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Abstract 7 

Glyphosate is currently the most widely used herbicide in the world due to its broad-spectrum 8 

effectiveness and relatively low cost. However, its massive and prolonged application has raised serious 9 

environmental concerns. In this context, novel strategies for the effective degradation of glyphosate and 10 

its derivatives are urgently needed. One promising and sustainable approach is the use of the 11 

photocatalytic method. In this study, we explore, a polyfunctional photocatalytic system capable of 12 

producing high-value compounds by oxidation of glyphosate and simultaneously obtaining H2, a clean 13 

energy carrier. Namely, both organic and inorganic valuable compounds have been obtained by the 14 

partial oxidation of glyphosate. The effectiveness of various TiO2 based commercial and home prepared 15 

polycrystalline photocatalysts has been explored.  Pt-TiO2 or Cu2O-TiO2 heterostructured samples were 16 

also investigated. Preliminary results demonstrated that under UV irradiation, the proposed photocatalyst 17 

achieves high glyphosate degradation rates along with appreciable H2 evolution. The photocatalysts 18 

showed stability over repeated cycles and maintained their activity, indicating their practical potential. 19 

Mechanistic studies suggest that photogenerated holes were primarily responsible for the oxidative 20 

degradation of glyphosate, while photoexcited electrons drove the reduction of protons to H2 gas. Pt-21 

Brookite, used for the first time in this reaction, resulted in the most active photocatalysts affording about 22 

51% of glyphosate conversion and an H2 production of 0.34 mM. 23 

 24 

Environmental Implication 25 

Photocatalytic systems enabling simultaneous glyphosate degradation and hydrogen production present 26 

a dual environmental benefit aligned with the sustainability goals highlighted by the Journal of 27 

Hazardous Materials. This approach addresses the persistence and ecotoxicity of glyphosate in aquatic 28 
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environments while valorizing it as a sacrificial agent for clean energy generation. By coupling pollutant 29 

removal with renewable H2 production under mild conditions, the process reduces secondary waste, 30 

chemical inputs, and energy demand compared to conventional treatments. For these reason we believe 31 

that this work is environmentally relevant. 32 

 33 

Keywords: Wastewater treatment; Environment remediation; Glyphosate removal; Glyphosate 34 

photoreforming; Green H2 production, Brookite TiO2. 35 

1. Introduction 36 

Water pollution is one of the major global challenges that human society is facing nowadays. Worldwide, 37 

around 2.1 billion people lack access to safe water, which causes millions of deaths every year [1]. The 38 

excessive use of herbicides to increase agricultural production has led to the contamination of water, 39 

generating serious environmental damage [2, 3]. Glyphosate (N-phosphonomethyl glycine or PMG) is a 40 

highly effective broad-spectrum herbicide for weed control, first introduced in 1974 and marketed as 41 

Roundup [4]. The use of PMG has increased exponentially over time because it effectively and 42 

indiscriminately eradicates weeds, and genetically modified crops resistant to PMG are widely planted 43 

with the assumption that the side effects of PMG are negligible [5, 6]. However, on the other hand, its 44 

massive use has caused concerns about environmental pollution because only a very small amount of 45 

applied PMG is absorbed by crops while its key intermediates, such as its metabolite 46 

aminomethylphosphonic acid (AMPA), end up in the environment [7-10]. Biologically, PMG can be 47 

degraded in soil by enzymes that act through two main processes. Through the primary degradation 48 

pathway that occurs naturally, PMG oxidoreductase cleaves the C-N bond, producing glyoxylate and 49 

AMPA [11]. The presence of AMPA makes the C-N pathway less desirable because its greater persistence 50 

compared to PMG makes it more toxic to the environment [12]. In the second pathway, which occurs 51 

under isolated conditions, PMG C-P lyase catalyzes the cleavage of the C-P bond, forming phosphate 52 

and sarcosine [13]. The C-P lyase pathway is preferable because it produces environmentally safe 53 

products. For example, sarcosine can be further broken down into glycine and used as growth food by 54 

soil microorganisms [14]. The International Agency for Research on Cancer (IARC) has classified PMG 55 

as "Category 2a", indicating that this compound is probably carcinogenic to humans [15]. Therefore, 56 

there is a need to develop simple, effective, and environmentally friendly methods to degrade PMG into 57 

small, non-toxic inorganic molecules. 58 
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Heterogeneous photocatalysis has attracted considerable attention as a green and potentially cost-59 

effective technology for wastewater remediation (although there is a lack of practical large-scale 60 

applications in this field) [16, 17], production of high added value compounds [18] and of H2 [19, 20]. 61 

