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Abstract

The phenomenon of water pollution as a consequence of the release of herbicides and pesticides into the
environment is an outgrowing problem that requires performing and regenerable adsorbent materials. This
work presents the synthesis of a nanocrystalline silicon carbide aerogel and its application in removing
glyphosate from polluted water. The aerogel was synthesized via Polymer-Derived Ceramic (PDC) route using
allylhydridopolycarbosilane as polymeric precursor. By pyrolysis at 1500°C in argon, the crystallization of j-
SiC nanocrystals was observed, while the aerogel preserved a high specific surface area of 215 m2.g’*. The
nanostructured aerogel was tested for glyphosate herbicide, showing a remarkable adsorption of 0.607 mg-g
! being the initial glyphosate concentration of 2 mg-L, and a removal of 93% of the pollutant in solution.
Elovich kinetics adsorption and Langmuir isotherm models were found to be the most suitable to describe the

mechanism of glyphosate capture via adsorption onto the aerogel surface.
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1. Introduction

As the human population keeps growing worldwide, the use of pesticides to sustain the food demand rises as
well, and it is expected to increase of two times in the next 30 years, from 5 to 10 billions kilograms per year
[1]. The indiscriminate use and disposal of pesticides and their agricultural persistence in the soil and water
are a dangerous combination of factors that bring hazardous substances under the spotlight of serious
environmental and health threats. Besides the functional toxicity of pesticides, the lack of a proper knowledge
on their handling and use represents both a risk not only for direct users but also for living organisms that are
fundamental for biodiversity and to the most disparate life-cycles. In fact, the spread of these hazardous
substances must be tightly controlled to also prevent any further poisoning of food chains, posing a serious
threat to millions of people [2]. As the use of pesticides keeps growing, many studies have been conducted to
asses any correlation with the incidence of certain types of diseases, including cancers, revealing clear
exposure-response relations in the case of several pesticides [3,4]. Therefore, many countries have imposed
maximum residue limits (MRLs) of pesticides in foods. As a matter of fact, while some pesticides result
harmless as a consequence of biodegradability (e.g., phosphates and inorganic salts), others can persist in the
environment for years [5]. In particular, glyphosate can penetrate the soil and bound to its organic and mineral
components, losing its herbicide potential [6]. However, it is known that even though glyphosate can tightly
bind to common oxides present in the soil (e.g., iron and aluminium oxides), its desorption from organic humus
is way faster, with the consequence of a reintroduction of the herbicide in the environment.

In the framework of ground- and wastewater purification, a growing attention has been drawn to glyphosate
and potential sorbents for its removal [7,8]. Among these, activated carbons are typically recognized as
performing and versatile sorbents thanks to the characteristic microporosity and very high surface area [9].
However, there are also other routes for producing ultra-porous materials, such as the polymer-derived ceramic
(PDC) route, which mainly employs silicon-based polymers for the synthesis of advanced ceramics systems
such as SiOC, SiCN SiCBN via molecular approach. Owing to the versatility of this chemical route in
functionalizing Si-based polymers to achieve the most disparate complex systems, the PDC route also allows
obtaining ceramic components with complex shapes and nanometric microstructures [10]. Among them,

polymer-derived ceramic aerogels are obtained via crosslinking and supercritical drying of preceramic gels,



showing high porosity and specific surface area after the ceramization process [11]. Owing to these properties
and their tailored chemistry, PDC aerogels found applications in energy and environmental applications, as
shape-stabilizers for thermal energy storage[12,13], catalyst supports [14] and as battery electrodes [15].
Moreover, polymer-derived ceramic (PDC) aerogels and foams have also been reported as excellent porous
sorbent for water contaminated with organic compounds (dyes) or non-steroidal anti-inflammatory drugs [16—
18]; as well as heavy metals [19]. Inspired by the abovementioned results, in this paper we aim at exploiting
this type of porous solids, namely PDC aerogels of the SiC-C system, as ultra-porous sorbents for glyphosate
capture trying to assess and identify the sorption mechanisms together with the characterization of the

performances of such material.

