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Safe water supply has become one of the main concerns of our society due to the intense industrial activities
generating hazardous waste. Among the water pollutants, copper ions are known for potential diseases caused by
accumulation of this metal. Therefore, different adsorbents have been produced for this purpose, highlighting

gzﬁg’;ﬁtes aerogels for their effective adsorption owing to their high surface areas and porosity. Herein the synthesis of a

Adsorption novel silica aerogel-based composite for copper removal is described. It was produced by the sol-gel technique,

Isotherms synthesizing the silica aerogel into a reticulated-polyurethane foam that acted as a macrocellular skeleton,
preventing a strong shrinkage of the aerogel during the ambient pressure drying. The produced aerogels and
composites were characterized in terms of density, textural properties, hydrophobicity, and copper removal
efficiency. Isotherm studies revealed a significantly improved adsorption capacity in comparison with the
monolithic aerogel, reaching a maximum value of 46.13 mg g~'. The predominant adsorption mechanism was
Langmuir- Freundlich adsorption. The adsorption kinetics were also evaluated by different models, as well as the
ability to function as filtration medium. Therefore, this work provides a promising strategy for copper uptake
avoiding tedious filtration steps to separate the adsorbent, thus reducing time and costs.

Introduction reasons, raising awareness of the relevance of developing efficient

The increasing industrial and anthropogenic activity levels promote
a continuous generation of toxic wastes and sewage leading to worrying
water pollution. In fact, according to the World Health Organization
(WHO), almost 2 billion people worldwide are consuming contaminated
water, causing more than 485,000 human deaths per year and a million
marine animals are killed as a consequence of this issue [1]. The con-
sumption of water containing disease-causing microorganisms and
poisonous substances can cause immediate and long-term harm to
human health, as well as a catastrophic impact on natural ecosystems.
There exist different pollutants that are directly released to water such as
dyes from the textile industry [2,3], aromatic compounds from the
petrochemical activity [4], pesticides from agriculture [5], or heavy
metals usually released by metallurgy and mining [6]. These compounds
present a real threat to living beings, since they may cause carcinogenic
effects in their organisms as well as undesirable diseases. For these

water-treatments is crucial for providing access to safe water thus pro-
moting health and reducing poverty.

In the recent years, several efforts have been made to enhance the
heavy metal removal from soils and water by the development of
different adsorbents [7-10]. Nevertheless, aerogels have achieved great
attention from the research community since their tailorability, huge
specific surface area, and the possibility of chemical functionalization
allow them to interact with heavy metals and other pollutants by strong
adsorptive interactions [11,12]. Most of these interactions are based on
the Irving-Williams rule in which the molecular orbital energy of metal
ions is stabilized by donor atoms present in the matrix, such as nitrogen
or thiol [13]. According to the adsorbent-adsorbate interactions, the
aerogel formulations, especially based on a silica matrix, have been
modified by changes in the silane precursors and chemical routes, or the
incorporation of functional groups through surface treatments [14]. For
instance, epoxy-thiol crosslinking strategies have been employed for
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increasing the mechanical stability of the aerogels while presenting
efficient dye removals [15].

One of the polluting heavy metals that is causing great attention is
copper, owing to its potentially hazardous effects such as the known as
“Wilson’s disease” [16]. This syndrome, caused by copper accumulation
in the organism, especially in the brain, liver, and cornea, promotes
neurologic abnormalities (such as Parkinsonism, dysathria, or tremor)
affecting the central nervous system, and other problems related to
bones, liver, heart and kidney. Copper is explored in hundreds of mines
all over the world due to its economic/commercial and technological
relevance. The mine tailings, along with metallurgical industry efflu-
ents, contribute to the spreading of copper in the soils and water bodies.
Therefore, its elimination from water resources poses a high-impact
challenge in terms of remediation technologies and health effects in
the generalized population. Several researchers have synthesized silica
aerogel containing thiol groups by the use of 3-mercaptopropyltrime-
thoxysilane (MPTMS) as precursor [17,18] or even by in situ epoxy-
thiol polymerization as recently reported by Parale et al. [19], or by
including amino-based precursors such as 3-aminopropyltrimethoxysi-
lane (APTMS), 3-aminopropyltriethoxysilane (APTES) [20], [3-(trime-
thoxysilyl)propyl]-ethylenediamine (TMSEN) [21,22], with the aim of
removing heavy metals. Nevertheless, despite the enhanced adsorption
capacities reached with these materials in comparison with other ab-
sorbents such as biochar, activated carbon, or zeolites [23], their
applicability is limited to powder forms by milling and grinding the
produced aerogels in order to decrease the long-diffusional paths in the
material and also to expose more the active sites, thus improving the
copper uptake. However, this poses a main drawback of silica aerogels
for adsorbing processes, being necessary to perform additional steps
such as tedious filtrations for removing the particulate absorbents from
the clean water.

