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Abstract  17 

Iron modified mesoporous silica structures were achieved from biomass-derived 18 

renewable molding agents (glyceryl monostearate and glycerol) and can become 19 

potential substitutes for conventional mesoporous catalysts synthesized from 20 

petrochemical-derived precursors. These materials were prepared by different 21 

methods (wet impregnation with iron contents of 2.5, 5, 10 and 20% w/w and direct 22 

incorporation using a molar ratio Si/Fe=20) and characterized by XRD, N2 23 

adsorption and desorption isotherms, UVvis-DR and ICP. By using these solid as 24 

heterogeneous catalysts in the wet oxidation reaction of the herbicide glyphosate 25 

with air under extremely mild reaction conditions (atmospheric pressure and room 26 

temperature), herbicide degradation / fragmentation levels of around 70% were 27 

achieved. The methodology employed for the synthesis played a key role in the 28 

development of the structure and dispersion of Fe species as well as in the stability 29 

of the catalytic system. In this way, an advanced technology with low 30 

environmental impact for the treatment of a pollutant of great concern at the global 31 
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level was developed, which adds sustainability to the chemical industry from the 1 

use of residual glycerol and/or glyceryl monostearate in the catalyst synthesis. 2 

 3 

Keywords: Renewable porogens, mesoporous silicas, glyphosate degradation. 4 

 5 

1. Introduction 6 

In 1992, siliceous ordered mesoporous materials of the MCM-41 type began to be 7 

synthesized [1], using commercial molding agents/surfactants/templates. Their 8 

characteristics, such as large specific surface (in the order of 1000 m2/g), highly 9 

porous and ordered structure (pore diameters between 2 and 10 nm) and high pore 10 

volume (up to 1.3 cm3/g), are the main properties responsible for these materials 11 

having a high adsorption capacity even for bulky molecules [2]. By modifying 12 

mesoporous materials with different metals [2,3], catalysts suitable for many 13 

chemical reactions have been developed. On the other hand, the final structure of 14 

the material depends on a series of factors, such as metal concentration, 15 

hydrothermal treatment, synthesis time, among others. Since the preparation of 16 

these siliceous catalysts was reported, there has been intense research activity on 17 

their synthesis. Various ionic and neutral surfactants that act as template or 18 

structure-forming agents have been evaluated as a simple but innovative technique 19 

for the production of nanomaterials of different classes [2-5]. However, these 20 

surfactants are expensive and environmentally unfriendly due to low 21 

biodegradability, further requiring frequently the use of toxic solvents as swelling 22 

agents or long time of heating to expand the pore size.  These characteristics 23 

make industrial-scale applications of mesoporous silica disadvantageous. 24 

Therefore, there is a need of alternate synthesis approach which should be 25 

inexpensive, robust, easily handled and efficient [6]. Hence, the development of 26 

more ecological and economical synthetic routes, such as the use of surfactants or 27 

porogens from renewable resources, remains a challenge in the field of the 28 

synthesis of these solids. Currently, there is renewed interest in the synthesis of 29 

mesoporous silica-based materials driven by a new approach that puts emphasis 30 

on the use of biologically derived materials found in nature or extracted from 31 
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biomass resources [7]. Many biomass materials exhibit hierarchical large‐scale 1 

order and self‐assembly properties that can be replicated in a variety of structures; 2 

hence, the use of biomass materials as alternative to commercial surfactants and 3 

precursors not only yields materials with structural diversities but also holds 4 

promise for the low-cost synthesis of biocompatible materials [7]. 5 

Canlas and Pinnavaia [8] reported the utilization of naturally derived oleyl amine 6 

surfactants for the synthesis of worm‐like and lamellar mesoporous silica. These 7 

structures are similar to those obtained using petroleum‐based alkyl amine 8 

surfactant. 9 

Thomas et al. [9] reported the use of surfactant formulations based on glutamic 10 

acid and leucine containing a mixture of lauronyl amino acid and fatty acid for the 11 

formation of mixtures of ordered mesoporous silica including lamellar phases [10].  12 

Likewise, sodium N‐dodecyl glycine and potassium N‐dodecyl glycine amino 13 

acid‐based surfactants prepared by reacting coconut oil amine with 14 

monochloroacetic acid in alkali medium were used to synthesize hexagonal and 15 

cubic structures [11]. 16 

Also, various polysaccharide‐based polymers have been used as templates to 17 

direct the synthesis of silica, including chitosan, chitin colloids and cellulose [12-18 

