pore sizes for a second time.

3.1.3. Small angle neutron scattering (SANS)

The experimental scattering curves of the aerogels together with the
results of the non-linear fitting are shown in Fig. 3. The Beaucage model
(eq. S2 in the SI) was used for data fitting in the middle and high Q
ranges and the power-law model (eq. S3 in the SI) in the low Q range.
The estimated structural parameters are listed in Table 2. The Rg values
of the Beaucage model represent the mean pore sizes of the aerogels (cf.
eq. S4 in the SI) [50,56]. The trend in the pore diameters from SG to SG-

2 L\l T M T
10° Tass
® SG-NH,
m SG-COOH
10"+ —
6 0 Power-law :
= 107 1
-1 :
107 . Beaucage \\M
1074

0.01
QA™

Fig. 3. Experimental small angle neutron scattering (SANS) curves of the aer-
ogels (markers), and the results of non-linear fitting using Egs. 2 and 3 (solid
lines). The estimated parameters are given in Table 2.

Table 2

Structural parameters estimated by fitting the SANS curves of silica-gelatin
aerogel samples with the Beaucage and power-law models. The experimental
and the fitted SANS curves are shown in Fig. 3.

Power-law
[low Q region]

Beaucage model
[high Q region]

2 Ry (A) dpore (nm)* P2
SG 3.51 + 0.03 114 +£ 2 29.9 5.0 +£0.1
SG-NH, 3.80 £+ 0.02 228 + 8 59.7 3.9+0.1
SG-COOH 4.10 + 0.02 169+ 5 44.3 4.1 +0.1

# Calculated from the Ry values using eq. S4 in the SI.

COOH is in good agreement with the measured widening of the pore size
distributions towards the macropores as seen in Fig. 2B. Thus, the SANS,
the Na-sorption and the SEM data are in good agreement, and reflect the
dramatic increase of the pore sizes as the consequence of the function-
alization of the aerogels.

Additional morphological information can be deduced from the
SANS data based on the p values estimated in the different Q ranges
(Table 2) [57,58]. The p; value of the Beaucage model estimated in the
high Q region reflects the fractal-like nanostructure of the surface of the
aerogel backbone, which is built from primary nanoparticles [59]. The
p1 values of ca. 3.5 and 3.8 for the SG and the SG-NH; aerogels, in order,
are characteristic for surface fractals, showing the roughness of the
aerogel backbone bordering the pores. In contrast, the p; ~ 4 value of
the SG-COOH reflects a quasi-smooth backbone-pore interface. This can
be the consequence of the aggregation and merger of the primary
nanoparticles, which in one hand smooths out the roughness of the
surface of the pore walls, and on the other hand results in the formation
of macropores visible in the SEM images (cf. Fig. 1). The p, value of the
power-law model estimated in the lowest Q region is characteristic for
the morphology of the aerogel in the sub-micrometers scale, comparable
to SEM imaging [59]. In this scale, the microstructure of SG is quasi-
homogeneous, but contains a density gradient, as reflected in the p,
value of 5.0. The reason can be the uneven distribution of the primary
nanoparticles on the scattering surface. The microstructures of the SG-
NH; and the SG-COOH aerogels consist of several ridges and macro-
pores, especially in the case of the SG-COOH, as seen in the SEM images.
The py ~ 4 values estimated in the lowest available Q-range reflect the
presence of smooth surfaces in the micrometers scale, which is due to the
smooth walls of the large macropores.

The compiled data from SEM, Ny-sorption and SANS give a complete
picture on both the microscale and the nanoscale structures of the aer-
ogels. Importantly, the polycarboxylate functionalized SG-COOH aero-
gel is highly porous with an accessible and interconnected open pore
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network, which is highly advantageous for its application as a sorbent.

The pore network of the parent SG aerogel has previously been
investigated using contrast variation SANS measurements [46]. Match-
ing the contrast of the aerogel backbone results in scattering practically
equivalent to the background. This indicates that there are no closed
pores retaining air pockets in the aerogel network,

3.1.4. FT-IR spectroscopy

The representative FT-IR spectra of the aerogels are shown in Fig. 4.
The IR spectrum of a pure silica aerogel is also shown as a reference. All
four IR spectra display an intensive broad peak at ca. 1065 cm™! cor-
responding to Si-O-Si asymmetric stretching vibration, which is char-
acteristic for silica-based aerogels. The symmetric vibration of the Si-OH
bond is detected at ca. 950 cm ™. These IR bands are typical for amor-
phous silica skeletons.