Several researchers developed porous polymer monoliths for
adsorbing copper ions. For instance, Han et al. [24] synthesized a poly-
(glycidyl methacrylate) (PGMA) porous monolith reaching a maximum
adsorption capacity of 35.30 mg/g, Wojciechowska et al. [25] reported a
maximum adsorption capacity of 1.76 mg/g with gelatin-siloxane
hybrid monoliths, and Wang et al. [26] recently presented a gold
tailing-based aerogel with an adsorption capacity of 33.51 mg/g.
However, these values present room for improvement to comply with
the current regulations [27].

For these reasons, the aim of this work is the development of a novel
silica-based composite containing nitrogen groups that can be applied in
monolithic form during the copper adsorption process with a high per-
formance. Our strategy consists on using reticulated polyurethane foams
as scaffold, which allows to maintain the silica aerogel integrity
enhancing its mechanical stability. Moreover, the polyurethane skeleton
allows to use the ambient pressure drying by protecting the aerogel
structure from shrinkage, thus significantly reducing the environmental
impact during the synthesis procedure. Despite there exists bibliography
in which a polyurethane matrix has been combined with silica aerogels
through the incorporation of silica aerogel nanoparticles in the reactive
blend [28-30], or by synthesizing hybrid aerogels [31], these strategies
imply the modification of the reaction kinetics, morphologies and,
therefore, final properties that are not thoroughly under control. For
these reasons, in this work, the reticulated polyurethane foams are
employed as a supportive skeleton, with no alteration of the aerogel
composition and porous structure, constituting a physical reinforce-
ment. The enhanced stability of silica composites introduces the inno-
vative application as monolithic adsorbents, thus avoiding post-
filtration processes. Therefore, it contributes to reducing costs and
time while keeping a great copper uptake capacity. The obtained results
are compared against other silica aerogels reported in the literature for
copper adsorption and fitted to different isotherm and kinetic models to
determine the adsorption mechanisms. Furthermore, the produced ma-
terials have been tested as fast water filters for the first time, reaching
promising results for filtering processes as well.
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Experimental section
Materials

Polyurethane (PU) reticulated foams were provided by Recticel
Iberica, S.L. (Spain). Silica aerogels and silica composites were produced
by using 20 % mol TEOS (tetraethyl orthosilicate; Si(OCzHs)4; Acros
Organics), 60 % mol MTES (methyltriethoxysilane; CH3Si(OC2Hs)s;
Sigma Aldrich) and 20 % mol APTMS (3-aminopropyltrimethoxysilane;
(CH30)3Si(CH2)3NHy; Sigma Aldrich), as precursors. The acid catalyst
for the sol-gel chemistry was oxalic acid (CoH204; 99 %; Fluka Analyt-
ical) as a 0.01 M aqueous solution. Copper (II) nitrate hemipentahydrate
(p.a., Chem-Lab, Zedelgem, Belgium) was used for preparing the heavy
metal solutions.

Ethanol (EtOH, absolute, Co;HsOH) was supplied by Fluka Analytical.
High purity water was used whenever needed. Nitric acid (65 %, Fisher)
was used to adjust the solutions pH.

Synthesis of aerogel-composites

The synthesis of the silica aerogel-polyurethane foam composites
consisted in a two-step sol-gel process [32,33]. First, the corresponding
amount of TEOS and MTES were mixed in ethanol. Then, the acidic
catalyst (oxalic acid 0.01 M) was added, and the mixture was stirred at
27 °C and 300 rpm for 30 min. Then, the solution was placed in an oven
at 27 °C for 24h for hydrolysis. After this time, condensation was pro-
moted under stirring at 300 rpm by the addition of the APTMS precursor
acting as a basic catalyst too. The final solution contained 60:20:20 M Si
% of MTES, TEOS, APTMS, respectively. The polyurethane foams were
placed into the transparent solution that became whitish just before
gelation occurred. After reaching the gelation time, gels were placed in
an oven at 27 °C for 5 days. Finally, composites were demolded, washed
with heptane (2 x 12h) at 50 °C, and dried for 5 h at room temperature,
followed by 24 h at 60 °C, and 2 h at 150 °C (see Fig. 1).