Charge separation occurs when a semiconductor is irradiated with light energy equal to or greater than 62 

its band gap energy. The degradation of pollutants in water occurs under aerobic conditions, i.e. in the 63 

presence of O2 with the contribution of photogenerated holes that produce reactive species such as 64 

hydroxyl (•OH), superoxide (O2
•−), and hydroperoxide (HO2

•) radicals. These latter species can lead to 65 

the complete mineralization of the organic pollutants present and/or to their partial oxidation into 66 

valuable compounds [17, 21]. On the other hand, photogenerated electrons can enable the formation of 67 

H2 by water splitting or photoreforming in the presence of sacrificial agents (used to minimize the 68 

recombination of photoproduced charges) that capture the holes and partially oxidize to form high-value 69 

chemicals [22, 23]. The simultaneous degradation of pollutants with H2 production is like killing two 70 

birds with one stone: cleaning up the environment and powering the future by producing clean energy. 71 

Few studies have focused on the photocatalytic degradation of PMG [24] and only one, to the best of our 72 

knowledge, has investigated its photoreforming [25], whilst, generally, only the conversion of PMG has 73 

been evaluated [26]. 74 

TiO2 is an n-type photocatalyst that is widely used due to its properties such as abundance, non-toxicity, 75 

high (photo)stability, high oxidizing power and relative cheapness [27]. This solid exists in various 76 

polymorphic crystalline phases, the most important of which are anatase, brookite and rutile. Its 77 

physicochemical properties and different photocatalytic activity depend on the type of phase (or mixture 78 

of phases) under investigation [22].  79 

Anatase is generally the most active polymorph for total oxidation reactions, rutile shows some efficiency 80 

in particular reactions, brookite has good performance for H2 production [19, 22, 28, 29].  81 

However, bare TiO2 displays low or negligible activity towards H2 production due to its fast 82 

recombination rate of electron and hole pairs, wide band gap (3.2 eV) and conduction band edge potential 83 

near to that of H+ reduction. Studies showed that n-type TiO2 samples coupled with p-type materials form 84 

an effective heterojunction able to improve charge separation and solar light absorption thus enhancing 85 

the photoactivity [30]. For example, Cu2O is a low cost, non-toxic and easily prepared, p-type 86 

semiconductor with a band gap of 2.2 eV and conduction band potential more negative than that of the 87 

H+/H2O pair [31, 32]. The combination of Cu2O with TiO2 forms a p-n type heterojunction resulting in 88 

absorption into visible region and improves photogenerated charge carrier separation [33-35]. Platinum 89 
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(Pt), on the other hand, acts as a co-catalyst attracting the photogenerated electrons thanks to its high 90 

work function and capability to extend light absorption towards the visible light region [36, 37].  91 

In this study, we investigated the photoreforming of PMG, i.e., its degradation accompanied by the 92 

formation of high-value compounds such as formic and glycolic acids, simultaneously with H2 93 

production. Pt- or Cu2O were used as co-catalysts to enhance the performance of TiO2 based 94 

photocatalysts. 95 

Notably, for the first time, to our knowledge, brookite TiO2 was used for this kind of reaction in addition 96 

to other solids consisting of different TiO2 polymorphs. Some photocatalysts, like the commercial TiO2 97 

P25, were used only for the sake of comparison as they are known to be particularly photoactive. 98 

Inorganic ions such as phosphate and ammonium were also obtained, confirming the degradation of PMG 99 

into harmless compounds. Furthermore, with the aim of replacing the noble metal with less expensive 100 

non-metallic species, 3%Cu2O-TiO2 heterostructured samples were used as the photocatalysts, as they 101 

showed in the past high performances for H2 production [38, 39]. 102 

2. Experimental  103 

2.1  Chemicals 104 

Titanium dioxide (TiO2, P25 Aeroxide), Platinum chloride (PtCl4, BDH chemicals), ethanol (C3H5OH, 105 