14]. However, these efforts yielded poorly ordered materials after template removal 19 

by calcination.  20 

 Recently, mesoporous KIE‐6 (Korea Institute of Energy‐6) was synthesized using 21 

crude glycerol and sulfuric acid. However, a pre‐calcination step at 150°C for 2 h 22 

was necessary to prevent the escape of the pore‐forming glycerol before the 23 

formation of a rigid network by silanol group condensation. Otherwise, glycerol is 24 

evaporated before condensation resulting in reduced pore size and volume in the 25 

calcined composites [15]. 26 

In order to replace petroleum based surfactants, overcoming the difficulties 27 

encountered so far in this aim, this paper deals with the use of oleochemical 28 

industry derived glycerol (G) and glyceryl monostearate (GM) as porogens cheap 29 

and highly available in Argentine from the production of biodiesel [16]. In addition, 30 

these non-ionic molding agents have advantages, such as: easy removal, 31 
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tendency to produce structures with thicker walls and smaller particle size solids, 1 

which would improve the porosity and stability of the material. These 2 

characteristics make them extremely interesting for use in the synthesis of 3 

mesoporous silicas with enhanced industrial and technological applications.  4 

On the other hand, in recent years there have been great advances in the field of 5 

chemistry, with the synthesis of many new substances, including plastics, drugs, 6 

petroleum products, fertilizers and pesticides. The production and use of these 7 

substances have improved human living conditions leading to population growth; 8 

however, the development of the synthetic chemical industry presents great 9 

contradictions for the environment due to the release of large amounts of organic 10 

and inorganic substances whose effects on the environment are sometimes 11 

unknown. One of the main environmental contaminants are pesticides, which 12 

involve a very extensive group of chemicals, among which herbicides stand out. 13 

These are widely used in agriculture in order to control the growth of weeds or 14 

herbs, being applied to plants or soils, which can cause contamination of aquatic 15 

systems. The most important factors in the transport of herbicides towards natural 16 

water bodies are aerial dispersion by winds, volatilization and dragging by 17 

rainwater and irrigation, which cause damage or adverse effects to aquatic 18 

organisms, constituting a major environmental problem. One of the most widely 19 

used agrochemicals herbicides is glyphosate (C3H8NO5P) [17,18]. The great 20 

solubility of herbicides in water means that, when they are applied to the soil, they 21 

can diffuse into surface or groundwater generating severe contamination. The low 22 

mobility of glyphosate in soil would indicate minimal contamination of groundwater; 23 

however, it may reach surface water after direct use in the vicinity of aquatic 24 

environments or seepage after land application [19,20]. In this context, Advanced 25 

Oxidation Processes (AOPs) are proposed as a degradation alternative for this 26 

type of compounds in aqueous media. It has been shown that the addition of a 27 

solid catalyst to the system can promote the formation of radicals on the surface, 28 

speed up the reaction rate and improve the efficiency, drastically reducing the 29 

severity of the operating conditions [19,20]. In this context we already have 30 

demonstrated the efficiency of modified mesoporous catalysts based in SBA-15 31 
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silica for the degradation/fragmentation reaction of glyphosate in aqueous media 1 

through wet oxidation processes with air [21,22]. 2 

In this work, promoting the use of biomass as raw material for the catalyst 3 

synthesis, Fe-modified mesoporous silicas prepared by employing G and GM as 4 

porogens have been catalytically evaluated in the degradation of glyphosate in 5 

aqueous media. By this way, it may be envisaged the large-scale development of 6 

mesoporous materials with a reasonable cost and relatively less impact on the 7 

environment [7]. The interesting results achieved in this work allow us to propose a 8 

more sustainable advanced technology for the treatment of water contaminated 9 

with herbicides. 10 

 11 

2. Experimental 12 

2.1 Synthesis of materials. 13 

The catalysts were synthesized by two procedures: wet impregnation and direct 14 

incorporation of the metal in the synthesis gel. By using the direct incorporation 15 

method, tetraethoxysilane (TEOS, Aldrich, 98%) was used as Si source, glycerol 16 

