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Competitive adsorption mechanisms of Cd(u),
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This study presents the adsorption properties of a bioinspired grafted mesoporous silica material and the
competitive effects between Cd(i) or Cu(i) and Pb(i) during the adsorption process. Glutathione, a natural
antioxidant known for its metal binding properties, has been successfully grafted to SBA-15 mesoporous
silica and the optimum adsorption parameters were determined. This original and multidisciplinary
approach combines classical adsorption studies with thermodynamic investigations to understand the
adsorption behavior of Cd(i), Cu(i) and Pb(i) on this material. To this end, isothermal titration calorimetry
(ITC) has been used to elucidate the mechanisms of single-metal and two-metal adsorption. The results
showed affinity in the order Pb(i) > Cu(i) > Cd(n) in single metal systems. Cd(i) adsorption relied mainly on
physical contributions while Cu(i) and Pb(i) adsorption was shown to be chemically driven. Two-metal
systems highlighted that Cd(i) and Pb(i) are adsorbed on the same coordination sites, whereas Cu(i) and
Pb(i) are adsorbed on different sites. The material showed good selectivity and encouraging results were
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1. Introduction

Metals are natural components of the Earth’s crust which can
be easily released into the environment." Fluxes between the
different Earth layers are controlled by natural events such as
erosion, volcanic activity or natural wildfires.>* However these
fluxes have found themselves greatly affected by the increase
of anthropic activity in the past few decades.*” Indeed, the
development of industrial activity leads to the release of large
volumes of wastewater contaminated with multiple metal ions,
leading states and non-governmental organizations to take pre-
ventive measures against water contamination.®”® Despite the
high percentage of treated water in high-income countries, the
pollutants are not always fully removed from wastewater
regardless of the treatment method,”'® hence leading to the
presence of micro-pollutants at the outlet of wastewater treat-
ment plants. For instance, in the EU, out of the almost 3 kilo-
tons (kt) of metallic contaminants reportedly emitted, around
half of them (1.276 kt) are released in the environment after
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treatment, according to the European Pollutant Release and
Transfer Register (E-PRTR) monitoring."" These pollutants
generate water or soil pollution and can enter the organism
through food since more and more traces of metallic elements
are found in food,">™* and by inhalation or skin absorption of
air pollution.'®™® Their accumulation and the prolonged expo-
sition of living organisms can lead to harmful toxic effects.>"°
The most common metallic contaminants released in the
environment are arsenic, cadmium, chromium, copper, lead,
nickel, platinum, silver, tin, titanium, vanadium and
zine.>'®2%?! Thus, metallic pollution has become an impor-
tant societal issue as some of these pollutants are highly toxic
even at low concentrations.

In the last few years in Europe, among all these pollutants,
copper, lead and cadmium compounds are respectively the
second, fifth and seventh most emitted metallic pollutants,
according to the E-PRTR database. Lead compounds are widely
used in industry: car batteries, electroplating, electronics,
paints, steel, ceramics, pigment and fertilizers are among the
main industrial uses of lead.'®?272® In the case of cadmium,
its main industrial uses are in metallurgy, dyes and paints,
pesticides and fertilizers, in Ni-Cd batteries and as an anti-
corrosive agent.'® These two elements which have no known
function in the organism® are now classified by the
International Agency for Research on Cancer as “carcinogenic

This journal is © The Royal Society of Chemistry 2024
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to humans” (Cd-group 1) and “probably carcinogenic to
humans” (Pb-group 2A).>>*” Unlike lead and cadmium, copper
is considered as an essential element for the organism as
many enzymes and proteins are copper-dependent.>?® The
high concentrations and the constant presence of copper in
wastewater originate from its wide use, mainly in electroplat-
ing, electronic, ore mining, steel, refinery, dye, pesticide and
plastic industries."®*'>* On top of all the industrial uses of
copper, it is also found domestically in coins, constructions
and electrical systems.>*° This may explain the presence of
copper in rain waters, sometimes in higher concentrations
than the permitted emission limit.*"**> Thus, it is essential to
remove metallic pollutants such as cadmium, copper and lead
from wastewater.

Conventional treatment methods are chemical precipi-
tation, flotation, ion exchange, coagulation/flocculation,
electrochemical removal and membrane technology.8?23:24:33:34
Despite their high efficiency, these current technologies show
several drawbacks. They can be expensive to operate and/or
maintain (membranes, ion exchange, electrochemistry), energy
intensive (membranes, electrochemistry), can lead to a huge
amount of waste and sludge that cannot be recovered (chemi-
cal precipitation, coagulation/flocculation) or need a large
amount of chemicals (chemical precipitation). Adsorption
appeared as a good economically and technically viable
alternative because of its simplicity, low operating costs, waste
production and energy consumption, while achieving ade-
quate metal removal.*

In order to obtain an efficient and selective material for the
adsorption process, the metal binding ability involved in the
phytoremediation phenomenon of plants was combined with
the porous properties of mesoporous silica. Glutathione (GSH
- Fig. 1) plays a central role in phytoremediation as an essen-
tial metal chelator.’® This well-known cellular reagent is of

1) APTES
2) Glutaraldehyde
3) Reduced glutathione (GSH)