Sigma-Aldrich), hydrochloric acid (HCl, Sigma-Aldrich), titanium tetrachloride (TiCl4, Sigma-Aldrich) 106 

copper(I) oxide (Cu2O, Riedel-de Haën) were used as received without purification.  107 

2.2  Samples preparation  108 

2.2.1 Anatase 109 

Anatase was synthesized by adding TiOSO4 (40 g) to distilled water (180 mL) and stirring for 2 h until 110 

a clear suspension was formed. The resulting mixture was transferred to a Pyrex bottle and heated in an 111 

oven at 100℃ for 48 h. After separating the solid formed by filtration, the latter was washed with double-112 

distilled water to remove the sulfate ions, dried at 60 °C and finally calcined for 3 h at 600 °C. 113 

2.2.2 Brookite 114 

The sample TiO2 brookite was synthesized by hydrothermal hydrolysis. Typically, distilled water (420 115 

mL), HCl (160 ml), TiCl4 (10 mL) were added to a 1L beaker and stirred for 2h. Then, the resulting 116 

mixture was transferred to a Pyrex bottle and heated at 100 ℃ for 48 h in an oven. The obtained powder 117 
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was a mixture of brookite and rutile. The brookite was separated in the supernatant by peptizing with 118 

water at different times from the rutile that was present in the precipitates.  119 

2.2.3 Rutile 120 

The sample rutile was prepared by adding TiCl4 (20 mL) to distilled water (100 mL) and stirring for 2 h 121 

at room temperature. The resulting mixture was transferred to a Pyrex bottle and heated at 100 ℃ for 48 122 

h in an oven. The rutile powder was obtained after drying in a rotary evaporator at 50 ℃.  123 

2.2.4 Cu2O-TiO2 samples 124 

Two different composites were obtained by mixing Cu2O with TiO2 P25 or Brookite in a zirconium oxide 125 

coated steel jar containing six zirconium oxide balls by using a Retsch Ball Mills, type PM100 milling. 126 

The samples were prepared according to previously determined best conditions such as 150 rpm for 2 h 127 

and 3%Cu2O.  128 

2.2.5 Pt loaded samples 129 

TiO2 P25 was modified with 0.5 wt% Pt by the photodeposition method. Typically, distilled water 130 

(400 mL), ethanol (100 mL), PtCl4 (10 mL), and the TiO2 sample (2 g) were added to the photoreactor. 131 

Initially, the mixture was stirred for 30 minutes in dark with He bubbling to eliminate O2 and then the 132 

lamp was turned on under stirring for 7-8 h. After that, mixture was filtered, washed and then dried in an 133 

oven for 5-6 h. 134 

2.3  Characterizations  135 

X-ray diffraction (XRD) patterns of the used samples were acquired by a Philips diffractometer (working 136 

at current of 30 mA and voltage of 40 kV) using CuKα radiation. The Raman spectra of the tested samples 137 

were analyzed by a BWTek-i-micro Raman Plus system connected with a 785 nm diode laser. A Flow 138 

Sorb 2300 instrument (Micromeritics) was used to calculate specific surface area (SSA) using the single-139 

point BET technique. A Shimadzu UV-2401 PC spectrophotometer was used to acquire UV–Vis diffuse 140 

reflectance spectra (DRS) at room temperature using barium sulphate (BaSO4) as a reference material 141 

and the wavelength range was 200–800 nm. The band gap values of the used samples were calculated by 142 

plotting the modified Kubelka-Munk function [F(R´∞)hv]½ versus the energy of the exciting light. A 143 

Perkin Elmer LS55 fluorescence spectrometer was used to record the photoluminescence (PL) spectra of 144 
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the different materials in the 300–600 nm range, with a 300 nm excitation wavelength. A Nova NanoSEM 145 

(Scanning Electron Microscopy) equipment was used to examine the morphology of the tested samples. 146 