(G Cicarelli, 99.5%) or glyceryl monostearate (GM, Sigma Aldrich) as template or 17 

porogen agent, and ethanol as solvent. Hydrochloric acid (2M, Cicarelli, 36.5-38%) 18 

was used as a pH regulator (pH=2), sodium fluoride (Sigma Aldrich, P.A.) to start 19 

the silica condensation reaction and ferric chloride as source of Fe. The pure 20 

mesoporous silica synthesis procedure [23] involves an initial stage where a 21 

solution of the porogen in ethanol with another solution of TEOS and HCl are 22 

mixed under magnetic stirring at 60°C. In a second stage, the condensation of the 23 

silica is carried out by adding the NaF salt at 60°C. For the synthesis of the 24 

materials modified with Fe, at this moment, the necessary amount of Ferric 25 

chloride (Sigma Aldrich, ≥ 98%) to reach a nominal molar ratio Si/Fe=20 is 26 

incorporated, keeping the agitation for 1, 3 or 5h at 60°C. The composition of the 27 

gel was: Si : HCl : ethanol : H2O : GM = 1 : 4 : 34 : 92 : 0.2 for catalysts 28 

synthesized from glyceryl monostearate, and for those synthesized from glycerol: 29 

Si : HCl : ethanol : H2O : GM = 1 : 4 : 34 : 92 : 5. Finally, the gel obtained was 30 

thermally treated at 85 °C in autoclave reactors for 1, 3 or 5 days. The samples 31 
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were dried at 60 °C and subsequently the template agent was evacuated by 1 

calcination with air flow at a controlled temperature (550 °C for 1h). The solids 2 

synthesized via direct incorporation were identified as Fe-M(20)(xh-yd)-G or Fe-3 

M(20)(xh-yd)-GM where “x” corresponds to hours of agitation of synthesis gel and 4 

“y” to days of hydrothermal treatment.   5 

By the wet impregnation method, 0.25 g of calcined pure siliceous support 6 

synthesized using GM or G were impregnated, using a rotary evaporator at 60°C 7 

and 80 rpm, with solutions of Ferric chloride in 2.5 g of ethanol in order to reach 8 

nominal metal contents of 2.5, 5, 10 or 20 % w/w. The solids were dried at 60 °C 9 

overnight and finally calcined at 350 °C for 3h. These materials were identified as: 10 

Fe/M(z)-GM or Fe/M(z)-G where "z" symbolizes the nominal Fe content in % w/w. 11 

Siliceous matrices were identified as M-GM or M-G. 12 

 13 

2.2 Characterization of materials. 14 

An X'Pert Pro PANalytical Polycrystal RX Diffractometer was used, collecting data 15 

between 2θ =0.5-6 (small-angle) and 10-90º (wide-angle).  16 

Surface area, pore size distribution, and pore volume were determined from N2 17 

adsorption-desorption isotherms using ASAP 2420 Micromeritics equipment after 18 

degassing the samples at 130 °C for 16 h under vacuum. The surface area was 19 

determined by the Brunauer-Emmett-Teller (BET) method. Pore size distribution 20 

and average pore diameter were determined by the Barrett-Joyner-Halenda (BJH) 21 

method applied in the adsorption branch of the isotherm.   22 

The scanning electron microscopy (SEM) images of the materials were obtained in 23 

a FeSEM Karl Zeiss - Sigma. Gold coverage was applied to make samples 24 

conductive. Moreover, the solids were analyzed by Transmission Electron 25 

Microscopy (TEM) with a JEOL JEM-2100 Plus, working voltage: 200 kV. A small 26 

drop of the dispersion (sample in solution water-ethanol 50%) was deposited on 27 

copper grid and then evaporated in air at room temperature. 28 

The Fe content in the synthesized materials was determined using the Inductively 29 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES) technique in a 30 

PlasmaQuant PQ 9000 Analytik Jena equipment.  31 

Jo
urn

al 
Pre-

pro
of



 

 

To determine iron speciation as a function of metal content, UVvis diffuse 1 

reflectance (UVvis DR) spectra were recorded using a Jasco 650 spectrometer 2 

with an integrating sphere in the 200-900 nm wavelength range. The original 3 

spectra obtained were fitted by several Gaussian bands using the conventional 4 

least squares method.  5 

 6 

2.3 Catalytic evaluation 7 

The solids were catalytically evaluated in the glyphosate degradation reaction by 8 

wet oxidation with air. An 8 mm diameter and 35 cm long glass fixed bed down-9 

flow 2-neck reactor was used, operating at room temperature and atmospheric 10 

pressure and using 0.2 g of the catalyst. A solution of glyphosate in water (15 ppm) 11 

was fed to the reactor by syringe pump (10 ml/h), and air used as oxidant was 12 

introduced through the upper side path (30 ml/min). The samples were analyzed by 13 

ion chromatography (Dionex ICS-1100, 5890 Series II Plus, Ion Pac AS18 Anionic 14 

Column, AG18 Column Guard and KOH as eluent). Degradation products (acetate, 15 

nitrate, nitrite and phosphate) were identified by comparison with chromatographic 16 

standards [21,22]. The degradation percentage was calculated as X = (C0 − C) × 17 