2. Experimental

2.1 Synthesis method

Allylhydropolycarbosilane StarPCS™ SMP-10 was purchased from Starfire Systems (Schenectady, NY,
USA), while divinylbenzene (DVB, CAS: 1321-74-0) and platinum Karstedt’s catalyst (CAS: 68478-92-2)
from Sigma Aldrich. Cyclohexane (Carlo Erba, CAS: 110-82-7) was used as synthesis solvent. For the
synthesis, a weight ratio of 1:2.58 between SMP-10 and DVB was selected, as it roughly corresponds to a 1:1
molar ratio between Si-H and DVB vinyl groups and the crosslinking reaction occurs via hydrosilylation
between the Si-H moieties of the polycarbosilane and the vinyl groups of DVB [20]. In order to guarantee a
good mixing of the two reagents and to plan the synthesis of a highly porous aerogel, the cyclohexane volume
fraction of the overall mixture was fixed to 80%. Finally, 100 ul of diluted Pt catalyst (0.2% in Xylene) per
gram of utilized SMP-10 were added to the mixture, while stirring it for 5 minutes at room temperature.

The crosslinking reaction between SMP-10 and DVB was performed at 150°C for 5h in a sealed digestion
vessel (Parr Instruments model 4749, Moline, IL, USA), in such a way that no cyclohexane could evaporate.
The vessel was loaded of at least two-thirds of its internal volume. After gelification, the so-obtained wet gel

was subjected to 6 washings in fresh cyclohexane (two per day) to eliminate unreacted species, and then dried



in supercritical conditions after proceeding with a solvent exchange between cyclohexane and liquid carbon
dioxide. This intermediate step was characterized by six interdiffusive exchanges with fresh CO; (two per day)
at 10°C in a customized autoclave.

After supercritical drying, the preceramic aerogel was pyrolyzed in argon at 1000°C or 1500°C for one hour,
with a heating/cooling rate of 5 °C-min, resulting in the formation of a SiC/C polymer-derived ceramic
aerogel. These two temperatures were selected to compare the glyphosate retention ability of amorphous and
crystalline SiC, respectively, as crystallization starts around 1200°C [21,22]. Samples were labelled according

to their composition (SMP-10 plus DVB) and pyrolysis temperature: 1:1SD 1000°C and 1:1 SD 1500°C.

2.2 Characterization and performances measurements

Fourier-Transform Infrared Spectroscopy (FT-IR) was adopted as characterization method for the definition
of chemical bonds both in the preceramic and ceramic aerogels. A Nicolet Avatar 330 FT-IR
spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA) was employed in transmission mode with
KBr pellets in the 4000-400 cm™ wavenumber range. A total of 64 scans per spectrum were acquired, imposing
a resolution of 4 cm™.

Nitrogen physisorption isotherms were acquired at 77.35 K with a Autosorb iQ analyzer (Anton Paar, Gratz,
AU). The multipoint Brunauer-Emmett-Teller (BET) theory was adopted for the calculation of the specific
surface area (SSA), while Non-Local Density Functional Theory (NLDFT) was employed on the adsorption
branch as computational method for the definition of pore size distributions in the micro-mesopore range of
the polymer-derived aerogels. Silica with cylindrical pores was selected as model material for these
calculations.

Micrographs of the ceramic aerogel morphology were acquired with a Carl Zeiss Gemini SUPRA 40 Scanning
Electron Microscope equipped with a field emission gun (FE-SEM).

X-ray diffraction (XRD) was performed with a Italstructures IPD 3000/CPD120 instrument, featuring a 2000
W cobalt source coupled with an incident beam multilayer monochromator and a Inel CPS 120 detector (5°-

125° range, 4095 channels).



For what concerns the oxidative thermogravimetric analysis (TGA), a Netzsch STA 409 Thermobalance was
used. The analysis was conducted under pure flowing air (100 cm3-min) with a heating rate of 5°C-min in

the 20-1500°C temperature range.

2.3 Adsorption performances

Preliminary adsorption tests with 17.5 mL of 2 mg-L* glyphosate (Sigma Aldrich), pH 6.2 were performed on
0.1 g of aerogel pyrolyzed both at 1000°C and 1500 °C (time of contact 48h). Insight studies on adsorption
kinetics and isotherms (sections 2.3.1. and 2.3.2) were accomplished with the best performing ceramic aerogel
(i.e. aerogel obtained at 1500 °C) .