A small quantity of powder samples was put on carbon tape that was fastened to a stub made of stainless 147 

steel. 148 

Cationic and anionic species were analyzed using a Dionex ICS-1000 and ICS-1100 ion chromatograph 149 

equipped with IONPAC® AS23 and IONPAC® CS16 anion-exchange and cation-exchange columns, 150 

respectively. For the cation-exchange column, the mobile phase consisted of a 0.03 mol/L CH3SO3H 151 

solution, while for the anion-exchange column, it consisted of a mixture of 0.8 mmol/L NaHCO3 and 45 152 

mmol/L Na2CO3. 153 

2.4  Photocatalytic activity 154 

The experiments were carried out under anaerobic conditions at natural pH in a cylindrical reactor of 150 155 

mL at room temperature and pressure. The temperature of the reactor was maintained by a Pyrex cooling 156 

jacket with water circulation. The initial concentration of PMG was 1 mM and the duration of the 157 

experiments was 5 h. Initially, the reactor was filled with PMG solution and catalyst, stirred in dark for 158 

30 minutes with He bubbling to achieve adsorption-desorption equilibrium and to remove the dissolved 159 

air. Then, the reaction mixure was illuminated with a UV 125 W medium pressure Hg lamp and every 30 160 

minutes samples were withdrawn. The liquid samples were filtered by 2µm membranes (HA, Millipore) 161 

and analyzed in a Thermo Scientific Dionex ultimate 3000 HPLC, equipped with refractive 162 

index detectors and a Diode Array. The column used was a Phenomenex REZEK ROA H+ Organic acid, 163 

the eluent 2.5 mM H2SO4 aqueous solution and the flow rate 0.6 mL/min. For the determination of 164 

gaseous species (H2 and CO2), a gas tight syringe of 500 µL was used and analyzed in a HP 6890 Series 165 

GC System equipped with a Supelco packed column GC 60/80 CarboxenTM-1000 and a thermal 166 

conductivity detector (TCD). To identify the main active species involved in the photocatalytic 167 

degradation of PMG, runs after adding selected scavengers were carried out in the presence of the most 168 

performant photocatalyst. Namely, tert-butanol, AgNO3, Na2C2O4 were used as •OH, electrons, and holes 169 

scavengers, respectively. 170 

3. Results and discussions  171 

Figure 1 shows the XRD patterns of the different samples. The three phases (anatase, brookite and rutile) 172 

of TiO2 are present in the used photocatalysts identified by the characteristic peaks at 2θ = 25.5°, 38.0°, 173 
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48.0°, 54.5° for anatase, 2θ = 25.34°, 25.69◦, 30.81° for brookite and 2θ = 27.5°, 36.5°, 41°, 54.1° 56.5° 174 

for rutile. Anatase and rutile polymorphs coexist in commercial P25, while the pure phases are present 175 

in the home-prepared anatase, brookite, and rutile samples. The presence of Pt was not observed due to 176 

its low amount and high degree of dispersion on the surface of TiO2. The 3%Cu2O-P25 sample, in 177 

addition to the characteristic anatase and rutile peaks, presents a small peak at 2θ = 36.2°, confirming the 178 

presence of Cu2O in the TiO2 matrix. Compared to samples such as Pt-Brookite, 3%Cu2O-Brookite and 179 

Pt-Rutile, the peaks of the P25 and anatase based samples are narrower and more intense, suggesting a 180 

larger crystallite size and higher crystallinity (Table 1) which can be explained by their preparation at a 181 

higher temperature. 182 

To further study the structure of the samples used, Raman spectra were recorded (Figure 1 (B)).  The 183 

bands indicated the presence of anatase phase characterized by the main peaks at 144 cm−1, 197 cm−1, 184 

396 cm−1, 514 cm−1 , and 637 cm−1, brookite at 126 cm−1, 152 cm−1, 212 cm−1, 247 cm−1, 322 cm−1, 185 

364 cm−1, 409 cm−1, 456 cm−1, 498 cm−1, 543 cm−1, 582 cm−1 and 632 cm−1 and rutile at 446 cm−1 and 186 