The peaks in the range of 2800-3400 cm™! are assigned to various
N-H and O-H of the peptide component of the SG hybrid aerogels. The
intensive peaks at ca. 1650 cm ! are characteristic for the symmetric
and the asymmetric vibrations of the carboxylate and amide groups of
the peptide chains in the hybrids. A narrow band is present at 1718 cm ™!
in the spectrum of SG-COOH, which is typical of the C=0 stretching
vibration in free carboxylic groups [48]. This band is absent in the other
spectra and serves clear evidence for the incorporation of the poly-
carboxylate functional groups into SG-COOH. Another unique feature of
the IR spectra is a minor peak at 705 cm™! which relates to the N-H
bending vibrations of free amino groups. As expected, this peak is found
only in the spectrum of SG-NHj.

3.1.5. Solid state NMR

The 2°Si CPMAS, 13C CPMAS and 'H MAS NMR spectra of the aer-
ogels are shown in Fig. 5. The assignments of the ssNMR peaks to the
different structural elements in the aerogels are also shown in Fig. 5. The
stepwise changes in the ssNMR spectra are in line with the expected
chemical modifications in the applied synthesis steps. The incorporation
of the new functional groups is verified by the ssNMR data. No major
side products are detectable.

The structure of the silica backbone of the aerogels is evaluated using
the 2°Si CPMAS NMR spectra, which show peaks at around —110, —101
and —91 ppm for the SG aerogel. These peaks are due to Q*, Q% and Q?
silicon units, respectively [60]. The SG-NHy and SG-COOH aerogels
exhibit additional peaks at —66 and —58 ppm due to T> and T2 silicon
sites, confirming the anchoring of the aminopropyl groups into the silica
backbone [60].

Additional information on the aerogels is obtained by '3C CPMAS
and 'H MAS NMR spectroscopy. The *C CPMAS NMR spectrum of the
SG is in close resemblance to spectrum of gelatin (data not shown)
confirming the incorporation and the structural integrity of gelatin into
the aerogels. Additional '>C peaks are clearly visible in the spectrum of
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Fig. 4. Infrared spectra of the aerogels.
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the SG-NH;, aerogels that are due to the aminopropyl carbons, corrob-
orating the 2°Si CPMAS NMR data. Finally, the polycarboxylate func-
tionalization in the SG-COOH aerogel is evident based on the presence of
peaks due to aromatic carbons (in the range of 120-145 ppm) and
carboxylate carbons (169 ppm). These assignments are further sup-
ported by the 'H MAS NMR data.

The overall conclusion drawn from the IR and the ssNMR data is that
the chemical functionalization of the SG-NH; and SG-COOH aerogels are
successful, and the structures of the functionalized aerogels satisfy the
expectations (Scheme 1).

3.1.6. Size of hydrated aerogel particles

Silica-gelatin aerogels spontaneously disintegrate in water and yield
characteristic micrometer-size particles as demonstrated in previous
publications [61]. The particle size distributions of the suspended silica-
gelatin aerogels were measured after wet grinding the samples. A nar-
row size distribution is observed for the SG aerogel. The mean size of the
hydrated particles is ca. 6 pm. The functionalized aerogel particles have
wider size distributions with hydrated particles in mean sizes ranging
from 10 to 12 pm (Fig. 6).

3.1.7. Zeta potential of aerogel particles

The Zeta potentials of the suspended hybrid aerogel particles were
measured in the pH range from 3.0 to 9.0 (Fig. 7). The SG and SG-NH_
have approximately the same Zeta potentials of ca. +22 mV at pH = 3.0.
The isoelectric points of SG and SG-NH;, are at about pH = 3.8 and 4.1,
respectively. The Zeta potentials of SG-NHj are significantly higher than
those of the parent SG, regardless of pH, due to the presence of the
primary amino groups. The opposite trend is observed for SG-COOH due
to the presence of the polycarboxylate groups. The net charge of SG-
COOH remains negative at pH = 3.0, but a steep increase in its Zeta
potential is evident when the pH decreases to 3.0.

