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Abstract

A new approach for the synthesis of zero-valent copper nanoparticles (CuNP) supported on
ordered mesoporous silica SBA-15 and SBA-16 by using vegetal antioxidants, coffee Robusta and
green tea was developed in the present work. Diverse characterization techniques such as X-ray
diffraction, nitrogen adsorption—desorption, transmission electron microscopy, thermogravimetric
analysis, Fourier transform infrared spectroscopy, and thermal programmed desorption of CO> and
water allowed stating that the appreciable specific surface area and porosity favored CuNP formation.
Copper-loaded SBA-15 and SBA-16 exhibited higher surface basicity and hydrophilic character
according to the type of the source of reducing agents and silica framework, respectively. OH-
compounds interactions with both CuNP and SBA surface and more particularly with available Si-
O-Si groups were found to promote metal dispersion reducing the particle size. The results obtained
herein open promising prospects for designing low cost and “green” silica-based materials with
judiciously tailored basicity and hydrophilic character for catalysis, adsorption and other surface

processes.
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1. Introduction

So far, the synthesis of ordered mesoporous materials of SBA-15 and SBA-16 is often justified
by their beneficial adsorptive and catalytic properties for numerous purposes [1, 2] and more
particularly for environmental applications [3, 4]. Their respective bi-dimensional hexagonal (P6mm)
and tri-dimensional cubic symmetry (Im3m) [5, 6] confer them organized and regular porosity with
high specific surface area and large mesopores. These features allow incorporating diverse chemical
species for potential adsorption and catalysis purposes [7]. Notwithstanding that a wide literature
considers SBA-like silica as being neutral materials, the mere presence of silanol groups can induce
diverse interactions with species in aqueous media [8-11]. These interactions range from purely
physical sorption to chemical reactivity [2]. Owing to some of these interactions, SBA materials can
act as host matrices for metal nanoparticles (MNP) [12, 13].

The expanded frameworks of SBAs and their intrinsic surface properties allow achieving suitable
modifications according to the targeted applications. Once loaded with metal particles or ions, such
materials can acquire interesting surface properties as catalysts [14-16], adsorbents for pollutants
[17], materials for medicine [18-20], matrices for hydrogen storage [21, 22] and sensors/components
in electronics [23, 24]. Metal-zero incorporation is one of many other strategies to promote Lewis
basicity and modify the hydrophilic character of SBA-15 and SBA-16 materials for tailoring their
surface affinity towards acidic gas and water. This is the main objective of the present work.

Currently, the most common methods for preparing zero-valent metals (ZVM) use toxic and
harmful chemical reducers such as sodium borohydride (NaBHas) [25, 26], hydrazine (N2Hy4) [27],
ethylene glycol [28] and volatile organic solvents such as toluene or chloroform [29]. There exists a
wide variety of other compounds such as hydrogen, carbon monoxide and others that can behave
more or less successfully as reducing agents, but some of them impose severe safety constraints and
specific equipment requirements.

Successful results were obtained in previous works with sodium borohydride [12, 13, 30, 31],
affording MNP incorporation inside the channels of mesoporous SBA- 15 and SBA-16 materials. The
use of harmless and eco-friendly “green” reducing agent such as those provided by plants would be
a judicious route to be explored. The chemical compositions of many plants include anti-oxidizing
agents [32-34], some of them have already been investigated for a potential valorization of this
property in the biosynthesis of metal nanoparticles [25, 32, 34-38]. Silver nanoparticles have been
biosynthesized using an aqueous extract of green tea and other plants as reducing agents for
biomedical use, environmental antifungal and other purposes [39-45]. Also, the NaBH4 substitution
by a green tea or coffee extracts well-known to display anti-oxidizing properties appears as an

interesting challenge to be tackled. That is what motivated the use of tea and coffee in this work.