Fig. 1 Synthesis and structure of SBA-15 and SBA-GSH materials.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

high importance in cellular metabolism. It is a tripeptide, y-L-
glutamyl-i-cysteinyl-glycine, with high affinity for metallic
ions, due to its multiple chelating functions, such as a thiol
group on the cysteine amino acid, two amide groups, two car-
boxylic groups and an amine, all these chemical groups consti-
tuting potential metal binding sites.*® That is why an adsor-
bent based on highly porous SBA-15 silica combined with the
binding and metal removal properties of glutathione has been
developed.*°

The characterization of the material and its adsorption
capacities for Cd(u) were presented in a previous study.’
However, the use of an adsorbent in real effluents is con-
ditioned to its ability to either be selective towards certain
valuable elements, or remove all the toxic contaminants
present in it.*® Therefore, it is necessary to understand the
phenomena involved in the adsorption process and to gain
insights into the competitive effects between different pollu-
tants. Isothermal titration calorimetry (ITC) appeared as a
good technique to obtain information both on the adsorption
thermodynamics and competitive effects in this system.*'
Originally designed for liquid-liquid thermodynamic studies,
the recent years have seen an increase in the use of ITC for
solid-liquid interactions*>*'™*® but to the best of our knowl-
edge, very few studies have focused on the application of ITC
for solid-liquid interactions on grafted mesoporous silica.

In this work, the adsorption properties of the SBA-15-gluta-
thione system for Cu(u) and Pb(u) will be described and discussed
relative to the results obtained previously for Cd(u).*® To assess
the role and impact of the grafting of GSH, the results were com-
pared with non-grafted SBA-15. The combination of adsorption
and ITC studies of these systems allowed gaining insights into
the mechanisms of adsorption and particularly into the competi-
tive effects on the adsorption of Pb(u) in the presence of other
metallic ions such as Cd(u) and Cu(u). To show the applicability
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of this material in real industrial effluents, the material was
tested on battery recycling wastewater.

2. Experimental section

2.1. Reagents

The following reagents were purchased from Sigma-Aldrich:
(3-aminopropyl)triethoxysilane (APTES, >98%), cadmium
nitrate (tetrahydrate, 98%), dichloromethane (>99.8%), di-
ethylether (>99.8%), ethanol (>99.8%), glutaraldehyde (25% in
H,0), glutathione (GSH, >98%), hydrochloric acid (37%),
nitric acid (68%), Pluronic® 123 (P123), sulfuric acid
(95-97%), tetraethylorthosilicate (TEOS, 98%), and toluene
(anhydrous, >99.8%). The remaining reagents were from
Merck: cadmium nitrate (tetrahydrate, 98%), copper nitrate
(trihydrate, >98%), disodium phosphate (dodecahydrate,
>99%), lead nitrate (>99.5%), potassium diphosphate
(>299.5%), sodium nitrate (>99%) and tris(hydroxymethyl)ami-
nomethane (Tris, 99.7%).

2.2. Synthesis and characterization of the glutathione
functionalized adsorbent

The synthesis of the glutathione grafted SBA-15 adsorbent has
already been described in detail elsewhere.*® Briefly, SBA-15
silica is synthesized using a P123 non-ionic surfactant in
acidic media using tetraethylorthosilicate as the silica precur-
sor. Glutathione is grafted in three steps which correspond to
the grafting of (1) APTES, (2) glutaraldehyde and finally (3) glu-
tathione. SBA-15 silica-based materials will be designated here-
after as SBA-15 (unmodified silica) or SBA-GSH (glutathione
grafted). SBA-GSH synthesis and structure are shown in Fig. 1.

The specific surface area, pore size and volume have been
determined by nitrogen physisorption at 77 K using a
Micromeritics Tristar II Plus instrument. Prior to the measure-
ment, samples were outgassed at 120 °C for 6 hours. The
specific surface area was calculated according to the BET
method with the relative pressure p/p, ranging from 0.05 to
0.3. The pore size distribution was calculated using the BJH
equation on the desorption branch and the total pore volume
was determined at p/po = 0.95.

The quantity of grafted glutathione was determined by the
elemental analysis of sulfur carried out using a Flash 2000/
ThermoFisher CHN-S analyzer.

2.3. Batch adsorption experiments

All metal solutions were prepared in 0.1 M NaNO; to fix the
ionic strength. The effects of equilibrium pH, pH.q, contact
time and initial metal concentration on adsorption have been
investigated for Cu(u), Pb(u) and Cd(u). Tests are performed
with a sorbent dosage of 10 ¢ L™ under 250 rpm magnetic stir-
ring at a temperature maintained at 25 + 1 °C. pH was adjusted
using 1 M NaOH solution. Once the adsorption equilibrium
was reached, the adsorbent was separated from the solution by
centrifugation for 10 min at 15000g. The supernatants were
then collected and unbound metal ions were quantified by
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inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis with a Varian 720 ES instrument.

The adsorption capacity (g) and adsorption percentage (%
ADS) were determined using eqn (1) and (2), respectively:

Co— Ceq) X V
g(mmolg™) = (G~ G meq) : (1)
S
Co—C
%ADS = % X 100 (2)
0

where C, and C.q are respectively the initial and equilibrium
metal concentrations (mmol L"), V is the solution volume (L)
and m; is the adsorbent mass (g).