Characterization techniques

Bulk density, solid density and aerogel mass

Bulk density (pg) was obtained as the ratio between mass and
geometrical volume as described in ASTM D1622/ D1622M-14 [34].
The skeleton density (ps) of the polyurethane foam was taken as 1160
kg/m3 [35], whereas for the matrix of the silica aerogel, it was measured
by helium pycnometry with an AccuPyc II 1340, from Micromeritics,
obtaining a value of 1483 + 34 kg/m®.

The aerogel mass in the composites was measured as the difference
between the initial mass of the polyurethane foams and the final com-
posites according to the following equation:

m ite — My,
%aerogel mass = (Meomposite — Mioam ) @

mcomposite

Scanning electron microscopy

The structure of the silica aerogels, polyurethane foams, and pro-
duced composites was observed by using a scanning electron microscope
(ESEM Scanning Electron Microscope QUANTA 200 FEG, Hillsboro, OR,
USA and FlexSEM 1000, Hitachi). Before the visualization, samples were
metallized with iridium [36].

Specific surface area (Sggr) and pore size

Nitrogen sorption measurements were performed with a Micro-
meritics (ASAP 2020) instrument. First, the samples were degassed
under vacuum at 25 °C for 24h and then experiments were carried out at
—196 °C in the range of P/Py = 0.05-0.30 (P is the saturation pressure
of Ny at —196 °C). The specific surface area was obtained by the
Brunauer-Emmett-Teller (BET) method [37].

The pore size of the reticulated polyurethane foams was measured by
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Fig. 1. Synthesis scheme for silica aerogel-polyurethane foam composites.

the SEM pictures by using a software based on IMAGE/J [38]. For the
silica aerogels, pore size (@pore) Was calculated by equation (2):

(I)pore = <o 2

Where Sggr is the specific surface area and V}, the total pore volume,
the latter being determined as the gaseous volume per unit of mass by
subtracting the skeleton volume from the total volume of the monolith
(equation (3):

1 1

Vy=——— 3)
Pe Ps

Contact angle

The degree of hydrophobicity was determined through the sessile
drop method by suspending a 15 uL pure water droplet on the sample
surface [39]. The contact angle measurements were carried out by the
IMAGE/J software from a taken photograph.

Atomic absorption spectroscopy

Copper concentration in solution was determined by flame atomic
absorption spectroscopy (Perkin-Elmer, PinAAcle 500 model). A Perkin-
Elmer Intensitron Hollow Cathode lamp was used with 324.75 nm
wavelength. A calibration was performed with five standard solutions
(0.5,1,2,4e5 mg-L’l) (Spectrosol BDH).

Adsorption experiments

1.83 g of copper(Il) nitrate hemipentahydrate was dissolved in Milli-
Q ultrapure water for obtaining a stock solution of 1000 mg-L ™! (0.5 L).
From this initial solution, the other solutions of this work were prepared
(10, 20, 50, 100, 150, 200 mg~L’1), and their pH was adjusted by nitric
acid to 3.5. All the adsorption experiments were carried out by placing in
contact 45 mL of the corresponding solution in glass flasks with 0.09 g of
the adsorbent (foam or silica aerogel) to keep a solid/liquid ratio of 2 g
adsorbent/L solution. With the aim of comparing between samples, the
composite mass used for the adsorption tests was that containing 0.09 g
of silica aerogel inside the composite, considering the aerogel mass
percentage included in the final composite. These solutions were
continuously stirred in a rotational stirrer at 30 rpm (REAX 20, Heidolph
Instruments, Schwabach, Germany).

Adsorption isotherms. Copper adsorption isotherm experiments were
performed at room temperature using the batch equilibrium technique.
45 mL of solution (concentrations of 10, 20, 50, 100, 150, 200 mg-L’l)
was placed in contact with 0.09 g of the corresponding adsorbent

(polyurethane foam, silica aerogel, or aerogel in the composite form) in
50 mL flasks. The solid-liquid systems were stirred for 24 h in order to
guarantee that the sorption equilibrium was reached. Each concentra-
tion and adsorbent type was evaluated in duplicate to ensure greater
reliability.

The adsorption capacity (q.) was determined by equation (4) and
expressed as mg of removed adsorbate per grams of adsorbent:
go = o= C)*V @

Madsorbent

Where Cy and C. are the initial and equilibrium concentrations,
respectively, V is the total volume (L), and magsorbent the grams of
adsorbent.