613 cm−1 [40]. No peaks of foreign species such as Pt or Cu2O were observed, probably due to low 187 

amounts and high degrees of dispersion on the surface of TiO2. 188 

 189 

Figure 1. (A) XRD patterns and (B) Raman spectra of different samples used. 190 
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P25 showed SSA of 52 m2 g-1 and was almost unchanged after the addition of Pt or Cu2O. Pt-192 

Brookite, 3%Cu2O-Brookite and Pt-Rutile showed SSA of 98, 91 and 85 m2 g-1 respectively. 193 

Figure 2 (Left-side) shows the UV-Vis DRS spectra of the different samples. All of them are 194 

active in the UV-Vis region. P25 shows a transition edge at 360 nm, corresponding to the band 195 

gap of anatase that is mainly present while rutile is in low amount. The colour of the samples 196 

turned grayish after the addition of platinum and pink after coupling with Cu2O, and consequently 197 

a decrease in reflectance was observed in these samples. Pt-Rutile showed the lowest band gap 198 

value (3.02 eV), and its transition edge was shifted towards higher wavelength while Brookite 199 

displayed the highest figure, in accordance with literature [41]. 200 

PL spectra can be used to determine the tendency of photocatalysts to charge transfer and 201 

recombination of photogenerated pairs. A high PL emission intensity indicates a fast rate of 202 

electron-hole recombination, which is detrimental to photocatalytic efficiency because it means 203 

that fewer charge carriers are available for the desired reaction. Figure 2 (right side) reports the 204 

PL spectra of different samples. All samples show peaks at around 420, 475 and 530 nm and the 205 

addition of foreign species did not change the shape of the spectra, indicating that they do not 206 

give rise to new radiative phenomena but only to an increase in the transfer rate of the 207 

photogenerated charges. The main band at approximately 420 nm originates from the transition 208 

of electrons from the conduction band to the valence band in TiO2, and is consistent with the 209 

band gap values. The bands at longer wavelengths can instead be attributed to the non-radiative 210 

recombination of electrons in some lattice defects [42]. The addition of Pt or Cu2O caused a 211 

decrease in the band intensity, indicating a less significant recombination of the photogenerated 212 

electron-hole pairs, and suggesting the occurrence of an increase in photocatalytic performance 213 

compared to the corresponding bare samples. 214 

 215 

Table 1. TiO2 phase (A=Anatase, R=Rutile, B= Brookite), specific surface area (SSA) and 216 

band-gap (Eg) for the different samples. 217 

 218 

Sample Crystalline 

phase 

SSA 

(m2·g-1) 

Eg 

(eV) 

P25 A, R 52 3.18 

Pt-P25 A, R 50 3.10 

Pt-Anatase A 50 3.26 
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Pt-Brookite B 98 3.34 

Pt-Rutile R 85 3.02 

3%Cu2O-P25 A, R 48 3.08 

3%Cu2O-Brookite B 91 3.32 

 219 

 220 

Figure 2. UV-Vis DRS and PL spectra of different samples used.  221 
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SEM images were acquired (Figure 3) to study the morphology of the different photocatalysts. All 223 
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Figure 4 shows TEM images of the Pt–TiO2 powders. A fairly homogeneous distribution of Pt 229 

nanoparticles on the TiO2 surface can be observed. The Pt particle size is similar in both photocatalysts, 230 

with an average diameter of approximately 2–3 nm. Therefore, it is reasonable to assume that the 231 

differences in photocatalytic performance observed among the samples are not attributable to variations 232 

in Pt particle size. 233 
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 234 

Figure 3. SEM images of different samples used.  235 

 236 

 237 

 238 
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Figure 4. TEM images of Pt-P25 and Pt-Brookite photocatalysts.  239 