2.3.1 Adsorption kinetics

Batch experiments were performed in triplicate using 0.025 g of ceramic aerogel (1500 °C) in contact with
17.5 mL of 2 mg-L* glyphosate , pH 6.2, for defined period of times. A blank was run in parallel. The initial
glyphosate concentration, being representative of medium-high level environmental contamination, was
chosen to allow a reliable determination of the residual glyphosate remained in the solution after adsorption.
Samples were withdrawn at fixed time intervals (0.5, 1, 2, 4, 8, 24 and 48 h), filtered with 0.22 um nylon filters
and injected in an ion chromatograph (ICS-3000 Thermo Fisher, Dionex, CA, USA) for the analysis of the
residual concentration of glyphosate in the solution (Ce, mg L™%). For this purpose, an anion-exchange column
lonPac AS16 4x250 mm (Thermo Fisher, Dionex, CA, USA) was used with a mobile phase 18 mM NaOH

(0.25 mL-min flow rate); a suppressed conductivity detection was employed.

2.3.2 Adsorption isotherms

Triplicate experiments were performed with 2 mg-Lof glyphosate (17 mL solution, pH 6.2) using different
weights of ceramic aerogels (1500 °C) in the range 0.005-0.05 g. Samples containing glyphosate and ceramic
aerogel were stirred at room temperature for 24 h (after verifying that the equilibrium conditions were achieved
according to adsorption kinetics). The range of the aerogel amount explored allowed reliable determination of
glyphosate remained in the solution after adsorption. A control was processed in parallel.

The amount of glyphosate adsorbed at equilibrium (ge in mg-g*) was determined as follows:



— (Co—Ce)'V

g = 0o (1)
where V (L) is the volume of solution, m (g) is the mass of the adsorbent, and Co (mg-L™?) is the initial
concentration of the analyte (in mg-L™?).

The percentage of glyphosate absorbed (Rags) was calculated as follows:
— CO_Ce

Raas = =%+ 100 (2)

3. Results and Discussion

3.1 Features of the polymer-derived aerogel

The preceramic aerogel was characterized by means of FT-IR spectroscopy and N physisorption to assess the
main chemical and microstructural features prior to the ceramization process. The FT-IR spectrum reported in
Figure la visualizes the chemical bonds present in the crosslinked aerogel, which consist in the
superimposition of those of the allylhydropolycarbosilane and divinylbenzene. The main peaks assigned to the
polycarbosilane are hereby reported: § Si-CHs at 763 cm™, § Si-C at 839, v Si-H at 952 cm™ and 2141 cm™,
Si-CH,-Si at 1049 cm?, respectively [23]. The organic groups of the polycarbosilane are clearly visible around
3000 cmt. Unassigned peaks are relative to organic species belonging to the divinylbenzene crosslinker. Since
silyl bonds at 2141 and 952 cm™ can still be observed in the preceramic FT-IR spectrum of the aerogel, it is
clear that a certain fraction of Si-H moieties did not take part in the hydrosilylation reaction that formed the
gel [24]. However, it is reasonable that both steric hindrance and vinyl-vinyl reactions might have a role in
decreasing the efficiency of hydrosilylation. Besides, it is worth underlying that the effective chemical
structure of SMP-10 is rather difficult to assess due to the unknown degree of branching of the neat polymer

itself, so that the nominal molar ratio between Si-H and DVB vinyl groups is tentatively estimated considering



no branching of the polycarbosilane, i.e. by considering the following formula: —[SiH>—CH:]x—[SiH(allyl)—

CHy]y—, where x:y = 9:1.
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Figure 1: a) Infrared spectrum of the preceramic aerogel, acquired in transmission; b) N2 Adsorption/desorption isotherm and DFT

pore volume distribution (inset) of the preceramic aerogel.