Adsorption isotherm data have been fitted with the
Langmuir model describing adsorption on one type of adsorp-
tion site according to eqn (3)*” and with a bi-Langmuir model
considering two types of adsorption sites (eqn (4)).***° The
Langmuir model, although originally developed for gas
adsorption, is one of the most widely used models for model-
ing adsorption isotherms in solution. Even if the basic
assumptions are not completely fulfilled, the Langmuir model
has been used to determine the adsorption parameters and
compare the various systems.

_ qmbCeq

lgh) =12
ge(mmolg 1) = 2550 3)
_ m b C qubZCe
lo—1) — qm101Ceq q 4
ge(mmolg™) 1+b1Ceq 1+ byCeq “)

Here, g. is the equilibrium adsorption capacity of the adsor-
bent (mmol g7"), ¢, is the Langmuir maximum adsorption
capacity (mmol g™%), b is the Langmuir equilibrium constant
(L mmol™), and Cq is the equilibrium concentration of the
adsorbate (mmol L™).

Adsorption isotherms have been recorded at pH 4 for Cd(u),
Cu(u) and Pb(u) and at pH 7 for Cd(u). Comparisons with the
non-grafted SBA-15 material have also been performed. For
two-metal isotherms, the initial solutions contain an equi-
molar quantity of each element.

2.4. Isothermal titration calorimetry (ITC)

To measure the enthalpy of displacement accompanying
adsorption reactions of different metal ions on non-grafted
SBA-15 and SBA-GSH materials, a TAM 2277 differential calori-
meter, based on the heat flow principle and operating in the
dynamic correction mode, was used. ITC measurements were
performed at 25 °C. In a typical experiment, 8 mg of silica
material and 0.8 mL of 0.1 M NaNO; were introduced in a
glass ampoule to reproduce the solid/liquid ratio of the
adsorption tests. The glass ampoule was equipped with a gold
paddle stirrer to ensure homogeneity of the suspension and
placed in the microcalorimeter for an equilibrium time of
2 hours prior to the measurement. 25 aliquots of 10 pL of
single- or two-metal ion solution in 0.1 M NaNO; are succes-
sively injected at a speed of 1 pL s™. Stock solution concen-
trations are 20 mM for each element, including bimetal solu-

This journal is © The Royal Society of Chemistry 2024
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tions. The time between two injections was set to 45 min, to
ensure that the adsorption equilibrium is reached. The experi-
mental enthalpy changes for adsorption were corrected from
dilution effects by injecting the corresponding metal ion(s)
solution into the ampoule containing 0.1 M NaNO; without an
adsorbent. pH remained within 0.5 units during the measure-
ments. The cumulative enthalpy of displacement AgpHcum per
unit mass of the adsorbent was calculated according to the
method of Prelot and Zajac (2023) and Prelot et al. (2018),
summing the enthalpy changes -corresponding to each
injection.”"*® All measurements were repeated 2 to 5 times to
ensure reproducibility. The molar enthalpy effect was calcu-
lated at low surface coverage using the slope of the curve repre-
senting AgpHeum (J g') as a function of the adsorption
capacity (mmol g7"). AgpiHcum was evaluated with a precision
of +2 J g~ and the calculation of the slope was performed in
the adsorption capacity range where the precision is +1 Jg~".
The results are given with a maximum incertitude of +10%.

3. Results and discussion

The SBA-GSH material presents a specific surface area of
187 m? g~ with a pore size of 51 A and a pore volume of
0.26 cm® g™, as reported previously.*® The grafting of GSH was
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Fig. 2 Effect of pH on Cd(u), Cu(i) and Pb(i) adsorption percentages on
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assessed by CHNS elemental analysis and FT-IR which showed
the presence of oxygen, sulfur and nitrogen and confirmed the
presence of 300 mmol kg™' GSH in the material. FT-IR also
highlighted the presence of residual silanol groups in the
grafted material that may contribute to metal adsorption. GSH
functional groups and more specifically C=0, S-H, O-H and
N-H are all able to provide free pairs of electrons, which may
interact with the empty orbital of metal ions to form com-
plexes, thus bringing an important contribution to the metal
removal process.’’

3.1. Adsorption studies of Cd(u), Cu(u) or Pb(u) (= M(u))

3.1.1. Effect of pH on M(u) adsorption. The effect of pH on
Cu(u) and Pb(u) adsorption on the SBA-GSH material is pre-
sented in Fig. 2 together with Cd(u) (taken from ref. 40). In all
cases, adsorption experiments and optimal pH determination
were performed taking into account the potential imine bond
hydrolysis below pH 2 and the precipitation pH for metal
hydroxide compounds (M(OH),()). Speciation diagrams were
calculated under adsorption conditions considering both the
counter ions and the presence of carbonates (Fig. S17).

It can be observed that the three metal ions present
different adsorption behaviors on SBA-GSH. Indeed, Cu(u)
adsorption is more influenced by pH than Pb(u) adsorption,
which is taking place on a much wider range of pH values.
Optimal adsorption pH is above 3 for Pb(u), between 4 and 5
for Cu(u) and around 7 for Cd(u). Besides, at these concen-
trations, all elements are present in the M** or M(NO,)" form
at the studied pH value (Fig. S11). Considering these results,
for the adsorption studies, pH 4 was chosen for Cu(u) and Pb
(1) and pH 7 was chosen for Cd(u).