The removal percentage was calculated according to equation (5):

(CO - Ce)

0

Removal(%) = -100 ()

Adsorption kinetics. For the adsorption kinetic experiments, a solution of
50 mg-L ™! was placed in contact with the composite adsorbent at 30 rpm
and different incubation times: 5, 10, 20, 60, 120, 180, 300, 800, and
1440 min. The solid/liquid ratio was maintained as 2 g/L. The sorbate
uptake at a given time (¢t expressed in minutes) was given by g; (mg/g)
that was calculated analogously than g. being C; the concentration at a
time t.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the silica aerogel-polyurethane foam composites
were collected using a Bruker Tensor 27 spectrometer working in
Attenuated Total Reflectance (ATR) method with an MKII Golden-Gate
accessory. Each spectrum was obtained at room temperature after 32
scans and a resolution of 4 cm ™! in the range 600-4000 cm ™",

Results and discussion
Materials characterization

The polyurethane foams, monolithic silica aerogels, and silica
aerogel-polyurethane foam composites have been characterized in
detail. The main properties of these materials are gathered in Table 1. It
can be observed a significant increase in the density of the silica aerogel-
polyurethane foam (Sil-PU) composite with respect to the initial foam,
going from 29.4 =+ 0.3 kg/m® to 70.2 + 1.3 kg/m® as a consequence of
the aerogel mass contained in the composite. The aerogel mass per-
centage included in the composites was calculated by equation (1),
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Table 1
Main properties of the produced aerogels.
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Sample PB Porosity (%) Aerogel mass (%) SBET Vu Mean pore size Water Contact angle (°)
(kg/m®) (m®/g) (cm®/g) (nm)

PU foam 29.4 +£ 0.3 97.5 0 3.91 £+ 0.20 33.62 435 x 10° 129.8

Silica aerogel 375.7 +£27.8 74.7 100 10.29 + 0.03 1.99 772 124.7

Si-PU composite 70.2 +1.3 94.9 69.7 £ 0.4 99.32 + 0.30 13.51 546 129.2

obtaining an average value of ca. 70 % in all the samples, which ac-
counts for the high amount of foam pores that have been filled with the
aerogel.

The hydrophobicity of the produced materials was determined by the
contact angle method. For all the materials, aerogel, foam and com-
posites, the water contact angles are in the interval 120-130° (Fig. 2a,
Table 1), being considered as hydrophobic materials according to the
IUPAC classification. This nature of the compounds allows them to
maintain their integrity during the adsorption process, their structures
not being affected by the medium. For composites with a lower hydro-
phobicity degree, the interactions between the aerogel and water would
lead to poor mechanical stability and the release of small aerogel par-
ticles in the adsorption medium.

Textural properties and porous structures

Regarding the textural properties, the specific surface area of the
foam, aerogel and composite was measured by nitrogen sorption. The
polyurethane foam and the pure silica aerogel showed a significantly
small specific surface area of 3.91 and 10.3 m?/g, respectively. The low
specific surface area of the pure aerogel is a consequence of the huge
shrinkage experimented during the ambient pressure drying process. It
should be also noted that the incorporation of amine groups in silica-
based aerogels always brings a detrimental effect on the specific

(a)
PU Foam

(b)

Sil aerogel

surface area [40]. Nevertheless, the Sil-PU composites showed a
remarkably higher surface area with 99.3 m?/g. This higher value is
explained by two different effects; the non-filled pores of the poly-
urethane foam that are increasing this parameter, and the reduced
shrinkage of the aerogel when being scaffolded by the polyurethane
skeleton, thus reducing its average density, and increasing the surface
area.

The obtained pore volumes also indicate this shrinkage reduction for
the composite, increasing the pore volume from 1.99 to 13.5 cm®/g. This
higher pore volume, combined with smaller pores, leads to the observed
increase in the specific surface area. Indeed, the porosity of the com-
posite was 94.9 %, obtaining a remarkable increment with respect to the
silica aerogel porosity of 74.7 %. Thus, the possibility of drying these
composites by ambient pressure method reduces the environmental
impact and energy consumption while keeping good textural properties.

The porous structures of the produced materials were evaluated by
the scanning electron micrographs (Figure S1 of Supporting Infor-
mation). Fig. 2b displays the structure of the silica aerogel-
polyurethane foam composite. It can be clearly seen the silica aerogel
pieces (grey colour) inside the foam cells and attached to the cell struts
(orange colour). The non-filled pores favor water penetration, increasing
the contact surface of the aerogel with the polluted water solution.
Furthermore, a magnification of the aerogel structure is also shown in

Sil-PU composite

Fig. 2. a) water droplet on the surface of the polyurethane foam (left), silica aerogel (middle), and composite (right); b) scanning electron micrograph of the
polyurethane foam-silica aerogel composite with a magnification of the silica aerogel.
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Fig. 2b, showing the pearl-necklace structure of the silica network
formed by particles (average particle size of 250 nm). Silica secondary
particles of such large size are typical of the amine groups catalytic effect
on condensation reactions [41].