Tea and coffee extracts in water are regarded as dietary sources of anti-oxidizing agents often
recommended for human health against oxidative stress [46] with growing interest for food,
pharmacological and cosmetic applications [47]. Coffee contains more caffeine (methylxanthine)
than tea (called theine in tea). However, their anti-oxidizing capacity is not due to caffeine but rather
to 1,3,7-Trimethyl-1H-purine-2,6(3H,7H)-dione or 3,7-Dihydro-1,3,7-trimethyl-1H-purine-2,6-
dione. This molecule differs from other antioxidizing compounds such as polyphenolic components
such as epicatechin, epicatechin-3-gallate, epigallocatechin and epigallocatechin-3-gallate [48, 49].
These compounds belong to the so-called Chlorogenic acid (CGA) family, and paradoxically do not
contain chlorine [50]. CGA was already reported to exhibit reducing properties in the synthesis of
ZVM [51].

The types and chemical composition of polyphenols differ in coffee and tea, inasmuch as coffee
is rich in phenolic acids, while tea is rich in flavonoids [52]. The reducing properties of phenolic
compounds arise from their great capacity to be oxidized, playing a key role as antioxidants in living
organisms. In green tea, epigallocatechin gallate appears as the main reducing agent, and the amount
of phenolic components was found to decrease upon water heating up to the boiling point [53].
Additional beneficial effects of coffee and green tea reside in their contributions as encapsulating
agents that prevents instant aggregation into bulkier clusters.

In the present work, the effect of coffee and green tea in the synthesis of copper nanoparticles in
two ordered mesoporous silica matrices (SBA-15 and SBA-16) will be comparatively examined.
Emphasis was made on a judicious approach that consists in providing evidence of the occurrence of
Cu:O-matrix interactions on the basis of measurements using thermal programmed desorption of
water and carbon dioxide. This new approach is quite original, more particularly when the adsorptive
properties are correlated with structural and textural features of the synthesized metal-loaded organo-

SBA samples. This is expected to provide valuable data on the affinity for carbon dioxide and water.

2. Experimental
2.1. SBA-like silica preparation

In a first step, SBA-like silicas were prepared according to a previously reported procedure [1]
by hydrothermal synthesis method in the following gels compositions: i. for SBA-15: 1 SiO2: 0.059
P123: 56.13 HCI: 607.638 H20, and ii. for SBA-16: 1 SiO2: 0.006 P123: 0.013 F127: 42.439 HCI:
442 .876 H>0O. For this purpose, non-ionic surfactant Pluronic F127 block-copolymer (Aldrich) and/or
Pluronic P123 block-copolymer, (MW = 5800, Sigma—Aldrich) were dissolved in deionized water
and hydrochloric acid (37 %, Fluka) solution at 27 °C. Further, a specific amount of tetraethyl
orthosilicate (TEOS, Aldrich) was added dropwise into the P123 solution and stirred at 37 °C for 20

h (Scheme 1). The resulting hydrogels were transferred into a teflon-lined stainless-steel autoclave
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and maintained at 100 °C for 48 h. The white powders obtained were repeatedly washed with
deionized water, filtered, then dried at 60 °C overnight and finally calcined at 550 °C for 6 h under

airflow to remove the organic template.

2.2. Metal dispersion

In a second step, copper-zero nanoparticles (CuNP) were synthesized by dispersing 0.5 g of
calcined SBA-15 or SBA-16 samples in 50 mL of an aqueous infusion of 2 g Robusta coffee
(Originating from Uganda and imported in Algeria from Sopex Group London Ltd) in 100 mL water
previously boiled for 10 min and 5 mL of an aqueous solution of copper nitrate (1M) under stirring
for 6 hours. Metal cation reduction was performed under O:-free nitrogen stream. The resulting
copper-loaded organo-SBA samples denoted as Cu/SBA-15-Coffee and Cu/SBA-16-Coffee,
respectively were recovered through filtration and dried at 60 °C overnight. Similar procedures were
employed using an aqueous solution of EL MARWAN green tea (imported in Algeria from China)
for the preparation of their counterparts designated by Cu/SBA-15-Tea and Cu/SBA-16-Tea but

under stirring for 17 hours (Scheme 1).
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Scheme. 1 Illustration of the different steps of the protocol for the synthesis of SBA-supported