Unlike Cd(u), the adsorption of Pb(u) and Cu(u) on non-
grafted SBA-15 (Fig. S2, S3 and S4}) was not efficient with
adsorption capacities below 1 mmol kg™, and thus the effect
of pH was not studied in these cases. Adsorption percentages
and capacities of both materials are given and compared for
both grafted and non-grafted materials in Table 1. As can be
noted, SBA-15 adsorbs very low amounts of Pb(un) and Cu(u)
(respectively <1 mmolp, kg™' and 3 mmolg, kg™') at pH 4
while SBA-GSH adsorbs 155 mmolpy, kg™' and 94 mmolc, kg™*
under identical conditions, due to the contribution of GSH
functional groups to M(u) adsorption. In contrast, at its
optimal adsorption pH (pH 7), Cd(u) was already adsorbed to a
level of 63 mmolcq kg™' (55%) on the non-grafted
SBA-15 material but the grafting of GSH allowed reaching
116 mmolcq kg™ (80%). As for the non-grafted material the

Table 1 Comparison of the adsorption capacities of SBA-15 and SBA-GSH (10 g L™! SBA-15 or SBA-GSH; [M()] = 1.5 mmol L™%; medium: 0.1 M

NaNOs; stirring speed: 500 rpm; 25 + 1 °C; contact time: 120 minutes)

Pb(u) Cu(u) Cd(u)

pHeq =4 pHeq =4 pHeq =71
Material SBA-15 SBA-GSH SBA-15 SBA-GSH SBA-15 SBA-GSH
Adsorption capacity (mmol kg™") <1 155 3 94 63 116
Adsorption percentage (%) <0.1 >99.9 2 75 55 80

This journal is © The Royal Society of Chemistry 2024

Dalton Trans., 2024, 53, 3690-3701 | 3693


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt03210h

Open Access Article. Published on 31 January 2024. Downloaded on 3/10/2026 5:47:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

adsorption can only be attributed to interactions with silanol
groups, and these results suggest different mechanisms for Pb
() and Cu(u) compared to Cd(u). Moreover, the higher capacity
observed for Pb(u) with SBA-GSH also suggests that the sorp-
tion mechanism could be different for Pb(u) and Cu(u).

3.1.2. Adsorption isotherms. Kinetic measurements have
shown that a contact time of 30 minutes ensures that the equi-
librium is reached for all elements (Fig. S5t). Adsorption iso-
therms involving the non-grafted SBA-15 material are pre-
sented in Fig. S2, S3 and S4.} Little adsorption of Cu(u) and Pb
(u) is observed on the non-grafted SBA-15 silica. At pH 7, Cd(u)
adsorption on SBA-15 led to an S-shaped isotherm and higher
adsorption capacities up to 660 mmolcq kg™ *.*°

Adsorption isotherms on SBA-GSH have been determined at
pH = 4 for single-metal Cu(u), Pb(u) (Fig. 3), and Cd(un)
(Fig. S67) systems and two-metal Cu(u)-Pb(u) and Cd(u)-Pb(u)
(Fig. 4) systems. Both Cu(u) and Pb(u) present an “H” isotherm
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Fig. 3 Adsorption isotherms of Cu(i) and Pb(i) on SBA-GSH and their
modelling (Co = 1.6-32.1 mmolc, L™ and 0.08-36.2 mmolp, L% 10 g
L~ SBA-GSH; medium: 0.1 M NaNOs; stirring speed: 500 rpm; 25 + 1 °C;
contact time: 120 min; pH: 4). Plain lines represent the Langmuir model
and dashed lines represent the bi-Langmuir model.
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Fig. 4 Adsorption isotherms of two-metal Cd(i)—Pb(1) and Cu(i)—Pb(i)
systems (Co = 0.5-19.6 mmoly L' equimolar; 10 g L™ SBA-GSH;
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open symbols to the Cd(i1)—Pb(i) system.
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(Fig. 3) according to the classification of Giles, meaning that
the adsorption is most likely chemically driven with high
affinity between the surface and the adsorbate.>

Cu(m) and Pb(un) adsorption capacities at pH., = 4 were
investigated in different concentration ranges ensuring no
M(OH), precipitation during the test. Cu(u) and Pb(u) adsorp-
tion isotherms were fitted with Langmuir and bi-Langmuir
models. All models allowed a good fit of the isotherm and gave
similar results for Cu(u) adsorption (Table 2). When compared
with the glutathione amount grafted on silica (300 mmol
kg™"), adsorption of approximately 0.5 Cu(u) per glutathione
can be calculated.

The bi-Langmuir model seems the best fitting for Pb(u)
adsorption on SBA-GSH. A maximum adsorption capacity of
711 mmolp, kg™! has been calculated, in accordance with the
experimental capacity (704 mmoly, kg™") and corresponds to
around 2.3 Pb(u) per glutathione.