 240 

4. Photocatalytic activity 241 

All TiO2 based samples were tested under UV irradiation in anaerobic conditions. In this study, we 242 

compared commercial P25 and different phases (Anatase, Brookite and Rutile) of home-prepared TiO2 243 

based photocatalysts modified with Pt or Cu2O. Conversion (X) and selectivity (S) towards the products 244 

were calculated by using the following equations 1 and 2: 245 

                                                                � = [
�����

��
] × 100                                      Equation (1) 246 

                                                      � = [

�

�����
] ×  100                                      Equation (2) 247 

                                          248 

where Ci represents the initial PMG molar concentration, Ct shows the molar concentration at any 249 

time interval t and Pt is the molar concentration of the product at any time t.  250 

Table 2 shows the results obtained during the degradation of PMG (1 mM), comparing the conversion 251 

and the selectivity values towards the main intermediate products in the liquid phase i.e., formic acid and 252 

glyoxylic acid over 5 h of irradiation. The amounts of gaseous species (H2 and CO2) accumulated in the 253 

headspace of the reactor are also reported. No H2 production was observed in the presence of bare P25 254 

due to poor charge separation and the intrinsic low energetic efficiency of this photocatalyst towards H2 255 

production [19, 22]. PMG conversion was 14% along with formic acid selectivity of 83% (no glyoxylic 256 

acid was observed) and a fair mineralization degree. Pt, due to the higher value of the work function [43, 257 

44] is recognized as the most active metallic co-catalysts for H2 production, because, acting as an electron 258 

sink, enhances the separation of photogenerated electron-hole pairs. For this reason, Pt has been 259 

photodeposited on the different photocatalysts. In the presence of Pt-P25, conversion increased 1.78 260 

times compared to bare P25 with selectivity reaching 100 and 35% towards formic acid and glyoxylic 261 

acid, respectively. At the same time, the amounts of H2 and CO2 produced were 0.11 and 0.009 mM, 262 

respectively. To replace Pt with non-metallic species, a 3%Cu2O-P25 composite was tested, which proved 263 

to be very active for glycerol photoreforming even under direct sunlight [38]. The coupling of Cu2O with 264 

TiO2 proved to be effective for H2 production also in the case of PMG photoreforming, although the 265 

conversion and selectivity values were lower than those obtained in the presence of Pt-P25. However, in 266 
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our opinion, these results not only confirm the effectiveness of Cu2O in replacing noble metals for H2 267 

production, but also suggest that its behaviour should be further investigated in the future [39]. 268 

To investigate whether the home-prepared brookite, which has proven effective for H2 production, also 269 

exhibits activity in this reaction, Pt-loaded brookite was selected as the photocatalyst [22]. Also in this 270 

case, this photocatalyst turned out to be the best one, allowing a PMG conversion of 51% and a selectivity 271 

towards formic and glyoxylic acids of 100% and 20%, respectively (Figure 4) and with a contemporary 272 

maximum H2 formation of 0.34 mM. The high H2 production can be ascribed to a synergistic effect 273 

between electronic and surface brookite features. The rutile phase (Pt-rutile) showed the lowest activity 274 

for PMG conversion and no H2 production was observed, probably due to the higher recombination of 275 

the photoproduced pairs and thermodynamically unfavorable intrinsic electronic properties.  276 

Pt-anatase was more active than Pt-rutile due to the more negative conduction band position of anatase 277 

compared to rutile [45], giving a PMG conversion of 28% with H2 production of 0.15 mM and the 278 

selectivities obtained were 73 and 19% for formic and glyoxylic acid, respectively. Brookite, the least 279 

common TiO2 polymorph, exhibits peculiar features as strong redox potential than anatase and rutile 280 

[46], higher hydroxylation degree [47] and higher ability to adsorb water [22]. Notably, although the 281 

partial oxidation of PMG has been investigated by some authors [24], no quantitative data related to the 282 

formed intermediates are reported. 283 

 284 

Table 2. Results obtained during photoreforming with glyphosate (1 mM) after 5 hours of UV 285 

irradiation using a 125 W medium pressure Hg lamp and bubbling He. X= Conversion; S= Selectivity. 286 

Sample 
XGlyphosate 

(%) 

SFormic acid 

(%) 

SGlyoxylic acid 

(%) 

H2 

[mM] 

CO2 

[mM] 