3.2. Sorption of aqueous Pd(II)

3.2.1. Sorption isotherms for SG, SG-NH, and SG-COOH aerogels

The physicochemical characteristics of the binding of Pd(II) to SG,
SG-NH; and SG-COOH were investigated by measuring isotherms using
different initial Pd(II) concentrations (coPd(II) between 10 and 200 mg
Lh. Higher concentrations were not applied to avoid complications
from the hydrolysis of Pd(II), as discussed later. Based on the experi-
mental sorption isotherms shown in Fig. 8, all aerogels bind significant
quantities of PA(II), and SG-COOH has the highest sorption capacity.

In order to quantify the sorption equilibria, the experimental data
were fitted with different isotherm models using non-linear regression
algorithms. The adequacy of the different isotherm models was judged
based on the goodness of the fit and the mechanistic background of the
model. An important criterion is that the appropriate isotherm model
should incorporate an upper limit for sorption at high metal ion con-
centrations defining the complete occupation of the active sites, and
thus, the sorption capacity. The Freundlich model does not incorporate
such a limit, therefore it cannot be used here for data fitting [62,63].

The simplest feasible model is the Langmuir isotherm, which as-
sumes equivalent binding sites. However, the Langmuir model proved
inadequate for fitting the experimental data in this case, because of the
high curvature of the experimental isotherms. Instead, the Sips model
(also termed as the Langmuir-Freundlich isotherm) performs well in
describing the observed phenomena. The Sips model is based on the
following considerations [62,63]. It is reasonable to assume that all of
the studied aerogel sorbents contain different binding (coordination)
sites for Pd(Il), e.g. different functional groups, or the same functional
group situated in different chemical environments. Thus, the coordina-
tion (binding) mode of Pd(Il) is expected to show a high variation in
different locations in the aerogel backbone, which can be approximated
by formulating a distribution for the binding energy of Pd(II), as done by
the Sips model [62,64,65]. Nevertheless, at high Pd(II) concentrations,
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all active sites are expected to be saturated, which defines the maximum
surface coverage in a quasi-monolayer on the sorbent. The Sips model
does not specify the physicochemical nature of the binding of Pd(II), but
assumes the existence of multiple dynamic equilibria in the different
binding modes by extending the Langmuir model. Finally, the effect of
the competitive reactions of Pd(II) in the aqueous phase (e.g. hydrolysis,
complexation) can be neglected at constant pH, because the speciation
of aqueous Pd(II) is independent of its final concentration in the
solution.

In view of all these considerations, the Sips model is suitable for the
formal description of Pd(II) sorption under the applied conditions at
constant pH. (Naturally, the interactions affecting the binding of
aqueous Pd(II) are regulated by the pH, which is discussed in details in
Section 3.2.3.) The mathematical equation of the Sips isotherm is as
follows:

(PA(TI) ], (Ks[Pd(ID) ],y )"

= = 1
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Fig. 7. The Zeta potentials of aqueous aerogel microparticles as a function
of pH.

Here, g is the amount of metal ions sorbed in equilibrium per unit
mass of sorbent, (mg g’l), [PA(ID].gs is the solution-equivalent con-
centration of sorbed PA(II) in equilibrium (mg LD, Cagel is the con-
centration of the aerogel (g L™ and [PA(ID]se) is the equilibrium
concentration of aqueous Pd(Il) (mg L’l). S is the sorption capacity of
the aerogel (mg g~ 1), K is the Sips equilibrium constant (L. mg 1) and n
is the dimensionless power constant.

The experimental isotherms were fitted using a non-linear least
squares method based on the Levenberg-Marquardt algorithm. The fit is
very good in each case. The fitted sorption isotherms are shown in Fig. 8
and the estimated parameters are given in Table 3. The estimated
theoretical sorption capacities of the SG and SG-NH; aerogels are both
ca. 150 mg g '. The incorporation of carboxyl groups significantly
increased the sorption capacity of the SG-COOH aerogel to ca. 300 mg
g ! at pH = 2.0, with an equilibrium constant of Ks = 0.019 L' mg. The
power constant is approximately uniform for the three aerogel sorbents:
n = 0.47 (Table 3).