copper nanoparticles and characterization

The global chemical compositions of both aqueous extracts obtained by infusing similar amount
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of roasted Coffee Robusta and Green-tea in boiled distilled water were assessed through reversed-
phase high performance liquid chromatography but under different operating conditions as reported
elsewhere [54]. For this purpose, one used an Alliance instrument and a hydrophobic C18 column
(Agilent Eclipse Plus, 3.5 um, 4.6 mm x 250 mm) coupled to a UV-detector (WATERS-2487 dual A
absorbance). The flow rate of the mobile phase (0,06 mL trifluoroacetic acid, TFA per 1 liter nanopure
water) was set at a constant 1mL.min™! value (isocratic mod) with a 3pL injected volume. The data
were treated by STAR acquisition software. Such a procedure allowed acquiring highly resolved peak
for caffeine and chlorogenic acids (CGA).

The total amount of CGA for fully roasted Robusta beans is of ca. 3.95 g/kg dry sample, and
accounts for approximately 5-6% of that of green Robusta beans. This marked CGA depletion upon
roasting is due to CGA conversion into CGA-Lactones derivatives, and is in the range reported by
the literature [54]. The total amount of catechins was of 28-31-%, depending on the age of the sample
(1-3 years). The content of the main flavonoids involved in ZVM synthesis such as epigallocatechin
gallate (EGCG), epicatechin 3-gallate (EGC), epigallocatechin (ECG), epicatechin (EC) and catechin
(C) was of 0.82 g/kg in agreement with other works [55].

2.2. Characterization

The synthesized materials were characterized by powder X-ray diffraction (XRD) using a
PANalytical X’Pert Pro diffractometer with a Cu anode operating at 50 kV/40 mA (A = 0.15418 A)
and Fourier transform infrared spectroscopy (DRIFTS, Nicolet 6700 FT-IR spectrometer, KBr pills,
average IR scans = 64, resolution = 4 cm™). Deeper insights in copper dispersion on SBA materials
were achieved through transmission electron microscopy (TEM) using a JEOL ARM200-CFEG
microscope operating at 200 kV equipped with an Energy-dispersion X-ray fluorescence (ED-XRF)
device. For TEM observations, few drops of high dispersed suspension previously ultrasonicated in
chloroform were deposited on Au grid covered by Formvar/amorphous carbon film.

The specific surface area (SSA) and porosity were assessed from nitrogen adsorption-desorption
isotherms recorded at -196 °C using a Micrometrics Tristar instrument. The samples were previously
out-gassed overnight under vacuum at 70 °C. The SSA was determined using the Brunauer — Emmett
— Teller method (BET) in the relative pressure range of 0.05 to 0.35. The average pore diameter was
measured using the Barrett Joyner Halenda (BJH) model applied to the desorption branch. The
microporous volume was evaluated using the #-plot method.

Thermal gravimetric analysis (TGA) was performed using a METTLER TOLEDO STAR
apparatus, under airflow and a 5 °C.min~! heating rate from 30 to 800 °C. TGA measurements allowed
establishing the thermal stability at temperature not exceeding 150 °C for accurate assessment of the

surface basicity and hydrophilic character. These properties were expressed in terms of CO> and water
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retention capacities (CRC and WRC, respectively) as estimated by thermal programmed desorption
measurements (TPD) of CO2 and water. TPD runs were achieved in a tubular glass reactor coupled
to a Li-840A CO»/ H20 dual Gas Analyzer. Each sample (40 mg, particle size of 0.05-0.1 mm) was
previously contacted for ca. 40 min with dry CO» (1.5-500 mL) at 20 °C, under a nitrogen stream (15
mL.min™"). After saturation, the non-adsorbed CO» excess was purged under similar gas stream until
no CO, was detected. The CRC and WRC were measured at a 5 mL.min™! nitrogen stream at a 5
°C.min"" heating rate between 20 °C and 150 °C for repetitive TPD runs (TPD1, TPD2 and TPD3).
This range was established according to the thermal stability of the materials as estimated by TGA
measurements. Purely qualitative TPD analysis was also achieved through a non-repetitive TPD run
up to 150 °C and even higher temperatures for Cu-loaded matrices with residual polycondensed

hydrocarbons.