Adsorption equilibrium experiments: Isotherms

The adsorption experiments were carried out by using the same mass
of active species, as indicated in section 2.3.6. The employed materials
before and after adsorption are shown in Fig. 3a. Moreover, the infrared
spectra of the composites before and after the adsorption process are
provided at Figure S2 showing the characteristic peaks corresponding to
the chemical structure that does not change during the procedure. Ac-
cording to the appearance of the materials after the adsorption equi-
librium experiments, it is suggested that the polyurethane foams do not
have interactions with the copper cations. Nevertheless, the Sil-PU
composite and silica aerogel present a blue colour owing to the
adsorption of this metal. Then, the adsorption isotherms by using
different copper concentrations for 24h were obtained for the three
materials under study. The pH value of 3.5 was chosen to avoid the
competition of H' for the active sites occurring usually at pH below 2
[42], and the formation of metal hydroxides that can occur above pH 4
as demonstrated by a Standeker et al. [17]. The appearance of the final
aerogels and composites can be observed in Fig. 3b and Fig. 3c,
respectively.

Regarding the copper adsorption removal plotted in Fig. 4a, it can be
seen that the polyurethane foam presents a removal percentage of
almost 0 % for all the selected concentrations. Therefore, despite the

()

Before

(b)

Aerogels after adsorption

& o9
50 100 150 200 ppm

» ®

10 20
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presence of nitrogen groups of the urethane chain of these polyurethane
foams, copper is not able to interact with these chemical groups. The
monolithic silica aerogel showed remarkably low removal percentages
of ca. 3 % for 10 and 20 mg-L™! solutions, whereas this removal de-
creases to ca. 1 % when increasing the copper concentration over these
values. This fact is likely due to the low specific surface area of these
monoliths, and the small pore volume that they contain owing to the
strong shrinkage occurring during drying. In the case of the Sil-PU
composites, the removal percentage is notably higher; the maximum
removal was 88 %, reached for the minimum initial concentration of 10
mg-L~!, which slightly decreases to ca. 78 % for the successive con-
centrations of 20, 50, and 100 mg~L’1. Then, this value experiments a
sharper drop down to 55 % for 150 mg-L ™! and 46 % for the maximum
concentration of 200 mg-L ™}, most likely due to the depletion of active
sites. Then, the adsorption capacities were evaluated by equation (4),
obtaining the data represented in Fig. 4b. As expected, the adsorption
capacities of PU foams were residual. In the case of monolithic aerogel,
these did not exceed the value of 1 mg-g~!. However, the produced
composites demonstrated an excellent adsorption capacity for copper
that rises from 4.4 mg-g~! for the minimum concentration, to 46.1
mg-g~! for 200 mg-L™L. The possibility of adsorbing copper on these
materials (aerogel and composites) is given by the presence of primary
amine groups of the APTMS precursor, that interact with copper cations
in solution. The main difference in the adsorption capacity between
these materials is due to the exposed surface area. As explained in sec-
tion 3.1.1, the monolithic silica aerogels present a reduced specific
surface area because of the strong shrinkage during the drying proced-
ure, which promotes the densification of the structure, thus, hindering

(c)

Composites after adsorption

on

10 20

50 100 150 200 ppm

Fig. 3. (a) Selected mass of each material for the copper adsorption experiments before and after adsorption; (b) Aerogel materials after copper adsorption at
different initial concentrations; (c) Composites materials after copper adsorption at different initial concentrations.



B. Merillas et al.

Journal of Industrial and Engineering Chemistry xxx (xxxx) xxx

(b)

50

° PU Foam
- ®  Sil-PU composite
W 404 * o Silaerogel |
‘E o
@©
2
8 30
el
©
>
8 2019 o
D
E 104
o L]
o
p
04
0 50 100 150 200

C, (mg-L")

—— Langmuir model
Freundlich model
—— Langmuir-Freundlich model

(a)
100 —_——
PU Foam
® ® Sil-PU composite
804 | Silaerogel |
g 60
= ¢
>
g
3 40
=l
o
20
04
0 50 100 150 200
-1
C, (mgL")
() 50
o 404
c
@
£
@ 30-
e
©
i
= .
3 2
(o]
£
o 101
o
0 T
0 20

40 60 80 100 120

C, (mg-L")

Fig. 4. Copper equilibrium adsorption isotherms: a) Removal % of all the compounds; b) adsorption capacity of all the compounds; ¢) Adsorption isotherms and

fitting models for the Sil-PU composites.