The Cd(u) adsorption isotherm showed little adsorption at
pHeq = 4 (Fig. S61) on SBA-GSH. At pH.q = 6.6, the Cd(i)
adsorption isotherm was fitted with the Langmuir model for a
maximum adsorption capacity of 1040 mmolgg kg™ (ref. 40)
corresponding to about 3.5 Cd(u) per glutathione. The calcu-
lated M(u1) to GSH ratio highlights again different adsorption
mechanisms for each metal. Higher M(u) to GSH ratios result
from interactions with different types and/or number of
binding groups of the ligand and/or by the affinity of metal
ions with residual silanol groups.

To further investigate these different behaviors, two-metal
adsorption isotherms have also been recorded (Fig. 4) to
discuss potential competitive effects between Pb(u) and Cd(u)
or Pb(u) and Cu(u). It has been postulated that in the presence
of another metal in the system, the amount of a given
adsorbed metal can decrease.”! In the presence of both added
metals in the system (Cu(u) or Cd(u)), the maximum adsorp-
tion capacity (g,) for Pb(u) (red circles) decreases from around
700 mmoly, kg™ to approximately 500 mmolp, kg™* and the
Pb(u) adsorption isotherm retains its “H” form. In contrast, in
the presence of Pb(u), the Cu(u) adsorption isotherm shifts
from an “H” isotherm in the single-metal system to an “L”
shaped isotherm in the two-metal system (blue triangles). This
could lead to the hypothesis that Cu(u) binds to different sites
in the two-metal system compared to the single-metal system.

Table 2 Langmuir, bi-Langmuir and BET model parameters for Cu(i)
and Pb(i) adsorption on SBA-GSH at pH 4

Metal gm (mmol kg™) b (L mmol™) R
Langmuir model

Cu(n) 142 3.30 0.972
Pb(u) 695 2.35 0.904
Metal Gm1 + qmz (mmol kg™) by + by (L mmol™) R
Bi-Langmuir model

Cu(u) 146 61.9 0.978
Pb(u) 711 277.2 0.982

This journal is © The Royal Society of Chemistry 2024
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Indeed, Pb(u) could be preferentially adsorbed on the binding
sites used by Cu(n) in the single-metal system, thus forcing Cu
() to move to other sites.

The observed Cd(u) isotherm at pH 4 in the presence of Pb
(u) is different from the one in the single-metal system
(Fig. S61) and cannot be classified. Indeed, the occurrence of
adsorption is observed for low Cd(u) equilibrium concen-
trations in solution, followed by a decrease above 1.9 mmolgq
L' when a plateau is reached for Pb(u). This leads to the
hypothesis that (i) cooperative adsorption of Cd(u) and Pb(u)
and/or (ii) an identical adsorption site for Cd(u) and Pb(u)
occurs on SBA-GSH under these conditions, with much higher
affinity for Pb(u), preventing Cd(u) adsorption when saturation
of the material by Pb(u) is reached (at pH = 4, there is little
adsorption of Cd(u)). The maximum experimental adsorption
capacities are 469 mmolp, kg™ " for Pb(n) and 47 mmolgg kg™
for Cd(u) in the Cd(m)-Pb(i) system and 464 mmoly, kg™* for
Pb(u) and 138 mmolg, kg™ for Cu(u) in the Cu(u)-Pb(u)
system. To understand the underlying mechanisms resulting
in these differences, isothermal titration calorimetry (ITC)
studies were carried out which allowed the determination of
the thermodynamic parameters of the adsorption process.

3.2. Isothermal titration calorimetry (ITC) study of Pb(u), Cd
(u) and Cu(u) adsorption

ITC measurements have been performed both on non-grafted
SBA-15 and SBA-GSH materials at pH 4 for Cd(u), Cu(u) and Pb
(1) and at pH 7, the optimal adsorption pH for Cd(u). Raw ther-
mograms for single-metal adsorption and the corresponding
dilution experiments are shown in Fig. 5 for SBA-GSH and
Fig. 6 for SBA-15. Thermograms represent the overall heat of
reaction generated (exothermic) or absorbed (endothermic)
when adding aliquots of a metal salt solution to a suspension
of the material, as a function of time.

To determine the contribution of the interaction of the
metal with the material, thorough control experiments were
carried out. Firstly, the injection of aliquots of the solvent (0.1
M NaNO;) in a suspension of SBA-GSH in 0.1 M NaNO; was
tested and did not lead to a substantial heat signal (Fig. S77).
Therefore, the dilution effect of NaNO; in the suspension was
considered negligible in data treatment. In contrast, injections
of metal ion solutions prepared in 0.1 M NaNO; into the same
medium (0.1 M NaNOs) lead to weakly exothermic heat effects
for all considered elements (Fig. 5(F)—(J)). The cumulative
enthalpy effect of dilution of metal ion solutions is shown in
Fig. S8,f as a function of the equilibrium molality for all
experimental conditions. The thermal effect of dilution of the
metal ion solutions in the NaNO; medium increases in the
order Pb(u) < Cu(u) < Cd(u) under identical conditions (20 mM,
pH 4). This thermal effect will be referred to as “metal ion
dilution” in the rest of the article.