In practice, at relatively low initial concentrations of Pd(II) (co =
10-30 mg L) ca. 90-95% of PA(II) is sorbed by SG-COOH using it at
Cagel = 0.32 g L™l The results obtained at higher initial Pd(II)
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squares fits using the Sips isotherm model (eq. (1)). The estimated isotherm
parameters are shown in Table 3. (cagel = 320 mg L’l; coPd(II) = 10-200 mg
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Table 3
Isotherm parameters estimated by fitting the experimental isotherms to the Sips
model (eq. (1)). The fitted curves are displayed in Fig. 8.

pH S(mgg™ Kg x 102 n
(Lmg™)
SG-COOH 2.3 369 + 107 1.3+0.9 0.47 £0.1
SG-COOH 2.0 307 £ 99 19+1.0 0.46 + 0.1
SG-NH, 2.0 149 £ 21 2.8+ 0.9 0.47 £ 0.1
SG 2.0 153 + 24 2.0 + 0.9 0.47 £ 0.1

concentrations show the sorption of more than 200 mg Pd(II) on 1.0 g
aerogel. Owing to the high performance of SG-COOH, further experi-
ments were performed to optimize the sorption process and the subse-
quent recovery of Pd(II).

Attempts were made to increase the sorption capacity of the SG-
COOH aerogel by increasing the amount of the functional groups. This
was realized in the synthesis by increasing the ratio of the -NHj bearing
APTMS precursor, and subsequently, the corresponding amount of the
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Fig. 9. Panel A: Amount of metal ions sorbed by the SG-COOH aerogel from a solution of multiple metal ions at pH = 2.0 (each metal ion: coMetal =
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acid anhydride. Unfortunately, the sorption capacity of SG-COOH could
not be increase further, as demonstrated in the Supplementary Infor-
mation. The explanation is, that the increased amount of APTMS
resulted in the decrease of the apparent surface area of the final aerogel,
and consequently the altered the accessibility of the functional groups
[52-55].

3.2.2. Selectivity of SG-COOH aerogel

The selectivity of SG-COOH towards aqueous Pd(II) was tested in the
presence of multiple competing metal ions (cf. Section 2.5). First, the
effect of Cd(1I), Cu(Il), Zn(II), Pb(II), Ca(II), Mg(II) were tested at pH =
2.0. The results confirm that SG-COOH has high selectivity for binding
Pd(I), as seen in Fig. 9A.

Independent sorption measurements were carried out to test the
selectivity of SG-COOH towards Pd(II) in the presence of different Pt(IV)
and Pt(Il) species, specifically aqueous PtCly, [PtHC14]2’, PtCly and
[Pt'VClg]%~. The same species were tested as interfering ions in previous
studies with other sorbents [10,18,19,21]. Interestingly, none of these
platinum species showed significant affinity to bind to SG-COOH in the
studied pH range. Only the PtCly, [PtHC14]2’ and [PtIVClﬁ]Z’showed
minor binding. In order to test whether this is the consequence of the
well-known inertness of the coordination of platinum ions, the sorption
experiments were repeated at longer contact times (4-24 h) and higher
temperatures (60-70 °C). As seen in Fig. 9B, the altered conditions did
not significantly increase the amount of bound platinum species,
therefore, did not compromise the selectivity of SG-COOH toward
binding Pd(Il), especially at lower temperatures.

This unprecedentedly high selectivity is a major advantage of the
aerogel sorbent, because it allows the separation of Pd(II) even from the
platinum ions that have very similar chemical properties. In several
industrial applications, palladium compounds are accompanied by
various other metal compounds, including platinum. The use of SG-
COOH offers a versatile possibility for the selective recovery of Pd(II)
from such acidic media.

3.2.3. Effect of pH on the sorption of Pd(I)

One of the most important factors controlling the kinetic and ther-
modynamic properties of sorption is the pH. It has a significant effect
both on the hydrolysis of Pd(II), and on the protonation of the functional
groups of the sorbent governing its surface charge.