100/C0, where C: concentration of glyphosate and C0: initial concentration. The 18 

reaction samples were taken every 15 min. 19 

 20 

1. Results and Discussion   21 

The small-angle X-ray diffraction patterns of the silica supports and catalysts 22 

synthesized by the wet impregnation method (Figure 1 A-B) showed in all cases a 23 

characteristic pattern of mesoporous materials (signal at 2 Theta around 1-2°) [2, 24 

21,22]. It can be observed that these patterns are less defined according to the 25 

increase in Fe loadings, accentuating this characteristic for the materials 26 

synthesized with G and higher Fe loadings (Figure 1B). Furthermore, corrosive 27 

treatment with FeCl3 during impregnation and further calcination could likely lead to 28 

structural rearrangement. This fact would be consistent with the observed slipping 29 

for the main XRD peak towards small angles and could contribute to less-defined 30 

XRD patterns as Fe loadings increase. Despite the last statements, it should be 31 
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remarked that both renewable porogens derived from biomass allow achieving a 1 

mesoporous structure.  2 

 3 

 4 

  5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

Figure 1. Small-angle XRD patterns of silica support and materials synthesized by 16 

the wet impregnation method using: A) GM and B) G.  17 

 18 

Figure 2 shows the wide-angle X-ray diffraction patterns of the materials, where a 19 

broad peak at 2 Theta between 20-30° assigned to amorphous silica is detected 20 

[23]. It is also observed that all Fe loaded samples present peaks corresponding to 21 

the presence of iron oxides which appear more defined and with greater intensity 22 

for the highest Fe loadings. These diffraction peaks are distinctive of hematite, 23 

Figure 2A [24]. Thus, the presence of hematite formed on the external surface of 24 

the synthesized materials could be corroborated. In addition, the silica supports show 25 

two peaks at 2 Theta: 33° and 46° which can be attributed to the presence of sodium 26 

chloride. Such compound can arise from the NaF and HCl used for the synthesis of the 27 

catalysts [25, 26]. 28 

 29 
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 7 

 8 
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 11 

 12 

Figure 2. Wide-angle XRD patterns of materials synthesized by the wet 13 

impregnation method using: A) GM and B) G. Between parenthesis were identified 14 

the diffraction planes corresponding to the Fe2O3 hematite phase, (330664, Joint 15 

Committee on Powder Diffraction Standards). 16 

 17 

The N2 physisorption was carried out in order to complete the information about the 18 

structure of the samples. The adsorption–desorption isotherms and the 19 

corresponding pore size distributions of representative samples synthesized using 20 

wet impregnation are shown in Figure 3. These can be classified as IV type being 21 

typical of mesoporous structures, where the hysteresis curves exhibited a marked 22 

inflection for a relative pressure of around 0.7 to 0.85 (P/P0) characteristic of 23 

capillary condensation within the mesopores [27]. Pore diameters of the order of 8-24 

9.7 nm typical of mesoporous materials were observed. Accordingly, the 25 

mesoporosity of these solids make them potential candidates as materials to 26 

replace conventional mesoporous catalysts synthesized from petrochemical 27 

industry-derived precursors. It should be noted that the porogens used in this 28 

synthesis generate pore diameters larger than those resulting from traditional 29 

template agents such as cetyltrimethyl ammonium bromide/chloride (template for 30 

MCM-41 that generates pores of the order of 2-4 nm) and Pluronic (non-ionic 31 
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surfactant used in the synthesis of SBA-15 that produces 5-7 nm pores). Using 1 

glycerol and glyceryl monostearate (both molecules with similar chemical nature), 2 

pore diameters in the range of 8 - 8.7 nm and 9.5 - 9.7 nm were achieved, 3 

respectively. The difference in the pore size between both materials may be related 4 

to the size of the molecules of the template agents used [16]. These results are 5 

consistent with the specific area values of around 200-400 m2/g (Table 1).  6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

Figure 3. Isotherms and pore size distribution of representative samples:  21 

Fe/M(5)-GM, Fe/M(5)-G, M-GM and M-G. 22 

 23 

Regarding the results of the Fe contents, determined by ICP, they ranged between 24 