The nitrogen physisorption analysis reported in Figure 1b shows the adsorption/desorption isotherm and the
pore volume distribution (inset) of the preceramic aerogel. Multipoint BET calculation allows to define a
specific surface area of 834 m? -g, which is distributed in what could be defined as a bimodal meso-
macroporous structure, as depicted by the DFT pore volume distribution in Figure 1b. As a matter of fact, half
of the cumulative pore volume of 4.2 cm3-g* is found in the mesopore range (i.e., 2-50 nm), while the other
half is given by pores with a diameter greater than 50 nm. This information gives an explanation to the shape
of the isotherm in Figure 1b. According to the IUPAC classification, it presents a Type Il shape, typical of
macroporous sorbents, but with an hysteresis loop given by capillary condensation of N, in mesopores near
the saturation point [25].

Subsequently to the pyrolysis at 1500°C in argon, the FT-IR spectrum of ceramic aerogel (Figure 2) presents
a broad peak between 770 and 950 cm?, which is representative of the optical absorption region of the
crystalline lattice of SiC [26,27]. Finally, the absorption shoulder at 1590 cm™ is attributed to C=C bonds of

the free carbon phase [28]. For comparison, in Figure 2 we report also the spectrum of the same sample



pyrolyzed at 1000°C, which do not present any significant absorption in the abovementioned Si-C vibration

range.
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Figure 2: Infrared spectra of the ceramic aerogels pyrolyzed at 1000°C and 1500°C. Acquired in transmission.

As ceramization occurs, a certain level of shrinkage of the porous structure is known to happen, as depicted
by the N physisorption analysis reported in Figure 3a,b. When pyrolyzed at 1000°C, the aerogel loses porosity
along the whole pore size range, especially on fraction of small mesopores with diameter < 10 nm (inset in
Figure 3a), resulting in a SSA of 102 m?-g* and a pore volume of 0.68 cm3-gX. On the other hand, the pore
size distribution of the aerogel treated at 1500°C shifts to the micro-mesopore range partially re-gaining small
mesopores giving a pore volume of 0.47 cm®-g. Multipoint BET calculations indicate a specific surface area
of 215 m?-gL. The isotherm shows a plateau near the saturation point, which is consistent with the mesoporous
distribution, and it can be addressed as a Type IV isotherm with a H1 hysteresis shape [25]. Such type of
hysteresis is indeed typical of narrow pores distributions, and in the present case it is possibly given by the
predominant fraction of pores with a diameter around 30 nm, as suggested by the steep section of the
cumulative pore volume curve (inset in Figure 3b). The evolution of porosity as described above occurs as a
consequence of crystallization and phase separation between SiC and free carbon domains, as discussed in the

following section.



Figure 3c shows the N physisorption isotherm and the QSDFT pore size distributions of activated carbon
available at the municipal drinking water plant of the city of Turin. Given its nature, it results highly
microporous, with most of the pore volume contained by cavities smaller than 2 nm. As a matter of fact, the
isotherm shape can be classified as Type I, with an extremely large SSA of 1073 m?-g* and a pore volume of

0.44 cm®-g. All results are tabulated in Table 1.

a) 600 = ) — C)BSO
- .. 1:1sD1000°C 20 Taggd = 111 sD1500°C — Activated Carbon
(=] @ g [e)} E 20 o
© 500 o 206 = o 300
£ S06 £3004 g 15 E
o = 15% [5) 5 o b o —
& a00 | B 772 ] & o] 204 g 2250 | A
&40073 E &250- - 103 ||:_L &
w 3'“ 1w w 302 2 W 200 S06 6~
= = . . 05— @

£3001 2 2 g0 2 s £ 5 - £
2 02 05 = 3 ET 0.0 5 150 4 S04 = las
g 3 = 01501 EM T m B m e m o % 5

200412 > o Pore Width = S 5
K 3 00 0 g 1001 ere ian (nm T 1004 502 22
8 100 e 0 10 20 30 40 S50 &80 70O 30 E 8 % —_— =
? Pore width (nm) & 504 g 90+ 200 0
g 2 o S0 3 3 36

0 ; i i . 0 < 5 =] —Porg Widih (nm)
00 02 04 06 08 10 00 02 0.4 06 08 10 0.0 02 04 06 08 1.0
= 0 . B no
Relative pressure (P/P") Relative Pressure (P/P,) Relative Pressure (P/P")

Figure 3: N2 Adsorption/desorption isotherm and DFT pore volume distribution (inset) of the tested sorbents: a) 1:1 SD pyrolyzed at

1000°C; b) 1:1 SD pyrolyzed at 1500°C; c) Activated carbon.