P25 14 83 - 0.00 0.0062 

Pt-P25 25 100 35 0.11 0.0089 

3%Cu2O-P25 19 82 18 0.14 0.0080 

Pt-Brookite 51 100 20 0.34 0.0043 

3%Cu2O-Brookite 28 65 16 0.05 0.0168 

Pt-Anatase 28 73 19 0.15 0.0091 

Pt-Rutile 9 100 - 0.00 0.0065 

 287 
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 288 

Figure 4. Glyphosate conversion (X) and selectivity (S) towards formic acid and glyoxylic acid in the 289 

presence of the different photocatalysts after 5h of irradiation.   290 

 291 

The effective cleavage of C–N or C–P bonds in glyphosate (Figure 5) is indicated by the high selectivity 292 

towards formic acid, which might have been facilitated by the Pt-based catalysts (highlighted as blue in 293 

Table 2). Formic acid and glyoxylic acid are both valuable chemicals with important industrial and 294 

commercial applications. For example, formic acid is used as an intermediate in the production of 295 

formaldehyde-free resins [48, 49] and as a preservative and antibacterial agent [50]. Glyoxylic acid is 296 

used as a reducing agent in the preparation of different chemicals, as an intermediate for glycine (an 297 

amino acid used in the food and pharmaceutical industries) preparation [51], in the synthesis of vanillin 298 

(used as a flavouring and fragrance chemical) [52], as a starting material for allantoin (used in the 299 

cosmetic industry) [53] and as a precursor in the production of imidazoles, oxazoles and other 300 

heterocycles [54]. 301 

A possible reaction pathway has been hypothesized in Figure 5. PMG undergoes bond cleavage through 302 

two probable roots, leading to the formation of high-value intermediates and ultimately to mineralization 303 

with the formation of inorganic phosphate, ammonia, and CO2. In turn, the photoproduced electrons drive 304 

the reduction of protons to H2. Then, the combined process allows environmental remediation 305 

transforming glyphosate, its valorization obtaining high added value compounds by partial oxidation  and 306 

the production of a renewable fuel by the electrons. 307 
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Figure 5 schematically illustrates the hypothesized reaction pathways occurring during PMG 308 

photoreforming. Cleavage of the C-N bond can lead to the formation of glyoxylic acid, followed by 309 

further cleavage to formic acid, and finally mineralization to CO2, H2O. In the same time H+ cleavage 310 

gives rise to H2 by means of electrons.  The parallel pathway involving the cleavage of the C-P and C-N 311 

bonds produces two ionic species: phosphate and ammonia. Also, these latter can be considered valuable 312 

compounds as they find application in the fertilizer industry. 313 

 314 

Figure 5. Reaction scheme of glyphosate photoreforming.  315 

 316 

In Table 3, phosphate and ammonium concentrations measured by ion chromatography during the 317 

photoreforming of PMG in the presence of Pt-Brookite and Pt-P25 are reported. During the 318 

photocatalytic reaction a continuous increase in concentration was determined for both species, showing 319 

a progressive cleavage of the C–P and C–N bonds present in PMG molecule. 320 

Table 3. Concentrations of phosphate and ammonia in the presence of Pt-Brookite and Pt-P25.  321 

 
Pt-Brookite Pt-P25 

 
C (mM) C (mM) 

T (min)  Phosphate Ammonium Phosphate Ammonium 

0 0 0 0 0 

120 0.059 0.034 0.086 0.028 
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240 0.130 0.057 0.150 0.060 

300 0.149 0.065 0.231 0.075 

 322 

The catalyst that proved to be the best, i.e., Pt-Brookite, was tested in the presence of different scavengers 323 

to identify the main reactive species involved in PMG degradation (Figure 6A). After the addition of 324 

AgNO3, no substantial change in PMG conversion was observed suggesting that electron trapping 325 

favours the oxidation reaction enhancing holes transfer to the substrate. On the other hand, the presence 326 

of tert-butanol and Na2C2O4 significantly reduced the degradation efficiency, indicating that hydroxyl 327 

radicals (•OH) and holes (h⁺), trapped by tert-butanol and Na2C2O4, respectively, play an important role. 328 