2 and 20 wt. %. depending on the metal amount used in the impregnation (Table 1) 25 

in consistency with the expected nominal Fe loadings.  26 

 27 

 28 
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 30 
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Table 1. Physicochemical properties of the synthesized solids and glyphosate 1 

degradation values. 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

a By ICP 16 

b By ionic liquid chromatography (time on stream: TOS=15 min) 17 

 18 

Measurements of transmission electron microscopy of the materials were made in 19 

order to examine their structural regularity. TEM images of representative samples 20 

are shown in Figure 4.  21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

Figure 4. Transmission electron microscopy of representative samples prepared 31 

by impregnation: A) M-GM, B) Fe/M(2.5)-GM, C) Fe/M(20)-G 32 

Sample 
Area 

(m2/g) 
Fe content 

(wt. %)a 
Glyphosate 

degradation(%)b   
M-GM 347 0 1.5 

Fe/M(2.5)-GM 305 2.09  28 

Fe/M(5)-GM 338 4.45  44.5 

Fe/M(10)-GM 386 10.06  48.46 

Fe/M(20)-GM 390 20.9  60 

M-G 338 0 0 

Fe/M(2.5 )-G 205 2.1  38.11 

Fe/M(5)-G 226 4.56  54.6 

Fe/M(10)-G 267 9.96  64.72 

Fe/M(20)-G 289 19.8  66.15 
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 1 

The materials presented a defined mesoporous structure, exhibiting zones whose 2 

ordering is characteristic of a hexagonal pore arrangement [2]. It should be noted 3 

that in Figure 4A the image is viewed perpendicularly to the direction of the pore 4 

arrangement, clearly showing the presence of straight mesochannels arraying 5 

along the long axis [2]; meanwhile, the hexagonal arrangement of the unidirectional 6 

mesopores is clear in Figure 4B where a frontal view of them can be seen. In this 7 

Figure, the presence of Fe oxides within of the mesochannels can be inferred from 8 

the dark spots of the channels size (see figure area indicated by circles). In 9 

addition, Figure 4C would seem to indicate the presence of segregated oxides, 10 

judging by areas of high contrast larger than the mesopore size.  11 

 12 

  13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

Figure 5. Scanning electron micrographs of representative samples prepared by 27 

impregnation.  28 

 29 

The SEM images of some samples taken as representative are shown in Figure 5. 30 

These images indicate the presence of particles that do not display any particular 31 

 Fe/M(2.5)-G Fe/M(20)-G 
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crystalline habit or morphology, although the spherical-like morphology seems to 1 

be the dominant one. The primary particles are very small and appear to be 2 

aggregated into larger secondary particles which exist in various sizes. Thus, these 3 

particles could be the result of intergrowth of multiple smaller particles [2]. 4 

The UV-vis DR spectroscopy is a useful method for studying the chemical 5 

environment and electronic state of transition metal ions in silica frameworks [28-6 

33]. It was applied here to infer about the nature of iron species grown in 7 

mesoporous silicates modified with different Fe loadings. The UV-vis DR spectra of 8 

the samples synthesized with 2.5 and 20 wt.% iron nominal loading and using GM 9 

and G are shown in Figure 6. As it is known, absorption in the 220-300 nm range is 10 

associated to the transitions with ligand to metal charge transfer (CT) character 11 

involving isolated framework iron cations (Fe+3 ions) while the contributions 12 

detected at longer wavelengths are related with d-d transitions [30,31,34-36]. 13 

 14 
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 25 
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 27 

 28 

Figure 6. UV spectra of representative samples prepared by impregnation.  29 

 30 

200 300 400 500 600 700 800

Fe/M(10)-G

B

Fe/M(20)-G
Fe/M(2.5)-G

In
te

n
s
it
y
 (

K
M

)

Wavelength (nm)

 

 

200 300 400 500 600 700 800

Wavelength (nm)

In
te

n
s
it
y
 (

K
M

)

A

Fe/M(2.5)-GM

Fe/M(10)-GM

Fe/M(20)-GM  

 

Jo
urn

al 
Pre-

pro
of



 

 

According to literature [30,31,34-36], spectra characterized by a broadening and 1 

marked increase in the absorbance of the CT band at longer wavelength, 2 

extending and overshadowing the d-d transitions region, can be related with the 3 

presence of Fe+3 species with different coordination states (tetrahedral and 4 

octahedral). Thus, some literature data indicate that octahedral Fe+3 present in 5 

small oligonuclear clusters shows strong and broad absorptions between 300 nm 6 

and 450 nm [30,31,34-35]. Meanwhile a broad absorption at wavelengths greater 7 

than 450-500 nm has been considered to arise from Fe+3 species present in cluster 8 

of increased size or massive oxidic aggregates such as iron oxide nanoparticles 9 