Table 1: Specific surface areas and DFT pore volumes of the tested sorbents: a) 1:1 SD 1000°C; b) 1:1 SD 1500°C; c¢) Activated

carbons

Specimen 1:1 SD 1000°C 1:1 SD 1500°C Activated Carbon
SSA (m?-g?) 102 215 1073
Pore Vol (cm3-g?) 0.68 0.47 0.44

The morphology of the ceramic aerogel at 1500 °C can be observed in Figure 4 a,b. Crystals with dimensions
of 100-200 nm are dispersed in the porous colloidal matrix. According to the acquired XRD pattern in Figure
5a, these crystals correspond to cubic p-SiC (JCPDS: 29-1129), as expected from the pyrolysis of a
polycarbosilane. In particular, the maximum peak intensity found at 20 = 41.7° corresponds to the (111) crystal
plane of p-SiC. A shoulder peak arising at 26 = 39.1° can be assigned to stacking faults of the 5-SiC structure
[29]. Therefore, the non-crystalline microstructure can be considered to be mainly composed of amorphous

silicon carbide and free carbon.



Figure 4: a), b): SEM acquisitions on the ceramic aerogel( pyrolyzed at 1500°C in argon) featuring nanosized crystals.
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Figure 5: a) XRD pattern of the aerogel pyrolyzed at 1500°C showing the presence of beta silicon carbide; b) Weight evolution of

ceramic aerogel under fluxed air, thermogravimetric analysis.

In order to roughly assess the weight fractions of free carbon and silicon carbide, an oxidative
thermogravimetric analysis was performed. In principle, carbon is expected to oxidize and volatilize under the
form of CO; starting from 450-500°C, while the oxidation of SiC takes place from 900°C, generating SiO>
[11]. Thus, knowing the amount of residual mass and assuming that only pure silica is left, it is possible to
give a rough estimate of the amount of the two initial components. Results are given in Figure 5b, from which

a weight fraction of 17.5% SiC was calculated (the remaining 82.5% is free carbon).

3.2 Adsorption performance



Preliminary adsorption tests performed on aerogel ceramized at 1000°C and 1500 °C indicated a low removal
performance (13%) for the aerogel treated at 1000 °C and a quantitative removal for the aerogel obtained at
1500 °C (time of contact 48h).

For its higher removal performance, the aerogel obtained at 1500 °C was further studied through adsorption

kinetics and isotherms.

3.2.1 Adsorption kinetics

The adsorption kinetic profile of the ceramic aerogel (1500 °C) towards glyphosate was studied to find best
non-irreversible equilibrium conditions at which isotherm tests could be performed. The resulting glyphosate
adsorption (Rags%) as a function of contact time (t) is given in Figure 6.
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Figure 6: Glyphosate adsorption (Rads%) on 0.025 g the ceramic aerogel (1500°C) as a function of contact time. Deviation bars are

also reported.

Adsorption equilibrium is shown to be achieved after 24 hours contact time at non-irreversible conditions
(38.5+1.8% of glyphosate retained from the solution), being compatible for further adsorption isotherm studies
(see paragraph 3.2.2). In addition, the adsorption Kinetic trend increases over time, thus suggesting that no
competitive adsorption with water molecules occurred on active sites as elsewhere observed for more
hydrophilic substrates of similar SSA and mesoporosity [30].

To quantitatively analyse the kinetics of glyphosate adsorption, experimental data were fitted by employing
pseudo-first-order, pseudo-second order and Elovich equations (Eg. 3,4,5), hereafter reported in their

linearized form:



Pseudo — first order:In(q, — q;) = In(q,) — k4t (3)

t 1 t
Pseudo — second order: — = 5+ — (4)
q: sze de
1 1
Elovich: q; = Eln(aﬁ) + Eln(t) (5)

where i) g: and g represent the adsorption capacities (ug-g 1) at contact time t (expressed as hours) and at the
equilibrium, respectively; ii) ki and k- are the rate constants of the pseudo-first and pseudo-second models; iii)
a and B are the initial adsorption rate (ug-g* hour?) and the desorption rate (g-ug?) of the Elovich model,
respectively. For each of the above-mentioned model, fitting equations and R? values were determined (Table

2).