3. Results and discussion
3.1. Structural features

SBA-15, Cu/SBA-15-Coffee and Cu/SBA-15-Tea displayed almost similar XRD patterns with a
prominent peak (100 plane family) at 20 ca. 1.02° and two peaks at 20 ca. 1.68 and 1.92° assigned to
the (110) and (200) planes, respectively [6, 56] (Fig. 1a). Assessment of the unit cell dimension,
defined as ag=d100 (2/3"?), gave a value of 10 nm, which is typical of a Pémm hexagonal symmetry.

The corresponding d-spacings were assessed as being of 8.66 nm (100), 5.3 nm (110) and 4.6 nm
(200), respectively. Noticeable attenuation in peak intensity was observed for Cu/SBA-15-tea, but
much less pronounced for Cu/SBA-15-coffee. This must be due to slight framework distortions due
to the formation of organic flavonoids or polyphenol clusters with MNPs, respectively, within the
mesoporous channels [52]. SBA-16, Cu/SBA-16-Coffee and Cu/SBA-16-Tea showed XRD patterns
with a prominent 100 XRD line at 20 = 0.9° but barely observable 110, 200 and 211 reflections (Fig.
1b). This is a special feature of a highly uniform 3D cubic cage structure (Im3m space group structure)
[57]. Calculations gave a d-spacing (110) of 9.8 nm and a unit cell dimension of 13.85 nm.

Extended XRD patterns up to 70 degrees only revealed apparently flat base line, due to the low
amounts of incorporated copper. Barely detectable XRD lines at 2-Theta values of 43-44 degrees
(111 plane family) and 50.5 degrees (220 plane family) provides evidence of the occurrence of Cu’
at least. This low XRD sensitivity for such materials suggests a high metal dispersion into fine metal
particles. ED-XRF measurements gave CuO (Cu®) contents below the XRD technique sensitivity, as

this will be examined further.
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Fig. 1 Small and large angle XRD patterns for SBA-15 and Cu/SBA-15 (a) and SBA-16 and
Cu/SBA-16 (b).

The same sequence in peak intensity depletion was noticed after CuNP incorporation. Different
binary and even ternary interactions must be involved between metals, SBA surfaces and organic
components. Such interactions should lead to more or less compacted metal-organic clusters and more
or less spread throughout the entire silica surfaces. Deeper insights were achieved by an accurate

assessment of the textural and surface properties of the materials.

3.2. Textural properties

Nitrogen adsorption/desorption isotherms gave slightly higher specific surface area of 656 m?.g™!
for SBA-16 in agreement the slightly higher d-spacings (110) and unit cell dimension as compared
to SBA-15 (626 m%.g™!). These isotherms were found to be of type IV with a clear H1 type hysteresis
loop for SBA-15 (Fig. 2a) and H2 type hysteresis loop for SBA-16 (Fig. 3a). Both isotherm types
characterizes regular mesoporous channels [58] and specifically a uniform structure with cubic cage-
type and cross-connected pores for SBA-16 [59]. SBA-15 displayed an average pore size around 68
A (Fig. 2b), in agreement with the literature [60]. SBA-16 showed a much uniform structure with a

narrower pore size range of 40 A (Fig. 3b).
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Fig. 2 N> adsorption/desorption isotherms (a) and pore size distribution (b) of SBA-15 and its
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Fig. 3 N> adsorption/desorption isotherms (a) and pore size distribution (b) of SBA-16 and its
modified counterparts

This suggests a higher SSA but lower porosity for SBA-16 as compared to SBA-15 in agreement
with our previous statement. Slight decreases in the textural properties were registered for both SBA
materials after CuNP incorporation using both reducing agents. This was reflected by SSA decay
upon CuNP insertion from 626 m?.g™! for SBA-15 and from 656 m?.g™! for SBA-16 down to 395 and