[34-40]. It is important to note that the absorption capacity of the solids presented 10 

in this work is consistent with the metal content. Thus, the materials with higher 11 

loadings present more intense signals throughout the range of wavelengths 12 

thought the shape of spectra is some different. An increase in absorbance is 13 

observed at longer wavelengths with a shift of the absorbing edge for samples with 14 

higher Fe content. This feature is accounting for the increased formation of Fe+3 15 

species in extraframework positions such as larger size iron oxide cluster and/or 16 

nanoparticles (trapped in the channels or their intersections or segregated outside 17 

the channels). In agreement, the XRD patterns of the most Fe loaded samples 18 

showed more intense peaks corresponding to the presence of iron oxides 19 

(hematite). 20 

The materials synthesized by wet impregnation were catalytically evaluated in the 21 

glyphosate degradation reaction (Table 1). The catalysts with the highest Fe 22 

content led to the greatest degradation of the herbicide, of the order of 60% and 23 

66% (after 15 min of reaction) for the solids synthesized using GM and G, 24 

respectively. Under conditions of atmospheric pressure and room temperature, the 25 

fragmentation of the herbicide towards the ions: acetate, nitrate, nitrite and 26 

phosphate (characterized by ionic liquid chromatography) was achieved. The pure 27 

siliceous matrices did not show degradation of the herbicide, evidencing that the 28 

activity of the solids is referred to the presence of Fe. Glyphosate is known to form 29 

stable complexes with metallic cations [41-44]. In these complexes the oxygen of 30 

the phosphonate and carboxylate groups and even the nitrogen atom of the amino 31 
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group (if it is not protonated) can coordinate to the central metal. [18,21, 45-47]. As 1 

it was proposed by us elsewhere [21,22] (in accordance with Sheldon and Kochi 2 

[48,49]) Fe-glyphosate complex formed on the solid can activate molecular oxygen 3 

and, with the contribution of protons of the reaction medium, generate an active 4 

oxoiron(V) intermediate. From this, the mechanism of oxygen transfer to the 5 

substrate (glyphosate adsorbed) could be started, leading to its fragmentation and 6 

further desorption of the degradation products [21]. In this way, Fe cations in the 7 

mesoporous silica structure can act efficiently as metal centres responsible of 8 

glyphosate complex formation and beginning of oxygen transfer to substrate. Their 9 

increased presence in the synthesized catalysts with highest Fe loadings would be 10 

justifying the higher activity for Fe/M(20)-GM and Fe/M(20)-G solids.  11 

Figure 7 shows the degradation percentages of the herbicide over time on stream 12 

for the different catalysts synthesized. In all cases, a decrease in the glyphosate 13 

degradation/fragmentation curve over time is observed. 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

Figure 7. Glyphosate degradation as a function of time using solids impregnated 30 

with Fe and siliceous matrix. 31 
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 1 

For the materials synthesized with GM (Figure 7A) the degradation values at 60 2 

min decrease up to around 20-35%. This feature can be attributed to the leaching 3 

of Fe from the structure on the time, thus losing catalytic efficiency. For example, 4 

the content of Fe for the Fe/M(20)-GM after use reached a 8.8 wt. %. This fact is 5 

also evidenced by the yellowish color of the collected product samples after the 6 

first 15 min of reaction, confirming the reason why glyphosate fragmentation 7 

decreased markedly over time. A similar behavior was evidenced for the catalysts 8 

synthesized from glycerol as molding agent (Figure 7B). 9 

 10 

Table 3. Physicochemical properties of the solids synthesized by direct 11 

incorporation and glyphosate degradation values. 12 

 13 

 Sample Fe content 
(wt%)a 

Degradation of 
glyphosate (%)b 

Fe-M(20)-(1h-3d)-GM 0.62 11.5 

Fe-M(20)-(3h-3d)-GM 2.66 68.92 

Fe-M(20)-(5h-3d)-GM 0.5 8.25 

Fe-M(20)-(3h-1d)-GM 1.5 25.4 

Fe-M(20)-(3h-5d)-GM 0.93 15.6 

Fe-M(20)-(1h-3d)-G 0.58 10.2 

Fe-M(20)-(3h-3d)-G 2.71  51.5 

Fe-M(20)-(5h-3d)-G 0.49 7.4 

Fe-M(20)-(3h-1d)-G 1.1 21.1 

Fe-M(20)-(3h-5d)-G 0.89 13.4 

 
 14 

a By ICP 15 

b By ionic liquid chromatography (TOS=15 min) 16 

 17 

As it is known, the synthesis methodology of direct incorporation of metal into the 18 

initial gel with the adequate adjustment of the synthesis variables can favor, in 19 

general, a greater anchoring of metal species on the silica than the post-synthesis 20 

methodology of metal impregnation, causing a marked decrease in leaching. Thus, 21 
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the method of direct incorporation of Fe into the solids was also analyzed in this 1 

work. In addition, taking into account that lower Fe loadings incorporated by 2 

impregnation seem to decrease the leaching of Fe from solid, a Fe content of 2.5 3 

wt. % was select to incorporate into the silica matrix by direct synthesis. Thus, by 4 

tailoring synthesis variables as agitation time (h) and hydrothermal treatment time 5 