the access to the functional groups (Fig. 5a) for the metal adsorption.
Moreover, the diffusional path to the inner active sites is long, and there
is obstruction of the pore entry regions by copper ions. Nevertheless, the
produced composites present a 10-fold increase in the specific surface
area, leading to the exposure of more active sites and shortening of
diffusional paths, thus favouring the adsorption process (Fig. 5b).
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The most common empirical adsorption models (Langmuir [43],
Freundlich [44], and Sips [45] models) were fitted to the data using the
corresponding equations [46]. The Langmuir model follows a type-I
isotherm (according to the IUPAC classification [47]) that reaches a
horizontal asymptote when the adsorbate forms a monolayer (equation

(6).
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Fig. 5. Simulation of chemical groups interaction with copper ions in the (a) silica aerogel monolith, and the (b) Sil-PU composite.
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qm'KL'Ce
o=l 6
q 1 + (KL‘Ce) ( )

Where K; (L-mg™!) is the Langmuir constant, g (mg-g~!) is the
maximum adsorption capacity, and C. is the equilibrium concentration
(rng~L’l).

The Freundlich isotherm model accounts for surface heterogeneity as
a result of a multilayer adsorption type and is described by equation (7):

1
qe = Kp-Ce* )

—H1l/n), and ng the

Where K is the Freundlich constant ((mg- g’l)-(ng
heterogeneity factor.

The Sips model is widely used for interpreting the adsorption data by
a combination of the previously described models, Langmuir and

Freundlich for a single component. The isotherm can be expressed as:

1
 GuKs-Cn

1 ®
1+ Ks-Cn

e

Where g, (mg-g~ 1) is the maximum adsorption capacity associated with
the total number of binding sites, Kg the Sips isotherm constant, and n
the Sips heterogeneity factor.

The fitting accuracy of each model was assessed by the Akaike and
Bayesian criteria (AIC, BIC) and R-squared [48].

The adsorption isotherm curves for the Sil-PU composites are dis-
played in Fig. 4c and the fitting parameters are gathered in Table 2.
Despite the AIC and BIC criteria suggesting Langmuir as the main model,
results indicate that the Langmuir-Freundlich combination model is the
best fitting model for the data obtained from the experiments, indicating
a heterogeneous adsorption mechanism at low concentrations, and
monolayer adsorption at higher concentrations on the amine-group
active sites in a similar manner as the Langmuir isotherm. Once these
sites are saturated, a maximum adsorption capacity of 45.33 (mg-g 1)
would be reached.

A comparison with the adsorption capacity values found in the
literature for aerogel-based materials in copper removal from water was
performed and the values are reported in Table 3. There is a wide range
of adsorption capacities comprised between 140 and 1.50 (mg-g~ ).
Nevertheless, it should be noted that all the materials presented as ad-
sorbents (except the work of Pouretedal and Kazemi [18] and Jiao et al.
[49] in which it is not specified) are employed in powder form after
milling and grinding processes leading to small particles or beads that
require additional and tedious filtration steps to recover a clean solution
free of adsorbent materials. The main advantage of the composite pre-
sented in this work lies in the avoidance of filtration steps, being easily
recovered after the adsorption processes. In comparison with the
adsorption capacities, these Sil-PU composites present similar values to
those obtained in other works [17,50,51]. Most of the materials pre-
senting higher capacities are produced by supercritical drying which
leads to higher specific surface areas. However, the use of that drying
technique significantly increases the production complexity and costs.
Thus, the production of the presented aerogel-containing composites
constitutes an interesting alternative to other aerogel-based adsorbents
presented in the literature, characterized by a cost-effective production
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Table 3
Equilibrium adsorption capacities of aerogel-based materials for copper
adsorption experiments from the literature.

Type of adsorbent material Drying pH qe Ref.
method® (mg-g™h).

Milled silica aerogel (powder APD 5.5 140 [22]
75-250 um) with amino groups

Silica aerogels containing mercapto ~ APD 6 90.1 [18]
groups

Milled silica aerogel (powder below  APD 6 47.6 [51]
250 pm) with amino groups

Silica aerogel-reticulated PU foam APD 3.5 46.13 This
composite work

Polybenzoxazine aerogel (particle APD 4-5 1.50 [52]
size less than 150 pm)

Milled silica aerogel (powder SCD 5 124.2 [53]
75-250 ym) with amino groups

Milled silica aerogel (powder SCD 5 117.0 [40]
75-250 um) with amino groups

Milled silica aerogel (powder SCD and 4-5 56.0 [50]
75-250 um) with amino groups APD

Silica aerogels containing mercapto ~ SCD 4-6  51.02 [17]
groups in powder (smaller than
0.25 mm)

Alginate aerogel beads SCD 4.5 126.8 [54]

Sodium alginate/graphene oxide FD 5 98.0 [49]
aerogel

(a) SCD: supercritical drying, APD: ambient pressure drying, FD: freeze drying.

process following ambient pressure drying and the saving of tedious
milling and filtering steps.