402 m2.g7!, respectively when using coffee as reducing agent (Table 1).
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Table 1 Textural properties of SBA samples and Cu-loaded counterparts

Sample SeeT Pore volume| D Twall Dehydration mass loss
(m2.g H* | (em’.g™)” | (am)“ | (nm)? %)

SBA-15 626 1.001 6.9 3.1 8.3

Cu/SBA-15-Coffee 395 0.638 6.8 3.2 6.8

Cu/SBA-15-Tea 483 0.761 6.8 3.2 6.5

SBA-16 656 0.581 4.0 8.0 6.0

Cu/SBA-16-Coffee 402 0.384 3.9 8.0.5 8.2

Cu/SBA-16-Tea 535 0.484 4.0 8.0 8.5 (Double step)

 Specific surface area as assessed using BET model.

® Total pore volume estimated at P/Py = 0.99.

¢ Pore diameter estimated from adsorption branch using BJH model.
4 The wall thickness was calculated using the following equations:

Twan = ao — Pore size (BJH) for SBA-15 and Twan = (\/§ /2)ag — Pore size (BJH) for SBA-16.
¢ This mass loss was the first step in the TGA diagram, and was assessed for temperatures not
exceeding 150 °C.

Using green tea resulted in similar decay down to 483 for SBA-15 and to 535 m?.g™! for SBA-
16. This was accompanied by decreases in pore volume for both SBA materials upon CulNP
incorporation. Here, the constant shape of the hysteresis loops is a precise indicator of copper
dispersion within mesopores at least for Cu/SBA-15 samples. The slight increase of the wall thickness
from 3.1 nm to 3.2 nm accounts the formation for ca. 0.1 nm layer of coffee and green-tea components
inside SBA-15 channels. This phenomenon appears less pronounced in SBA-16, most likely due to
the lower channel size that is expected to hinder the internal diffusion of the organic components of

coffee and green-tea.

3.3. Particle size

This was supported by TEM images, which revealed almost perfectly aligned CuNP with sizes
mostly ranging from 2 to 6-7 nm, as statistically assessed between the smallest and largest black stain
sizes measured graphically in a scale using Image-J software (Fig. 4). Such estimation is purely
qualitative but quite satisfactory for mere comparison. The estimated particle size did not exceed the
diameter of the channels as confirmed by the total absence of blackish stains on the external surface
of both Cu/SBA-15-Coffee (Fig. 4a) and Cu/SBA-15-tea crystallites (Fig. 4b).

A random dispersion of much bulkier and more diffuse dark stains of ca. 20-30 nm was noticed
on Cu/SBA-16-coffee (Fig. 5a) and smaller ones (10-20 nm) on Cu/SBA-16-tea (Fig. 5b). This
suggests the formation of diffuse organic clusters entrapping finer Cups outside the SBA-16 channels.
Such bulky clusters are expected to obstruct the channel entries and hinder the diffusion of organic
molecules. Here, also green-tea components appear to promote higher copper dispersion and

stabilization, presumably due to a higher chelating capacity.
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b
Fig. S TEM images of Cu/SBA-16-Coffee (a) and Cu/SBA-16-Tea (b)

Deeper insights through ED-XRF analysis of some spots focused on the dark stains of both TEM
images revealed ED-XRF signals of higher intensity at ca. 0.8-0.95 keV (Cu-Laipha), 8.1-8.2 keV (Cu-
Kaipha) and 8.8-8.9 keV (Cu-Kbeta) in SBA-15 (Fig. 6) as compared to their SBA-16 counterparts (Fig.
7). This accounts for higher amounts (2.1 %) of incorporated copper in SBA-15 based samples. This
cannot be explained by their close SSA values (626 versus 656 m?.g™!) but rather by the parallel
channels of SBA-15 that promotes easier metal diffusion compared to SBA-16 (0.9% of incorporated