(days), an optimum nominal molar ratio of Si/Fe= 20 was found to achieve a Fe 6 

content of about 2.5 wt. % in a solid prepared by direct incorporation. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

Figure 8: A) Small-angle XRD patterns and B) Wide-angle XRD patterns of: Fe-22 

M(20)-(3h-3d)GM and Fe-M(20)-(3h-3d)G. 23 

 24 

Table 3 shows the Fe contents in the solid synthesized by direct incorporation with 25 

molar ratio Si/Fe= 20 of the starting gel, and the corresponding glyphosate 26 

degradation percentages obtained in their catalytic evaluation. The higher 27 

incorporation of Fe (using both porogens) was achieved by 3h of initial gel agitation 28 

and 3 days of hydrothermal treatment at 85°C. Under these conditions (3h of initial 29 

gel agitation and 3 days of hydrothermal treatment), the mesoporous structure was 30 

reached, according to XRD (Figure 8) and N2 adsorption/desorption isotherms 31 
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(Figure 9). Nevertheless, it should be noted that using G as surfactant, under the 1 

same conditions, the structural regularity evidenced by XRD is deteriorated (Figure 2 

8A). Furthermore, the lack of peaks or barely hinted peaks assignable to an iron oxide 3 

crystalline phase in the wide-angle XRD pattern (Figure 8B) indicates that the 4 

developed metal species would be amorphous or have a size under the detection limit of 5 

the XRD technique. Again, the peaks at 2 Theta: 33° and 46°, attributed to the 6 

presence of sodium chloride probably arising from NaF used for the synthesis, can be 7 

observed [25,26].  8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

Figure 9. Isotherms and pore size distribution of samples: Fe-M(20)-(3h-3d)-GM 23 

and Fe-M(20)-(3h-3d)-G. 24 

 25 

Newly, the TEM images (Figure 10) reveal a well-defined mesoporous structure 26 

with hexagonal arrangement of mesopores, without the presence of oxides 27 

segregated from the structure. Likewise, dark spots of the channels size (see figure 28 

area indicated by circles) would be accounting for the presence of finely dispersed 29 

Fe species within the channels.  30 

 31 
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 12 

Figure 10. Transmission electron microscopy of representative samples prepared 13 

by impregnation: A) Fe-M(20)- (3h-3d)-GM, B) Fe-M(20)- (3h-3d)-G 14 

 15 

With respect to the catalytic activity results (Figure 11), with these materials it was 16 

possible to increase the degradation of glyphosate after 15 min up to around 70% 17 

and 50 % by using Fe-M(20)- (3h-3d)-GM and Fe-M(20)-(3h-3d)-G, respectively, in 18 

comparison with values of 28 and 38 % obtained by using solids with similar Fe 19 

content synthesized by wet impregnation. Moreover, it should be noted that a 20 

practically linear relationship is observed between the degradation of the herbicide 21 

and the Fe content (graph 1 of Table 3), which would indicate that the activity per 22 

iron atom is the same in all the samples, regardless of the variation of synthesis 23 

conditions and of the porogens used.  This fact would confirm that the same type of 24 

active centers was achieved for all the samples. Figure 11 shows the catalytic 25 

evaluation results over time on stream using the materials synthesized by direct 26 

incorporation. For these solids, the degree of decrease in degradation over time 27 

was less than for the solids synthesized by impregnation. In fact, as previously 28 

mentioned, the direct incorporation would favor the anchoring of the active metal 29 

species in the structure, making them more resistant to leaching.  30 

 31 
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Figure 11. Degradation of glyphosate  of reaction time (Fe-M(20)-(3h-3d)-GM and 9 

Fe-M(20)-(3h-3d)-G), and degradation in 3 catalytic cycles using Fe-M(20)-(3h-3d)-10 

GM.  11 

 12 

On the other hand, the UV spectra of samples synthesized by this methodology 13 

(shown in Figure 12) show an intensity decrease of the absorption above 450 nm 14 