Table 2: Modelling of glyphosate kinetic adsorption data on the ceramic aerogel

Linearized fitting equation  R? Parameters
Pseudo-first order In(Qe-qr) = 329.4 - 0.1t 0.987 Qe=329.4 ug-g*
ki=0.23 min?
Pseudo-second order  t/gi=1.6-10° + t/594.8  0.998 0e=594.8 ug-g*

ko=1.1-10° g-pg?* min*

h =336.5 ug-g* min*

Elovich gt = 274 + 200 In(t) 0.992 a =788.6 ug-g* min?

B=5.3-10°g-ug*

R? values do not clearly state which of the tested models is the most suitable to describe the adsorption of
glyphosate on the ceramic aerogel. Hence, the kinetic parameters obtained for each model were used to

recalculate the adsorption gt values; the percentage error (%eror) between calculated and experimental q:



* 100 ) was chosen as discriminant parameter to evaluate the best

__ |9t calculated—4t experimental
(%
error

dt calculated

model. Average %erors Were 68.5% for q: calculated with pseudo-first order model, 12.6% for pseudo-second
order and 2.8% for Elovich. Such results clearly show that glyphosate adsorbed from the ceramic aerogel
follows the Elovich kinetic equation, thus assuming that the rate of adsorption exponentially decreases with
the increase in amount of glyphosate adsorbed onto the ceramic aerogel surface without any interaction among
the adsorbed species [31]. Experimental and calculated values of adsorption kinetics for glyphosate on ceramic

aerogel according to linearized Elovich model are reported in Figure 7.
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Figure 7: Linearization of Elovich model for the adsorption of glyphosate on the ceramic aerogel, experimental (black squares) and

calculated (red dots) values.

3.2.2 Adsorption isotherm

In order to choose the proper mass range to be used in the experimental set-up for the adsorption isotherm
tests, preliminary adsorption tests were performed at 24 h contact time using 0.05 g and 0.1 g of the aerogel,
obtaining adsorption fractions of 68.5 = 4.0 and quantitative adsorption, respectively. Hence the mass range
was kept below 0.1 g.

The adsorption isotherm at room temperature is shown in Figure 8, whereas values of adsorbed amount ge

(mg-g™*) and equilibrium concentration Ce (mg-L™) are listed in Table 3, together with initial aerogel mass



(g) and corresponding removal percentage (Rags). Data show that adsorption percentage increases with the
increase of the adsorbent mass and, in turn, decreases with the increase of residual glyphosate concentration.
Following Giles indications, the adsorption isotherm obtained plotting qe as a function of residual glyphosate
concentration appears as L- or H- type [32]. Hence, the obtained experimental data were fitted with the three
models hereafter described:

— The Langmuir model ([33]), which is shown in the linearized form in Equation 6. It describes the formation
of a monolayer of adsorbate under the assumptions that: i) the surface is homogeneous and constituted of
identical binding sites; ii) the sites are independent (no interaction between adsorbed molecules); and iii) each

site on the surface can hold at most one molecule of adsorbate.

C, 1 C,

= + —
de K. Qo Qo

(6)

Here, Ky is the adsorption equilibrium constant (L-mg?) and Qo is the maximum monolayer coverage capacity
(mg-g™).

— The Freundlich isotherm, linearized in Equation 7 [34][35], is the most applied empirical model to describe
a non-ideal and reversible adsorption; it is not limited to the formation of a monolayer but accounts for

multilayer adsorption in heterogeneous systems:

In(qe) = In(Kp) +~In(C,) (7)

where Ke (mg' ' LY".g™) is the adsorption coefficient, 1/n is a measure of surface heterogeneity
— The Temkin ([36]) model, Equation 8, which postulates that the heat of adsorption varies linearly with
coverage, unlike the Freundlich method, which assumes a more complex dependence of the heat of adsorption

on the coverage (i.e., the heat of adsorption decreases exponentially with increasing coverage):

de = a+ bll’l(Ce ) Qe) (8)

where a and b are empirical constants.