copper).
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Fig. 6 ED-XRF analysis of Cu/SBA-15-Coffee (a) and Cu/SBA-15-Tea (b)
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Fig. 7 ED-XRF analysis of Cu/SBA-16-Coffee (a) and Cu/SBA-16-Tea (b)
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The more intense Kaipha ray of carbon at ca 0.15-0.24 keV observed for Cu/SBA-15-Coffee (Fig.
6a and Fig. 7a) suggests the incorporation of higher amounts of coffee components as compared to
tea-treated SBA samples (Fig. 6b and Fig. 7b). Nevertheless, this contrasts with the more intense
Kaipha ray of carbon noticed for Cu/SBA-15-Tea. ED-XRF measurements gave CuO (Cu®) contents
of 3.636 (2.9) % for Cu/SBA-15-Coffee, 3.571 (2.85) % for Cu/SBA-15-tea, 4.094 % (3.27) for
Cu/SBA-16-Coffee and 1.907 (1.52) % for Cu/SBA-16-Tea. Cu’ proportion of respectively 79.6,
79.8, 79.9 and 79.7 % of the total amount of copper species incorporated. Calculations based ED-
XRF-based chemical compositions gave Copper/Carbon atomic ratio of ca. 0.26 for Cu/SBA-15-
Coffee and of ca. 0.32 for Cu/SBA-15-Te.In other words, less tea components can disperse and
stabilize more CuNP in SBA-15. Unlike polyphenolic acids in coffee, tea flavonoids are supposed to
have more hydroxyls groups that act as effective chelating sites. A reverse sequence was observed
for Cu/SBA-16, presumably due to the low contribution of the internal surface.

These amounts of CuNP are fairly appreciable compared to those reported a wide variety of
works. They mainly arise from: i. a reduction process performed under O»-free nitrogen stream to
avoid metal re-oxidation and ii. The in-situ presence of coffee and green-tea extract that insures quick
CuNP entrapment and protection against re-oxidation. Structure compaction around CulNP is a key

factor in this regard.

3.4. Thermal behavior and changes in hydrophilic character

TGA analysis (Fig. 8) showed higher weight loss of ca. 8.2-8.3 % for SBA-15 between 20 and
150 °C as compared to that of SBA-16 (6.0 %). These values were attributed to reversible dehydration
and indicates higher moisture content in SBA-15 most likely due to its larger pore volume (1.001
cc.g’! versus 0.58 cc.g™!) and diameter (6.9 versus 4.0 nm) (Table 1). This higher porosity of SBA-
15 mainly arises from its thinner pore wall (3.1 nm) as compared to that of SBA-16 (8.0 nm). The
much weaker mass loss noticed beyond 150 °C up to 700 °C was attributed to dehydroxylation [1].

Marked changes in the TGA patterns of were registered upon CuNP incorporation. This was
reflected by lower moisture content for both modified SBA-15 samples (6.2-6.5 %). This visible
decay in hydrophilic character must be due to a partial coverage of the silica surface by organic
species. The reverse phenomenon was observed for modified SBA-15 samples with an improvement
of the moisture content up to 8.2-8.3 %. This is not related to the textural properties, since the pore
volume and diameter remains almost constant around 3.9-4.0 nm and 8.0-8.1 nm, respectively. The
most plausible explanation resides in the occurrence of ternary [Organic hydroxyl:Metal:Water]
interaction. In others words, the mere presence of OH groups belonging to polyphenolics acids and
oxidized flavonoids around MNP enhances the surface affinity towards water [61]. This phenomenon
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seems to be more pronounced in diffuse 3D Cu-loaded organic clusters on the external surface than

in confined surrounding with limited surface for 2D [Silanol:Metal:Water] interaction.
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Fig. 8 TGA patterns of SBA-15 and Cu/SBA-15 (a) and SBA-16 and Cu/SBA-16 (b).

Beyond 170 °C, similar weight losses of ca 14.5 % for Cu/SBA-15-Tea and 9.3 % for Cu/SBA-
16-Tea were noticed, presumably due to tea component decomposition. This result is of great
importance because it allows establishing the thermal stability threshold at this temperature.
Consequently, accurate assessment of the CRC and WRC can easily be achieved through repetitive
TPD runs below 150 °C for Cu-loaded organo-SBA.