The quantitative description of the hydrolysis of Pd(II) is important
for understanding the mechanism of its binding to the aerogel and for
determining the optimum pH for the sorption process. Fig. 10 shows the
speciation of aqueous Pd(II) calculated using the published thermody-
namic equilibrium constants [66,67]. The hydrolysis of Pd(Il), i.e. the

140 T T T T T T
B

120 Pd(ll) 1
1001 ]
o 801 Pt(ll) and [Pt'CI,J*"
E 601 ]
® 40/ [PtVCI ] ]
20+ 1

0 T T T T T T

10 20 30 40 50 60 70

T (°C)

25 mg Lil; CAgel

= 320 mg L T=25°C;4h agitation). Panel B: Sorption of PA(II), Pt(II) and Pt(IV) as a function of temperature. The sorption of the Pt(II) and the Pt(IV) species

were tested in the presence of Pd(II). (coMetal = 90 mg L™

8

L Cagel = 320 mg L% 4h agitation).



P. Herman et al.

1.0 e — 1000
-~
4 Pd*
0.8‘ ,. —I—Pd(OH)+ 41800 %)
[ ] —E— =)
S /., u—Pd(OH), =
206 5 \ 1600 Z
Q [ | -
g / =
= 041 Z 400 3
o ] = | @
£ ol X 5
l. u .I -
o.2-l.__. o Y 1200
] . '-...\4
0.0 muet .. S 0
0 1 2 3 4
pH

Fig. 10. The speciation and the solubility of aqueous Pd(II) as a function of pH.

formation of hydroxo-Pd(II) complexes, is significant even under highly
acidic conditions and it is complete at ca. pH = 3.0 with the formation of
the charge neutral Pd(OH),. Between pH = 1.0 and 2.0, Pd(II) exists
mainly in the form of cations (Pd** and PAOH™) in the absence of other
ligands. In the applied pH range (pH = 2.0-2.3) the dominant species is
Pd(OH),. Importantly, the solubility of Pd(OH)3 (ca. 260 mg L'at pH
= 2.3) is higher than the highest Pd(I) concentration used in the sorp-
tion experiments (coPd(II) = 200 mg L’l). In practice, the absence of
hydroxide precipitate formation was confirmed in independent control
experiments carefully designed to test the relevance of the hydrolysis of
Pd(II) under the applied conditions (cf. Section 2.6).

The pH determines the protonation states of sorbent functional
groups, as well. The Zeta potential of SG-COOH is negative at pH = 3.0
indicating negative surface charge, but steeply increases with decreasing
pH (cf. Fig. 7). This implies that the carboxyl groups of the aerogel are at
least partially protonated in the pH range of the sorption experiments
(pH = 2.0-2.3). Deprotonated carboxylate groups in close proximity to
each other are strong binding sites for Pd(II). Furthermore, the coordi-
nation of Pd(II) by adjacent carboxylate groups is favored even when the
concerted loss of protons is required [68,69].

Overall, the decrease of pH has counterbalancing effects on the
sorption process: it i) limits the hydrolysis of the metal ions, which is
advantageous for their coordination to the surface functional groups,
and it ii) partially protonates the carboxylate groups and increases the
surface charge of the aerogel, which is disadvantageous for the binding
of metal ions [70].

Considering that the solubility of aqueous Pd(II) is ca. 100 mg L ™! at
pH = 2.5, and it is only ca. 10 mg L™! at pH = 3.0, the formation of the
hydroxo precipitate eventually interferes with the sorption process at
higher pH, which could lead to the misinterpretation of the capacity of
the sorbent. In order to avoid complications arising from the precipita-
tion of Pd(II), the pH dependence of the sorption process was investi-
gated at 0.010-0.005 M acid concentrations (pH = 2.0-2.3) in the
present study.

The amount of sorbed Pd(II) in equilibrium (gg), and the theoretical
sorption capacity of SG-COOH is significantly higher at higher pH, as
seen in Fig. 8 and Table 3. A practical aspect is optimizing the sorption
process at highly acidic pH is relevant for possible industrial applica-
tions considering that the valuable metal compounds have to be
recovered from various secondary resources using acidic reagents in
selected technological steps [71].

3.2.4. Time-resolved experiments, kinetics of sorption

Time-resolved sorption experiments were performed using min. 5
min and max. 24 h agitation time. The sorption equilibrium is practically
established in 2 h contact time, as seen in the kinetic curves in Fig. 11.
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Fig. 11. Kinetics of sorption. The amount of bound Pd(II) in the SG-COOH
hybrid aerogel (black markers) and the change of the aqueous Pd(II) concen-
tration (blue markers) as a function of the contact time. (coPd(II) = 80 mg Lt ;
Cagel = 320 mg LY pH = 2.0; T = 25 °C). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

The mathematical analysis of these kinetic curves is not conclusive,
because there are only 3 experimental points in the useful time range
before the completion of the process. Increasing the time resolution of
the kinetic experiments is not possible, because the centrifugation time
of the samples for the ICP analysis is limiting.