Thermograms of the adsorption of Pb(u) on SBA-GSH
(Fig. 5(E)) showed exothermic adsorption signals with decreas-
ing intensities until reaching the signal intensity corres-
ponding to metal ion dilution after 16 injections, indicating
that no more adsorption occurred above the corresponding Pb

This journal is © The Royal Society of Chemistry 2024
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(1) addition amount (400 mmolp, kg™'). The exothermic
nature of the signals suggested that chemical contributions
such as the metal ion reaction with the functional groups of
glutathione are the main adsorption contributors. The Cu(u)
adsorption experiment performed at the same concentration
as that of Pb(u) (20 mM) led to one first strong exothermic
peak followed by weak decreasing endothermic effects until
reaching the signal intensity due to metal ion dilution alone
(Fig. 5(C)), suggesting that the adsorption sites of the material
were rapidly saturated with Cu(u) after the first injection, in
accordance with its lower adsorption capacity for this ion. This
hypothesis was confirmed by running the same experiment
with 1 mM Cu(u) solution which showed a similar trend to the
one observed with Pb(u) solution, namely several exothermic
peaks due to the contribution of the chemical phenomenon
(Fig. 5(D)). In contrast, Cd(u) adsorption was endothermic at
pH 7 (Fig. 5(A)). However, Chekmeneva et al. showed that Cd
(1) complexation with free GSH presents an exothermic effect,
suggesting that this contribution may not be the predominant
one in our system.”>® At pH 4, Cd(u) ITC adsorption signals are
equivalent to the signal of Cd(n) dilution, in accordance with
the fact that Cd(u) was barely adsorbed at this pH (Fig. 5(B)).*°

The same experiments were carried out on non-grafted
SBA-15 silica to determine the contribution of the grafted GSH
to the adsorption process. Pb(u) adsorption on SBA-15 at pH 4
showed a slightly endothermic heat effect (Fig. 6(C)), different
from the exothermic metal ion dilution and most likely corres-
ponding to residual contributions such as cation dehydration
or Na-Pb ionic exchange. The Cu(u) adsorption experiment on
SBA-15 at pH 4 (Fig. 6(B)) did not show any significant sign of
adsorption, as shown by the signal intensity being similar to
that in the metal ion dilution experiment (Fig. 5(G)). All these
results show that ITC data correlate very well with the adsorp-
tion data and help to understand the adsorption mechanism.
Finally, Cd(u1) adsorption on the non-grafted SBA-15 material at
pH 7 resulted in an endothermic effect, comparable to the one
observed with SBA-GSH (Fig. 6(A)). Though the two contri-
butions cannot be fairly compared due to the difference in the
number of available silanol sites between the two materials, it
is still possible to affirm that adsorption by silanol sites and
contributions such as the displacement of protons are deeply
influencing the adsorption phenomenon of Cd(u) in both
materials. However, the endothermic effect with both SBA-15
and SBA-GSH materials confirmed that the precipitation of
solid Cd(OH), (exothermic) is minimal or non-existent in this
system and would not have any impact on other contributions.
These results illustrate perfectly the ones obtained in batch
adsorption studies.

For calorimetry data treatment applied to adsorption, it is
necessary to take into account the quantity of metal ions effec-
tively adsorbed by the material with the given injection.
Indeed, upon each injection, the n moles of metal ions
injected are first diluted in the solvent and some of the metal
ions are thereafter adsorbed onto the material, and the
remaining ions remain in solution, as shown by the adsorp-
tion isotherm.
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Fig. 5 Thermograms for the adsorption of Cd(i) ((A) and (B)), Cu(i) ((C) and (D)) and Pb(n) (E) onto SBA-GSH and for dilution of Cd(i) ((l) and (J)), Cu
(1) ((F) and (G)) and Pb(u) (H) solutions (25 °C; 25 injections of 10 pL; medium: 0.1 M NaNOs; glass ampoule with a 10 g L™* suspension (adsorption) or
0.8 mL of sodium nitrate solution (dilution)). All curves are plotted with respect to the same y-axis scale. EXO defines the direction of the exothermic

signal.

Fig. 7 shows the calculated cumulative enthalpy of displace-
ment accompanying the adsorption reaction (AgqpiHcum) Which
is the global enthalpy effect representing all the contributions
involved in adsorption calculated according to the method of
Prelot and Zajac (2023) and Prelot et al. (2018).*"*° This global
enthalpy effect was calculated only for the systems showing
significant adsorption, namely Pb, Cu and Cd with SBA-GSH
and Cd with SBA-15. All enthalpy curves have been corrected
for metal ion dilution effects. The observed contributions can
be either due to chemical contributions (metal ion interactions
with functional groups, intermolecular hydrogen bonds,
electrostatic interactions, or other chemical reactions such as

3696 | Dalton Trans., 2024, 53, 3690-3701

precipitation) leading to an exothermic effect or to physical
contributions (dehydration effects, structural rearrangement,
electrostatic repulsion, confinement within the pores of the
material, displacement of other compounds, electrostatic
repulsion, adsorption of M(u) on silica) leading to endother-
mic effects.>

To analyze quantitatively the obtained curves in Fig. 7(B),
the initial slope of the plot of AgpHcum versus the amount
adsorbed corresponding to the molar enthalpy was calculated.
The results are shown in Table 3.