Higher mass losses of approximately 19 % and 14.6 %, respectively were obtained with coffee-
modified counterparts. This is probably due to the incorporation of a higher amount of organic
components of coffee as compared to green tea [62]. This can explain somehow the lower decay in
SSA and pore volume when using green tea as a result of weaker pore obstruction and surface
coverage by green tea components as compared to coffee. This phenomenon was much more visible
in SBA-16 samples, and confirms the formation of organically entrapped CuNPs outside the

interconnected channels.

3.5. Interaction on silica surface

FTIR spectra of Coffee- (Fig. 9a) and Tea-treated samples (Fig. 9b) showed a noticeable
intensity increase of the broad 3700-3100 cm™' band. This was attributed to the hydroxyl groups
brought by the insertion of coffee and tea components. This was confirmed by marked intensity

increase for the 1642 and 1384 cm™ bands attributed to polyphenols and N-compounds. The lower
13



intensity of the bands appearing at 464 cm™ and 1085 cm™ (symmetric and asymmetric Si-O-Si bond
stretching), at 803 cm! (Si-O stretching) and at 967 cm™ (Si-OH) [63] suggests the occurrence of

interaction between the organic molecule and silica surface.
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Fig. 9 FTIR diagrams of: Coffee- (a) and Tea-treated SBA samples (b)

This result was somehow expected, given that the electron pairs of their oxygen atoms of OH,
Si-O-Si and Si-OH groups should unavoidably involve Lewis-Acid-Base interaction with CuNP and
H-bridges with the hydroxyl and carboxyl groups of coffee and tea components. This phenomenon
appears to be more pronounced in Cu/SBA-15-Coffee as compared to Cu/SBA-16-Tea, thereby
confirming the occurrence of more dispersed CuNP in less compact and more diffuse Cu-loaded
organic clusters. Here, the slightly higher acidity of SBA-16 must play a certain role in providing
lower Lewis basicity as compared to SBA-15. The latter is assumed to have a framework with less
edge structure and, subsequently, less edge silanols and more Si-O-Si group than SBA-16. This will

be examined by further TPD measurements.

3.6. Adsorptive properties

The TPD technique allows evaluating the basicity and hydrophobicity of the SBA samples before
and after the insertion of the copper by studying their interaction with CO,. Specific CO»-TPD (Fig.
10) and Water-TPD profiles (Fig. 11) were recorded for the different materials investigated herein.
A quick overview of the data obtained showed a significant increase in the amounts of retained CO>

and moisture after copper incorporation.
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dry adsorbent). These first TPD runs cannot be repeated for the same materials, given that the
decomposition of organic dispersing agents triggers at ca. 170 °C
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Fig. 11 TPD patterns of water for SBA and CuNP-SBA samples. These purely qualitative TPD
were achieved after dynamic impregnation with CO; at 20 °C under a 15 mL.min"! dry nitrogen
stream, followed by a purge at room temperature and TPD up to 150 °C (200 mL CO, for 45-50 mg
dry adsorbent). These first TPD runs cannot be repeated for the same materials, given that the
decomposition of organic dispersing agents triggers at ca. 170 °C

This result was somehow expected, providing clear confirmation of an increase in the number

of hydroxyl groups. The latter are known to exhibit high affinity towards CO, and water. Both starting
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SBA materials displayed low-intensity TPD bumps between 25 °C and 140 °C for both CO> and
water. This is due to their weak surface basicity and hydrophilic character, given that pure silica is
known to be rather slightly acidic materials with a low affinity towards water. The fact that all SBA-
15-based materials showed higher CRC values as compared to their SBA-16 counterpart can be
explained by the presence of higher amount of out-of-plane silanols (pKa 5.6) in SBA-16 due to its
edge structure at channel intersection. This is known to induce higher acidity than in SBA-15 [2, 8,
13, 64].