The very fast binding of Pd(II) implies that due to the highly
permeable pore structure of the aerogel, the rate-determining step is the
direct chemical interaction between the binding sites and the metal ions,
which is characteristic for chemisorption [72,73].

An important observation is that at higher initial Pd(II) concentra-
tions, the aqueous PA(II) concentration slightly decreases in a secondary
slow process after 2 h. This is further verified using fresh Pd(II) solutions
as reference. The explanation for this secondary process is that the
extensive agitation of the solution can result in the formation of the
carbonate precipitate of Pd(II) when the system is not deaerated. In
order to avoid these complications, the optimum contact time for the
sorption process is established to be 2 h.

3.3. Recovery of Pd(Il), sorbent regeneration

The dissolution and recovery of Pd(II) was realized by suspending
the equilibrated aerogel pellets produced in the batch sorption experi-
ments in solutions of different soft Lewis base ligands capable of forming
aqueous complexes with Pd(II) [74,75]. This approach provides infor-
mation on the reversibility of the binding of Pd(Il), as well. Approxi-
mately 60% of the bound Pd(II) can be recovered using 5.0 mM cysteine
solution in a single washing step. Complete recovery (96-103%) was
achieved by washing the equilibrated aerogel pellet with 5.0 mM
methionine solution. These results also demonstrate that the binding of
Pd(II) is reversible, and the metal ions are not reduced on the surface of
the aerogel.

The recycling of the aerogel sorbent was tested by performing
consecutive sorption-regeneration cycles. The aerogel retained 94 + 3%
of its sorption capacity after 2 cycles of regeneration by methionine.
After 3 sorption-regeneration cycles, the regenerated SG-COOH showed
a significant decrease in sorption capacity. This is attributed to the
chemical degradation of the aerogel backbone and the surface functional
groups in the acidic solutions.

3.4. Mechanism of sorption of Pd(Il) on SG-COOH
Several factors have an effect on the kinetic and thermodynamic

characteristics of the sorption of Pd(II) on SG-COOH. The most impor-
tant aspects in terms of the metal ion are its hydrolysis, solubility and the
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presence of complexing ligands in the solution phase. In terms of the
sorbent, the morphological characteristics (particle size, porosity, pore
permeability, etc.), and the chemical properties (number of active sites,
availability of donor atoms, protonation state of functional groups,
interaction of active sites, possibility for metal ion chelation, etc.) are
decisive.

3.4.1. Binding mode of Pd(I) by XPS and FT-IR

The XPS survey spectra of the pristine and the Pd(II) equilibrated SG-
COOH together with the high resolution spectrum of Pd 3d of the latter
system are shown in Fig. 12. Evidently, the Pd signals are present only in
the spectrum of the equilibrated sorbent and missing from that of the
pristine one. The assignation of the survey scan peaks and the decon-
volution of the Pd 3d spectra are presented in Fig. 12.

The mathematical analysis of the high resolution spectrum revealed
that the Pd 3d peaks correspond to a single component that is unam-
biguously a + 2 oxidation state palladium species [76]. There is no
elementary palladium in the system, i.e. the reduction of Pd(II) does not
take place even as a side reaction during sorption. This is in good
accordance with the 100% recovery of Pd(I) by methionine, as
described in Section 3.3. The binding energies of the bound Pd(II) (Pd
3ds/z: 337.6 eV and Pd 3ds/»: 342.9 eV) correspond well to those
measured in compounds where Pd(II) is in strong coordination by O-
atoms of carboxylate groups [76-78]. The Pd 3d binding energies are
significantly lower than the present values when Pd(II) is coordinated by
N-atoms in amines, or by S-atoms in thiourea moieties [29,79]. Thus, the
binding mode of Pd(Il) in the equilibrated SG-COOH is reversible
complexation by the adjacent carboxylate groups via strong coordina-
tive covalent bonds to O-atoms.