[28,29,40]. This feature suggests that larger size iron oxide clusters and/or 15 

nanoparticles would be contributing less heavily than in the case of the solids 16 

synthesized by impregnation. This feature has already been demonstrated by XRD 17 

and TEM. Probably the minor presence of clustered iron species and consequently 18 

the higher Fe dispersion achieved by direct synthesis would be one of the causes 19 

that is favoring the higher activity of these solids. 20 

In addition, the best result obtained with the solid Fe-M(20)-(3h-3d)GM could also 21 

be related to its pore diameter, Ø ≈ 10 nm (Figure 7) caused by using GM as 22 

molding agent. Smaller pore diameters of around 8 nm (Figure 7), evidenced by 23 

adsorption-desorption isotherms of N2, were obtained by using G. The larger pore 24 

diameter of the material would facilitate the formation of voluminous oxo-iron (V) 25 

intermediaries, generated from the glyphosate - Fe complex on the solid capable of 26 

activating the O2 of air, which promote the degradation/fragmentation of the 27 

herbicide [21,22].  28 
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Figure 12. UV spectra for the materials synthesized by direct incorporation. 2 

 3 

An important aspect to be studied in a catalytic process is the stability of the 4 

catalyst over the time on stream as well as the possibility of recycling.  In order to 5 

check the recycling ability of catalyst under the reaction conditions, three recycling 6 

experiments were carried out for Fe-M(20)-(3h-3d)GM. After each reaction, the 7 

catalyst was recovered and calcined at 500 ºC for to be reused. It should to be 8 

noted that a negligible difference in the catalyst mass was determined after each 9 

cycle, suggesting that the presence of non-volatile species adsorbed on catalyst 10 

surface, which could poison the active sites, is very low [50]. Then, for the three 11 

cycles, the glyphosate degradation shows almost constant values of around 54% 12 

for a time on stream of 60 min. Likewise, for the third cycle, these values also 13 

remain practically constant over time. (Figure 11). In this way, the materials 14 

engineering used for the design of mesoporous catalysts based on renewable 15 

molding agents, would allow to provide sustainability to the synthesis processes of 16 

materials with projection to their commercialization in the chemical industry. Thus, 17 

the direct synthesis methodology proposed in this work gives rise to simpler, more 18 
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ecological, with lower-cost procedures that are more suitable for industrial 1 

applications of the solids, such as their use in advanced technologies for the 2 

herbicides degradation from polluted water.  3 

Finally, although we have already found high values of glyphosate degradation by 4 

using Fe/SBA-15 synthesized via a conventional method [21,22], the degradation 5 

values obtained here are very relevant, considering the importance of the use of 6 

renewable raw materials in the sustainability and economy of the processes.  7 

 8 

Conclusion  9 

Fe modified mesoporous materials were successfully synthesized from renewable 10 

molding agents, glyceryl monostearate and glycerol, by wet impregnation and 11 

direct incorporation methods. Both biomass-derived porogens allow a mesoporous 12 

structure to be achieved which was corroborated by XRD and physisorption of N2. 13 

Thus, these solids are presented as potential substitutes for conventional 14 

mesoporous catalysts synthesized from precursors derived from petrochemical 15 

industry. 16 

The materials were catalytically evaluated in the glyphosate degradation through 17 

wet oxidation reaction with air. While catalysts synthesized by Fe impregnation 18 

lead to high levels of degradation but decaying over reaction time, those 19 

synthesized by Fe direct incorporation present higher levels of degradation which 20 

are maintained through reaction time. This methodology leads to Fe species more 21 

finely dispersed, more accessible and strongly anchored in mesoporous structure 22 

providing the catalytic system with greater stability and activity. The best result 23 

(around 70% of glyphosate degradation after 15 min of reaction) was obtained by 24 

using a solid prepared by direct incorporation with molar ratio Si/Fe = 20, GM as 25 

porogen, 3h of initial gel agitation and 3 days of hydrothermal treatment at 85°C. 26 

Finally, material engineering applied to the development of advanced remediation 27 

technologies allowed the degradation of a pollutant of great global concern as 28 

glyphosate towards less toxic and more biodegradable molecules (mainly short-29 

chain ions) under mild reaction conditions (1 atm and room temperature).  30 
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Highlights 

• Mesoporous silica structures from biomass-derived renewable molding were 

synthesized 

• The mesoporous structure tachieved was corroborated by XRD and 

physisorption of N2. 

• The solids were prepared by wet impregnation with and direct incorporation 

with Fe 

• Herbicide degradation / fragmentation levels of around 70% were achieved 

• The reaction was carried by catalytic wet air oxidation at atmospheric P and 

room T 
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