The intensity increases and peak sharpening in CO>-TPD patterns after Cu incorporation along
with the noticeable shifts towards higher temperature around 135-140 °C account for an improvement
of the surface basicity and an enhancement of CO; retention strength. This effect was more
pronounced for Cu/SBA-15-coffee and to a lesser extent Cu/SBA-16-coffee, indicating a higher
amount of newly incorporated hydroxyls. The latter are well-known to exhibit slight basicity and
affinity towards Lewis acidic species like CO», metals and metal cations. This is expected to reduce
the material’s affinity towards water molecules, given the competitive interaction of CO; and water
with hydroxyls. Conversely, relatively lower surface basicity resulted in a higher amount of retained

moisture, as observed for Cu/SBA-16-Tea.

3.7. Correlation basicity-hydrophilic character

Therefore, there should exist a reverse proportionality between CO> and water retention
capacities (CRC and WRC, respectively) as well supported by the values assessed in the temperature
range 20-150 °C (Fig. 12), This is due to competitive [-HO:CO.], [-HO:Cu] and [-HO:H>O]
interactions, despite the unavoidable occurrence of water:CO; interaction in the form of carbonate-
like association.

CO>-TPD and H>O-TPD profiles of repetitive adsorption-desorption cycles without material
rehydration showed a must faster CRC decay by more than 55 % after TP2 for Cu/SBA-15-Tea,
Cu/SBA-15-Coffee and Cu/SBA-16-Coffee. Less than 20 % CRC depletion was registered after TP2
and ca. 60 % after TP3 for Cu/SBA-16-Tea (Fig. 13a). The same tendency was observed for the WRC
(Fig. 13b) suggesting that a part of the adsorbed CO- is due to the presence of moisture. This confirms
once again the contribution of water molecules in the retention of CO,. Repetitive adsorption-
desorption cycles with alternate rehydration of the adsorbents gave almost similar shapes of the TPD
patterns between 20-150 °C, suggesting a fully reversible CO2 adsorption involving purely physical

interaction, as already reported elsewhere [13, 29, 30].
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Fig. 13 Repetitive CO>-TPD (a) and H>O-TPD (b) profiles for Cu/SBA samples. These values were
accurately assessed by the area of the TPD patterns between 20 °C and 150 °C. This temperature
range is based on the thermal stability threshold established at 170 °C

These results are of great importance because they provide the proof of concept that CuNP
incorporation induced highest basicity expressed in terms of CRC value of ca. 200-300 umol.g™! and
hydrophilic character in SBA-15 treated with green tea and in SBA-16 treated with coffee. Thus, it

clearly appears that the beneficial role of each vegetal extract in metal dispersion is narrowly related

18



to the structure of the host matrix framework. These values are much higher than those reported for
Cu-loaded pillared clays (170-200 umol.g™!) which displayed lower SSA [65]. Higher CRC value of
ca. 1750 umol.g™! was already reported for an MCM-48-based material displaying higher SSA but
not necessarily in the same temperature range [66]. Accurate comparison with some performances
reported by the literature must take into account not only the temperature range for CRC assessment
but also the so-called surface affinity factor (SAF) as defined earlier [67]. Here, notwithstanding that
the high SSA of SBA materials is an essential requirement for hosting highly dispersed metal
nanoparticles, high SAF values can only be achieved through judiciously tailored interactions
between all species present in the vicinity of adsorbent surface. These interactions are responsible for
improving the surface properties. Some of them were prone to this present research, others remain to

be elucidated. Investigations are still in progress in this direction.

4. Conclusion

The results obtained herein allow concluding that reducing agents in coffee and green tea extract
produced effective copper dispersion in mesoporous SBA-like silica. Copper-loaded SBA-15 and
SBA-16 showed improved surface basicity and hydrophilic character as compared to the starting
materials. This effect was found to be strongly dependent on the type of reducing agent extract and
silica framework. OH-compounds interactions with both copper nanoparticles and silica surface are
key factor in the metal dispersion and particle size. The amount of available Si-O-Si groups appears
to govern not only the metal dispersion but also the surface basicity and hydrophilic character. The
findings of this research allow designing low cost and eco-friendly silica-based adsorbents for the
reversible capture of CO; and moisture through optimal interactions judiciously tailored according to

the desired basicity and hydrophilic character.
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