The FT-IR spectrum of the pristine SG-COOH was taken before using
it in a sorption experiment, and after equilibrating it with aqueous Pd
(I). The same conditions were used as for the XPS study. The equili-
brated aerogel pellet of the typical batch experiment was dried under
ambient conditions in air at 40 °C for 16 h. It is important to note, that
this drying causes the collapse of the porous network of the aerogel,
which can be accompanied by other structural changes, as well.
Nevertheless, the sorption of Pd(II) caused dramatic and specific
changes in some particular FT-IR peaks of the equilibrated aerogel
(Fig. 13). Dramatic shifts were observed exclusively at around
1600-1720 cm ™! in the peaks assigned to C=0 stretching vibrations,
and especially in the peak at 1718 cm ™! assigned to the free carboxylic
groups of the pristine SG-COOH. Thus, the FT-IR provides additional
evidence that the large amount of the bound Pd(II) ions are in strong
interaction with these O-containing functional groups. Similar changes
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Fig. 13. The FT-IR spectra of the pristine SG-COOH (red) and the that of a dried
aerogel pellet equilibrated with aqueous Pd(II) (green), which was recovered
from a typical batch sorption experiment. The spectrum of the dried aerogel
pellet is somewhat distorted because of the collapse of the pore network due to
the ambient drying. The amount of bound Pd(II) was gz = 166 mg/g in the
equilibrated aerogel. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

were observed in the FT-IR peaks of the carboxylate groups of cross-
linked alginate aerogels upon the binding of lanthanide ions [80]. The
authors explained this by the complex formation between the metal ions
and the carboxylic groups.

3.4.2. Surface complexation

Based on the experimental observations, the mechanism of sorption
of Pd(II) on SG-COOH aerogel is surface complexation (Scheme 2)
[81,82]. This is strongly supported by the fact that Pd(II) selectively
binds to SG-COOH and no other cation shows affinity towards the aer-
ogel. Furthermore, the XPS data suggest that the carboxylate groups in
close proximity are the primary actives sites binding Pd(II) via coordi-
native covalent bonds. Adjacent carboxylate groups are known to form
very stable complexes with Pd(II) [68,69]. The complexation is strong
enough for displacing other flexible ligands (e.g., OH™ and Cl™) from the
coordination sphere of Pd(II) ions, and broken only using a high con-
centration of soft Lewis base ligands, such as methionine (cf. Section
3.3).

Besides the hydrolysis of the metal ion, the protonation state of the
carboxylate groups must be taken into account when describing the
mechanism of binding (cf. Section 3.2.3). The latter equilibria can be
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Fig. 12. Panel A: The XPS survey spectra of the pristine SG-COOH (before sorption) and the Pd(II) equilibrated SG-COOH (after sorption). The assignation of the
peaks are given in the figure. Panel B: High resolution XPS spectrum of the Pd 3d peaks of the Pd(II) equilibrated SG-COOH (purple line), and the deconvolution of
these peaks with a single palladium species (red line) corresponding to +2 oxidation state. The amount of bound Pd(II) was gz = 166 mg/g in the equilibrated
aerogel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Scheme 2. The proposed mechanism of the binding of Pd(II) to the SG-COOH aerogel and the coupled equilibrium processes.

characterized macroscopically by the isoelectric point of the aerogel,
which lies close to pH = 3.0, meaning that at least a portion of the
carboxylate groups are protonated in the applied pH range of 2.0-2.3.
(For reference, the pK, values of pyromellitic acid are 1.97; 2.86; 4.46;
6.54.) However, the driving force for the coordination of PA(II) is strong
enough to induce the removal of these protons in favor of the
complexation of the metal ions, as described in several cases when Pd(II)
coordinates to O-donor ligands [83,84].

Incorporating all of the above considerations, Scheme 2 shows the
proposed binding mechanism, which takes into account both the
speciation (hydrolysis) of Pd(II) in the aqueous phase, and the proton-
ation state of the functional groups in the aerogel. The strong binding of
Pd(II) is expected by the coordination of 2 adjacent carboxylate groups
in the equatorial plane, which is a preferential complexation mode of Pd
(I [77,78,85]. Besides this coordination mode, several other minor
species are possible, e.g. the monodentate binding of O-donors, or N-
donors, such as amino groups in the protein side chains of gelatin. In-
teractions among functional groups in close proximity are also possible.
The presence of multiple binding modes are verified by the complicated
nature of the experimental sorption isotherms (cf. Fig. 8), which can
adequately be fitted only using the Sips model developed for the
description of sorbents with multiple binding modes but limiting
monolayer coverage. However, these minor binding modes cannot be
detected in the Pd 3d XPS peaks of bound Pd(I), not even by
deconvolution.