Among the three models, the Langmuir one showed the best R?value (i.e., R?=0.9987 — Langmuir; R?= 0.9299
— Freundlich; R?=0.9309 — Temkin).

The isotherm calculated using the above-mentioned parameters showed a very good agreement with the
experimental one (Figure 6). Since the best fitting was obtained with the Langmuir model, we propose that
the experimental adsorption isotherm is of the L-Type, according to the classification reported by Giles.

The Langmuir capacity was calculated by fitting the adsorption data, obtaining a value of 0.607 mg-g™.

The Langmuir isotherm allowed to determine the value of the dimensionless separation parameter, Ry, in order
to define whether the aerogel system provides favourable or unfavourable adsorption. R was calculated using
Equation 9 [37]:

1

RR=—
71+ K, - ¢

9)

where K, is the Langmuir isotherm constant and Cy is the initial concentration of glyphosate (mg-L™?). The
shapes of the isotherm for 0 <R_ <1, R.>1, R.=1, and R.=0 indicate favourable, unfavourable, linear and
irreversible adsorption, respectively [38,39]. The R, at room temperature was 0.02, indicating very favourable
adsorption.

Finally, the change in free energy (AG®) was calculated according to Equation 10:

AG® = RT In(K©) (10)
where R is the universal gas constant (8.314 J mol™*-K™?), T (K) is the absolute temperature (298 K), K°= K,
(L-mg™)-molecular weight of glyphosate (169.07 g-mol)-10%-55.5 mol-L™ [40]The negative value of AG® for
glyphosate-aerogel system (—47.5 kJ-mol™?), confirms that the adsorption reaction is thermodynamically

favoured.

Table 3: Adsorption parameters of glyphosate onto the aerogel surface as a function of the aerogel mass.

m (g) Rags (%) Ce (Mg-L™) Qe (mg-g?)

0.02522 41.3 1.175 0.575



0.03005 50.1 0.997 0.592

0.04062 66.7 0.667 0.580
0.04987 77.8 0.445 0.547
0.06116 87.2 0.256 0.500
0.07077 93.2 0.136 0.462
0.7
B Qe_experimental
064 ® 9 calculated . . .
a
0.5 H
]
o]
3
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Figure 8: Adsorption isotherm of glyphosate onto aerogel. Experimental (black squares) and calculated (red dots) values according
to the Langmuir model (KL=22.5 L-mol). Experimental conditions: variable mass of aerogel (range 0.0053-0.071 g) in contact with

17 mL of glyphosate solution

The adsorption data of the aerogel ceramized at 1500 °C were compared with adsorption data on glyphosate
(Ce, ge) available at the municipal drinking water plant of the city of Turin conducted on the activated carbon,
here characterized for the purpose (SSA: 1073 m?-g*; pore volume 0.44 cm®-g*). Comparing the adsorption
data of the activated carbon with those calculated for the aerogel using the parameters obtained by the
Langmuir isotherm, it is possible to obtain ge values for the aerogel of one order of magnitude higher than
those obtained with activated carbon, for instance, 0.52 vs 0.014 mg g'* and 0.55 vs 0.055 mg g. Even if this
comparison derives from an approximation approach, this result is a strong indication of the better adsorptive

performance of the aerogel with respect to activated carbon.



4. Conclusions

The polycarbosilane-derived silicon carbide aerogel here prepared is a suitable sorbent for glyphosate capture
from water. Adsorption equilibrium is achieved within 24 h, following the Elovich’s kinetic model. According
to the Langmuir model, which represents the best fit of the experimental adsorption isotherm data, the
adsorption capacity is 0.607 mg-g™*. A comparison with extrapolated g for the aerogel with experimental ge
available for activated carbon used in the potabilization plant, allows to hypothesize better adsorptive
performances of the aerogel with respect to activated carbons. This results confirms that Polymer Derived
Ceramic aerogels are suitable materials for developing adsorbers for water purification. However, more effort

is needed to explain the high affinity of the studied SiC/C aerogels towards glyphosate adsorption.
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