Adsorption kinetics

According to the obtained results for the different copper concen-
trations, the concentration of 50 mg-L~! was selected to perform the
kinetic experiments, following the copper adsorption by the Sil-PU
composite materials as a function of time. Each time was repeated
twice in order to obtain an average value with higher reliability. As can
be seen in Fig. 6a, copper removal followed an initially fast uptake,
removing 20 % of the total copper amount after 120 min and 70 % after
300 min, a behaviour already observed by other authors [52,55] for
copper uptaking. From this time on, adsorption kinetics gradually slows
down reaching a steady state or ca. 72 % at 800 min and 76 % at 1440
min. These experiments prove the excellent copper uptake reached by
the silica aerogel-polyurethane foam composites as a result of the
enhanced water contact with the material surface and the stability of
these materials due to their hydrophobic nature.

Different adsorption kinetic models were fitted to data, according to
equations (9) to (12). The Lagergren model, known as the pseudo-first
order [56] that generally describes the adsorption process by phys-
isorption onto the adsorbent surface (equation (9), and the Ho-McKay
model or pseudo-second order model [57], describing the rate-limiting
mechanism of adsorption by chemisorption (equation (10), were used.

g =qe(1—e™) 9

Where g, (mg-g™!) is the adsorption capacity at equilibrium and g

Table 2
Fitting parameters for the adsorption isotherm models.
Parameters Langmuir model Parameters Freundlich model Parameters Sips model
Gmax (mg-g™") 51.88 1/ng 0.38 Gmax (mg-g™") 45.33
Ky (L'mg™!) x 10® 67.89 Kg (mg-g~1)-(L-mg~H/"F 8.10 Kg (mg-g™1) x 10° 10.17
1/n 1.87
AIC 34.93 AIC 39.88 AIC 62.24
BIC 22.30 BIC 27.26 BIC 21.41
R? 0.92 R? 0.83 R? 0.93
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Fig. 6. (a) Copper removal kinetics; (b) Adsorption kinetics with global fitting; (c) Adsorption kinetics with split fitting, of Sil-PU composites. The concentration of

the Cu®" was 50 mg-L ™.

(rng-g’l) at a given time (t), and k; is the first order constant (min~1).

qg'kz't

- 1 +qe'k2't an

q:

Where k; is the pseudo-second order rate constant (g-mg~'- min~1).

Then, the double exponential model (DEM, equation (11) is
employed to describe adsorption processes based on a two-step mech-
anism with a fast beginning and a slower secondary step towards equi-
librium [58].

D,
Q= Qe — T.34"171'5 _

Ds kit 1y
c

Where Kp is the adsorption constant rate that is related to the diffusivity
mechanism (min~Y), ¢ is the adsorbent concentration (mg-L_l), and D,
and D, represent the maximum adsorbed amount (mg‘L’l).

Finally, the Elovich model that assumes an adsorption rate expo-
nentially decreasing with the amount of adsorbed solute was fitted
(equation (12) [59].

1
q: = E-ln(l +ab-t) (12)

The four non-linear regression models previously described were
fitted to the data, however, by observing Fig. 6b, it is noticed that none
of these models satisfactorily described the kinetic mechanism (all the
parameters can be found in Table S1 of Supporting Information). The
obtained results reveal two different tendencies. Therefore, a mixed
model was taken to describe the kinetics of the copper adsorption by
these materials. Fig. 6¢ shows the best models fitting the two-step
behaviour.

The first points of the adsorption process, from 0 to 180 min, were
fitted by the Elovich model and the pseudo-second order model reaching
a good correlation for both models. A comparison between models was
performed in order to determine the one that better describes the
adsorption mechanism at early stages (Table 4). According to the Akaike
and Bayesian Information Criteria, the pseudo-second order rate is
driving the copper adsorption by chemisorption on the binding sites.
This model is typical for heavy metal adsorption as demonstrated by
Vareda et al. [7]. These interactions are undertaken by the primary
amine groups of the APTMS that act as Lewis bases while copper cations
act as Lewis acids and their interactions are described by Pearson’s Hard
and Soft Acids and Bases theory [60]. Consequently, it could be hy-
pothesized that this mechanism might be responsible for the formation
of the early-stage monolayer on the composite surface.