The negative values of molar enthalpies for Cu and Pb
reflect the exothermic effect of adsorption on SBA-GSH for

This journal is © The Royal Society of Chemistry 2024
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the same y-axis scale. EXO defines the direction of the exothermic signal.

these metals. In the solution state, Cu®*" is known to react
rapidly and stoichiometrically with the thiol group of GSH to
form disulfides.>® To determine if this reaction is taking place
in our material, FT-IR and XPS measurements were carried out
to observe the sulfur environment, but the low sulfur content
did not allow to elucidate the oxidation state of GSH. The
anchoring of GSH on mesoporous silica in our SBA-GSH
material has an influence on the orientation and proximity of
the thiol groups in the material and could induce steric hin-
drance that may prevent that reaction. We thus cannot assess
that this solution state phenomenon takes place in our solid/
liquid system. Yet, the molar enthalpy determined for Cu(u) at
pH 4 was highly exothermic and seven times stronger than the
one observed for Pb(u), though the latter showed higher
affinity for the material in the adsorption studies. ITC gives a
measurement of the global heat effect of all reactions taking
place during the adsorption phenomena, and this highly
exothermic reaction energy may also be due to redox reactions
between GSH and Cu(u) in our material, as commonly
observed in the solution state.”®> For Cd(u), the positive
enthalpy values are characteristic of the strongly endothermic
effect associated with its adsorption on both SBA-15 and
SBA-GSH.

The molar enthalpy determined here for the Cd(un)-SBA-15
interaction at pH 7 is slightly lower than, but coherent with,
the one obtained by Prelot et al. for Spherosil (17 k] mol™),
most likely due to the different nature and higher density of
silanols in SBA-15, implying more silanol binding sites.”® In
their study, the authors showed that different contributions
were participating in the adsorption of metal ions such as Cd
(n) on SiO,, one of the main ones being cation dehydration
and the deprotonation of silanols to create negatively charged
sites, which can later interact with positively charged Cd(u)
ions.®

The enthalpy values cannot be compared to each other as
they may not reflect adsorption on the same sites. To study the
mechanism of competitive adsorption in more detail, ITC

This journal is © The Royal Society of Chemistry 2024

measurements have also been performed in two-metal Cd(u)-
Pb(u) and Cu(u)-Pb(u) systems.

3.3. ITC study of adsorption with two-metal solutions

Raw adsorption and dilution thermograms of two-metal Cd(u)-
Pb(u) and Cu(u)-Pb(u) systems are shown in Fig. 8. The adsorp-
tion heat effect of both two-metal experiments is very similar
to the one of Pb(u) alone (Fig. 5(E)). In both cases, the only sig-
nificant difference is in the first injection peak for the Cu(u)-
Pb(u) system. All effects are exothermic, as a result of the con-
tribution of metal ion binding to the material’s functional
groups, as well as potential side contributions such as inter-
molecular hydrogen bonds and other chemical reactions.

In order to discuss the competitive effects, the cumulative
enthalpy of displacement accompanying the adsorption as a
function of the total quantity of metal adsorbed was calculated
for both experiments, corrected from the dilution effect
(Fig. S8Bt) and superimposed with the sum of individual
enthalpy plots extracted from Fig. 8 (Fig. 9).

In the case of the Pb(u)-Cu(u) system, the sum of individual
contributions and the experimental plots are similar up to
400 mmolpp,y kg™ Prelot et al. (2018)*" postulated that in
multicomponent systems, the contributions are not only
coming from the affinity between the metal ions and the
adsorbent surface but also include the interactions between
cations themselves. The additivity rule was used to characterize
the competitive effects.*’ Following this, it is possible to
suggest that below an adsorption capacity of 400 mmolppm
kg™, each of the two metal ion adsorptions is independent.
Once the plateau is reached, a difference of 6 to 8% is observed
between the sum of individual contributions and the two-
metal experimental values. This difference is not necessarily
significant (within experimental error) as similar differences
can usually be observed when the plateau is reached.

For the Cd(u)-Pb(u) system, the difference between the sum
of individual contributions and the two-metal experimental
values is significant and varies from 8% at the early stages of
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rected for metal dilution effects.

Table 3 Enthalpy values accompanying Cd(i),
tion on SBA-15 and SBA-GSH materials

Cu(n) and Pb(i) adsorp-

Initial M(u) Molar enthalpy
Element concentration (mM) Material pH (k] mol™)
Cd 20 SBA-15 7 10
Cd 20 SBA-GSH 7 29
Pb 20 SBA-GSH 4 -20
Cu 1 SBA-GSH 4 -140

adsorption to 32% on the plateau. This indicates, for the lower
quantities of Cd(un) adsorbed, a competition occurs between
both elements resulting in the preferential adsorption of Pb
(u), in accordance with the adsorption isotherm in Fig. 4,
which showed a decrease of Cd(u) adsorption capacities when
the Cd(u) concentration in solution increases. The binding

3698 | Dalton Trans., 2024, 53, 3690-3701

sites of Cd(u) and Pb(u) are therefore the same under these
conditions. According to the HSAB theory, Cd(u) is considered
a soft element and thus shows affinity for sulfur, while Cu(u)
and Pb(un) are both considered borderline and can show
affinity for both hard and soft coordination groups.>” As our
results highlighted a competition between Cd(u) and Pb(u), we
can thus suggest that Pb(u) behaves as a soft metal in our
system and under experimental conditions. Moreover, a solu-
tion complexation study of Pb(u) by GSH showed that above
pH 4 complexes are formed with the thiol donor as the
primary anchor of the metal ion.”®