3.5. Comparison with other sorbents

The SG-COOH aerogel is a high performance and selective Pd(II)
sorbent at highly acidic pH, which is a major advantage considering
practical applications. The maximum sorption capacity of the SG-COOH
aerogel is well above 200 mg g ™!, which significantly exceeds the ca-
pacities of the previously reported Pd(II) sorbents tested in acidic media.
A summary of some recently published Pd(II) sorbents is given in
Table 4, and ref. [12] offers a comprehensive review on the topic. When
benchmarking the sorbents, it is important to emphasize that sorption
capacities reported at pH values higher than 3.0 are burdened with a
positive error, because of the spontaneous hydrolysis and precipitation
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Table 4
Comparison of the performance of some recently published Pd(II) sorbents.
Sorbent Selectivity Sorption pH ref.
capacity for Pd
(D (mg g™

Polycarboxylate this

functionalized silica- Pd(ID) 369 2.3
. work

gelatin aerogel

Thlt{urea»modlﬁed chitosan Pt(IV) and Pd 112 20 [0
microspheres (€19

Thiourea-modified
diethylaminoethyl- Pt(V) and Pd 112 1.1 [18]

(an

cellulose

Ethylenediamine-modified
magnetic chitosan fItI()IV) and Pd 138 2.0 [19]
nanoparticles

Glycine-modified crosslinked  Au(IIl), Pt(IV) :
chitosan and Pd(II) 120 2.0 (21

Crosslmked. chlt'osan/ NA. 193 20 [22]
montmorillonite

Rubeanic acid grafted NA. 345 20 [86]

crosslinked chitosan

of Pd(II), as discussed in the previous sections of this paper and in the
literature [86].

Another important advantage of the SG-COOH aerogel is its
remarkable selectivity for PA(I). Most of the sorbents developed for the
recovery of Pd(II) also show significant affinities toward platinum ions
(cf. Table 4 and ref. [12]), whereas the SG-COOH aerogel enables the
separation of these valuable compounds with very similar chemical
properties. Furthermore, both the sorption of Pd(Il), and its dissolution
and recovery by methionine are fast processes, which is beneficial for
the functionality of the aerogel sorbent. The quantitative recovery of Pd
(I) and the regeneration of the sorbent is possible with a dilute (5 mM)
solution of methionine, which is an inexpensive amino acid, and natu-
rally eco-friendly.



P. Herman et al.

4. Conclusions

A supercritically dried polycarboxylate (pyromellitic acid mono-
amide) functionalized silica-gelatin aerogel was developed for the se-
lective sorption of aqueous Pd(II). The hydrated aerogel has an open and
permeable, mainly meso- and macroporous framework with a high
specific surface area. The functionalized aerogel shows exceptionally
high selectivity for the sorption of aqueous Pd(II), which prevails in
competition with Pt(II) and Pt(IV) even at longer contact times and
higher temperatures. The optimal pH range for the sorption of Pd(II) is
pH = 2.0-2.3 taking into consideration both the hydrolysis of metal ion
and the protonation of the carboxylate functional groups in the aerogel.
The experimental sorption isotherms can adequately be fitted by the Sips
model, which accounts for the existence of multiple dynamic equilibria
in different binding modes and the limiting monolayer coverage of the
surface. The sorption capacity for PA(II) is estimated to be 369 mg g~ * at
pH = 2.3. This sorption capacity is significantly higher than the previ-
ously reported values for advanced Pd(II) sorbents. Further practical
advantages of the aerogel are that the sorption equilibrium is established
in 2 h of contact time, and the quantitative recovery of Pd(II) can be
realized using a 5.0 mM methionine solution. The mechanism of Pd(II)
binding is the reversible surface complexation of the metal ion by the
adjacent carboxylate functional groups, which is a preferential coordi-
nation mode of Pd(II) and accounts for the excellent selectivity of the
sorbent, as well.
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