Then, the binding of the subsequent copper cations in stage 2 (180 —
1440 min) is described by the pseudo-first order model. This behaviour
has been recently observed by other authors such as Ezzati et al. [61]
and Valente et al. [62] in adsorption tests, explaining that this model can
describe the adsorption process when the system is approaching to
equilibrium. Thus, the chemisorption mechanism changes to phys-
isorption once the binding sites are occupied close to the equilibrium
stage. Therefore, a mixed model pseudo-second order/pseudo-first order
is the one describing the adsorption kinetics of the Sil-PU composites
produced in this work.

Sil-PU composites as fast filters for copper removal from water: A proof of
concept

The produced Sil-PU composites were easily cut with scissors to the
size of a plastic syringe (Fig. 7a). Samples showed proper adaptability in
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Table 4
Fit parameters for sorption kinetic models of Fig. 6e.
1st stage 2nd stage
Parameters Pseudo-second order model Parameters Elovich model Parameters Pseudo-first order model
g. (mg-g™h) 8.84 a (mg-g 1min~1) 0.092 g. (mg-g™h) 14.197
ko (gmg~1-min~?) x 10° 1.11 b (gmg™) 0.322 ky x 10° (min™1) 14.340
AIC —4.69 AIC —2.57
BIC —-12.85 BIC -10.73
R? 0.982 R? 0.976 R? 0.864

Before

Fig. 7. (a) Filter setting into a syringe; (b) Qualitative colourimetric example of filtration; (c) Sil-PU composite before and after a fast filtration.

shape to act as filters when passing a polluted solution with a high
concentration of copper ions. As a proof of concept, these filters were
used to clean a highly concentrated solution dropping into another vial
the filtered solution. It was proved by colourimetric analysis that the
copper concentration was significantly reduced (Fig. 7b) obtaining a
blue-coloured filter after the filtration process as a result of the
adsorption as shown in Fig. 7c. Moreover, the channels between the
aerogel and the foam allow to decrease the head loss through the ma-
terial to feasible values.

Thus, since these composites are promising materials for fast filters, a
thorough study is being conducted by the authors by checking all the
affecting parameters of the filtration process, such as contact time, filter
thickness, solution volume, reproducibility, and reusability.

Conclusions

A novel silica aerogel-polyurethane foam composite has been syn-
thesized for an efficient copper adsorption from water. The composite
included a silane precursor containing amino groups to promote the
metal-nitrogen interactions, and tetraethyl orthosilicate combined with
methyltriethoxysilane to induce a balance of hydrophilicity/hydropho-
bicity. This aerogel was produced into a reticulated polyurethane foam
that acted as a skeleton protecting the integrity of the silica aerogel and

reducing the experimented shrinkage during the ambient pressure dry-
ing process, which increased its specific surface area from 10.3 to 99.3
m?g 1, and total pore volume from 1.99 to 13.5 cm®-g 1.

The produced materials showed a significantly improved adsorption
capacity in comparison with the monolithic aerogel, going from values
below 1 mg-g~! for the pure aerogel to 46.1 mg-g~* for the composite at
200 mg-L~!. High percentage removals were obtained, reaching 90 %
for concentrations of 10 mg-L™!, and decreasing to 46 % for the
maximum concentration (200 mg-L ™). After applying different models,
the adsorption mechanism was described by the Sips model. Therefore, a
combination of Langmuir-Freundlich mechanisms dominates the pro-
cess, where a monolayer of adsorbate will be formed in the active sites of
the composite at high concentrations until being saturated. The
adsorption kinetics were described by a combination of models: the first
step of fast uptaking (0-180 min) fitted to the pseudo-second order
model, suggesting a chemisorption mechanism; the second stage
(180-1440 min), presenting a slower rate, was described by the pseudo-
first order model, a typical behaviour when equilibrium is being
reached.

Therefore, the polluted water-aerogel interaction was favoured by
the employment of the Sil-PU composite, presenting a high copper up-
take in monolithic form. Thus, this strategy avoids tedious previous
grinding steps and final filtration after the adsorption process which
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would increase time and costs.

Additionally, the produced materials were tested as fast filters for
polluted water showing a promising behavior by colorimetric analysis.
Thus, not only do these composites reduce additional steps during
adsorption processes, but they can also be used in monolithic form for
fast and effective filtrations, showing great adaptability to the filtering
setup. These studies will be further conducted by the authors to perform
a detailed analysis of the different parameters affecting filtration with
these composites.
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