This combined adsorption/ITC study showed that, in syn-
thetic solutions, the SBA-GSH material adsorbed Pb(i), Cu(xu)
and Cd(u) by different mechanisms, with a preference for Pb(u)
in the presence of Cu(u) and Cd(u). Thus, selectivity for certain
metal ions would be expected in complex aqueous solutions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Variations of the cumulative enthalpy of displacement accompa-
nying adsorption on SBA-GSH for two-metal systems (20 + 20 mM;
25 °C; 25 injections of 10 pL; medium: 0.1 M NaNOs; glass ampoule with
a 10 g L™ suspension; pH: 4). The dotted and dashed lines correspond
to the enthalpy values calculated by summing up the individual metal
contributions obtained from single-metal experiments for Cd(i) + Pb(i)
and Cu(i) + Pb(i), respectively.

This selectivity, as well as the applicability of the SBA-GSH
material to remove traces of metallic ions in complex matrixes,
was then investigated on a battery recycling effluent after
primary treatment.

3.4. Application of the SBA-GSH material with an industrial
effluent

The industrial effluent in battery recycling wastewater was
obtained after chemical precipitation and decantation. The

This journal is © The Royal Society of Chemistry 2024

Table 4 Composition of the industrial effluent and adsorption test
results (10 g L™* SBA-GSH; stirring speed: 500 rpm; 25 + 1 °C; contact
time: 360 min; pH: 5.6)

Concentration after
adsorption (ug L™

Concentration before
adsorption (ug L™

p and d-block elements

Al 56+5 38+ 10

Cd 26+1 15+1

Cu 35+1 <1

Fe 17 +1 <1

Pb 237 +3 77 39

Zn 207 + 4 75+ 30

s-block elements

Ba 40+4 42+ 15

Ca (578 + 49) x 10° (599 + 34) x 10°
K (36 +3) x 10° (39 +6) x 10*
Li (3.0 £ 0.2) x 10° (2.7 £ 0.7) x 10°
Mg (46 + 3) x 10* (46 + 2) x 10°
Na (602 + 114) x 10° (605 + 86) x 10°
Sr 684 + 200 655 + 92

composition of this effluent for p- and d-block elements,
before and after adsorption experiments at pH 5.6, are given in
Table 4. The concentration of Cu, Fe, Pb and Zn is strongly
reduced after treatment with SBA-GSH, to reach 77 and 75 pg
L' for Pb (%ADS = 68%) and Zn (%ADS = 63%), respectively,
and the limit of detection of 1 ug L™" for Cu and Fe (%ADS >
99.9%). The weaker removal of Pb in this effluent can be
explained by the presence of high quantities of sulfur (total
sulfur: 1000 mg L") in the effluent, which could lead to the
formation of stable Pb(u)-sulfur complexes, competitive with
GSH-Pb(u) binding. Al and Cd were less affected by the contact
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with SBA-GSH as the final concentration was only slightly
lower than the initial concentration with an adsorption of 32%
(Al) and 42% (Cd). Final concentrations of Cd and Zn were
lower when the test was performed at pH 7, reaching 8 and
17 pg L™, respectively, under conditions more adapted to their
removal. These observations well illustrate the results pre-
viously described (Sections 3.1 to 3.4) for synthetic binary solu-
tions, namely the pH dependence, the different mechanisms
and the competitive effects between some elements. This
therefore led to selectivity for some ions under these con-
ditions. Indeed, the material remained very selective for p- and
d-block metals in the presence of higher concentrations of
s-block elements as shown by little to no adsorption of alka-
line and alkaline earth elements (Table 4). These results
showed the potential of this material as a way of depollution of
industrial effluents.

4. Conclusions

Detailed adsorption and ITC studies of different metals on glu-
tathione grafted mesoporous silica (SBA-GSH) and its non-
grafted equivalent (SBA-15) were carried out. Both studies gave
fully consistent results and their combination allowed gaining
a deep understanding of the adsorption mechanism. It has
been observed that Cd(u) adsorption relied mainly on physical
contributions (at pH 7) while the adsorption of Pb(u) and Cu
(m) (at pH 4) depended mainly on chemical interactions
between the metal ions and the functional groups of gluta-
thione. The adsorbent thus presents better affinity for Pb(u)
than Cu(u) and Cd(u) at pH 4. ITC also allowed elucidating the
mechanism of competitive adsorption between Cd(u), Cu(u)
and Pb(u). Data showed independent adsorption for Cu(u) and
Pb(u) and competitive adsorption for Cd(u) and Pb(u) at pH 4
in the two-metal system, confirming that this material showed
selectivity for Pb(u), a doorway for its use in industrial effluent
treatment. Experiments performed on a battery recycling
industrial effluent highlighted the preferential adsorption of
some p- and d-block elements in the presence of s-block
elements and confirmed the interest of this material for depol-
lution purposes. This study also highlighted that this material
could therefore be used in clean technologies to selectively
remove Pb(u) from contaminated waters containing other
metal ions.
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