The intermediate activity of the experiment without scavengers, however, suggests that several reactive 329 

species synergistically participate in the overall photocatalytic activity of Pt-Brookite. Monitoring the 330 

production of H2 during irradiation (Figure 6B) reveals three key trends. First, adding tert‑butanol does 331 

not noticeably affect the amount of H2 formed, indicating that hydroxyl radicals do not play a significant 332 

role in the H2 production pathway. Second, introducing Na2C2O4 leads to a slight increase in H2 333 

production, which can be attributed to the higher availability of electrons after holes scavenging by 334 

oxalate. Finally, when AgNO3 is present, no H2 is produced at all, consistent with the fact that silver ions 335 

efficiently scavenge electrons. 336 

 337 

Figure 6.  Comparison of PMG degradation (A) and H2 evolution (B) by using Pt-Brookite in the 338 

presence of different scavengers.  339 

 340 

0.0

0.2

0.4

0.6

0.8

1.0

-30 0 30 60 90 120150180210240270300

C
o

n
ce

n
tr

a
ti

o
n

 (
C

/C
o
)

Time (min)

Pt-Brookite

No scavenger

tert-butanol

Na₂C₂O₄

AgNO₃
0.0

0.1

0.2

0.3

0.4

0.5

0 30 60 90 120 150 180 210 240 270 300

H
2

(m
M

)

Time (min)

Pt-Brookite

No scavenger

tert-butanol

Na₂C₂O₄

AgNO₃

(A) (B)



16 

 

In Table 4 the ammonia and phosphate concentrations, in the absence and presence of scavengers, are 341 

compared during the irradiation time. After adding tert-butanol and Na2C2O4 the concentration of the 342 

ionic species is lower than that observed in their absence, confirming the active role of •OH and h+ in 343 

PMG degradation, in accordance with the data reported in Figure 6. Following the addition of AgNO3, 344 

the ammonia concentration increases, indicating that trapping of photogenerated electrons suppress the 345 

charges recombination, thereby enhancing the oxidation reaction. Conversely, the amount of phosphate 346 

decreases with respect to the experiment in the absence of AgNO3, and this result is difficult to 347 

rationalize, although a tentative explanation could be the interaction between Ag+ and phosphate ions 348 

producing poorly soluble Ag3PO4.  349 

Table 4. Concentrations of phosphate and ammonia in the presence of Pt-Brookite and different 350 

scavengers.  351 

 
  tert-butanol Na2C2O4 AgNO3 

T (min)  Phosphate Ammonium Phosphate Ammonium Phosphate Ammonium 

-30 0 0 0 0 0 0 

120 0.029 0.058 0.031 0.064 0.025 0.093 

240 0.050 0.123 0.055 0.154 0.041 0.171 

300 0.063 0.147 0.065 0.005 0.048 0.200 

 352 

 353 

Conclusion  354 

This work investigates glyphosate photoreforming in the presence of selected TiO2 based photocatalysts 355 

with the aim of verifying the feasibility of the process. Namely, the runs were carried out under anaerobic 356 

conditions to exploit the possibility of the contemporary oxidation/partial oxidation of PMG and H2 357 

production. The system successfully achieved this objective by simultaneously addressing three key 358 

aspects: (i) environmental remediation through the degradation of glyphosate; (ii) generation of value-359 

added compounds via its partial oxidation; and (iii) concurrent H2 production. In other words, one process 360 

delivers environmental, chemical, and energy benefits simultaneously. Interestingly, TiO2 Pt-Brookite, 361 

used for the first time in this reaction, resulted the most performant photocatalyst, confirming the 362 

efficiency of this TiO2 polymorph in H2 production. To the best of our knowledge, this study represents 363 

one of the first examples in which three objectives are achieved simultaneously, establishing a new 364 

paradigm in environmental remediation that integrates contaminant degradation with energy generation 365 
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and chemicals production. This approach opens new opportunities for the design of multifunctional 366 

photocatalysts tailored to specific pollutants degradation/valorization. In conclusion, future 367 

developments of this preliminary work should focus on the exploration of novel photocatalysts and on 368 

the integration of suitable separation systems with the reactor to enable the efficient recovery of the 369 

value-added chemicals produced.  370 
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