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Abstract 
One of the actual pollutants of water resources is ethylene glycol, which is part 
of deicing liquids, high concentrations of which are harmful to humans and 

nature. This paper describes investigation of the kinetic patterns of photooxi-
dation of ethylene glycol (EG) and methanol (MeOH) as model oxidizable sub-
stances on TiO2 P25 modified with Au, Pt, Pd, under UV irradiation. The study 
of processes using TOC analysis made it possible to determine the total miner-
alization of organic substrates, and the analysis of the mixture composition by 
HPLC, supplemented by modeling the kinetics of oxidation, made it possible to 
visualize probable transformation routes. Formaldehyde conversion to formic 
acid showed the lowest surface reaction rate constant in both methanol and 
ethylene glycol oxidation processes. Acceleration of this step is observed when 
Pt nanoparticles are applied to the TiO2 surface. The application of Au has little 
effect on the rate of decomposition, while the addition of Pd in most cases re-

duces the observed rates. The study has shown the effect of the metal nature 
on the course of stepwise ethylene glycol and methanol decomposition and ox-
idation in aqueous solutions, revealed the ratio between rate constants of 
these processes, and highlighted the critical need to consider the distribution 
of the reaction participants between the bulk solution state and the adsorbed 
one on the surface of the catalyst. 
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Key findings 
● Oxidation of formaldehyde to formic acid has lowest rate constant for MeOH and EG. 

● Stepwise kinetic modeling validated for complex multi-step oxidation pathways. 

● Pt boosts all steps; Au and Pd have selective effect; Au promotes C–C bond cleavage in EG. 

● Adsorption-based model outperforms traditional pseudo-first-order kinetics. 
© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative Com-
mons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-

use of the work in any medium provided the original work is properly cited. 

1. Introduction 

Water contamination by various molecular pollutants poses 

a critical challenge, as water is a fundamental resource es-

sential for all living organisms to sustain life [1]. Numerous 

methods exist for removing molecular contaminants from 

the environment, including filtration, coagulation, floccula-

tion, biological treatment, adsorption/absorption, precipi-

tation, physical and chemical treatment, and membrane 

systems. However, all these approaches have inherent lim-

itations, restricting their effectiveness in water purifica-

tion. In this context, photocatalysis [2] represents a prom-

ising and environmentally benign approach for the elimina-

tion of molecular pollutants, especially due to potential uti-

lization of solar energy [3–5] to convert contaminants into 

minimally hazardous forms, thereby reducing the amount 

of toxic pollutants in water [6–8]. Nevertheless, water 

quality continues to deteriorate globally, reaching contam-

ination levels where water may pose risks to both human 

health and ecosystems. 

A prominent example of a water pollutant is ethylene 

glycol (EG) – a primary component of aircraft deicing fluids 
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and automotive antifreeze/coolants [9–11] and EG concen-

trations can reach 25-250 g/L in airport 

wastewater [12,13]. In lake waters located near frequent EG 

usage sites, concentrations up to 19 g/L have been meas-

ured [12]. With a toxicity class 3 rating, ethylene glycol can 

cause chronic poisoning in humans, adversely affecting vi-

tal organs including the blood vessels, kidneys, and nervous 

system [14]. Furthermore, microorganisms in contami-

nated water can utilize EG as a carbon source [15,16] – this 

biological oxidation of EG leads to depletion of dissolved 

oxygen, adversely affecting larger aquatic life through the 

development of hypoxia/anoxia and  

eutrophication [16]. 

Several methods for EG processing in aqueous solutions 

have been reported: 

 Electrochemical conversion of EG to CO2 [17,18]; 

 Photo-Fenton systems [9,10,12]; 

 EG photooxidation via H2O2 activation using UV-C 

radiation [15]; 

 Photocatalytic EG decomposition for H2 production 

under anaerobic conditions [19,20]. 

Studies often evaluate EG degradation via total organic 

carbon (TOC) or chemical oxygen demand (COD) [21,22] 

values. However, these analytical methods do not provide a 

complete picture of intermediate oxidation pathways, lim-

iting the ability to identify rate-limiting steps in complete 

EG mineralization sequence. Much research focuses not on 

water purification but on H2 production, with methanol fre-

quently used as a model electron donor (hole scavenger) in 

photocatalytic water splitting [23–25]. Similarly, other or-

ganic substrates – glycerol [26], isopropanol [27,28], etha-

nol [26,28], triethanolamine [26], carboxylic acids [26], 

and biomass components [29] – serve as H2 sources. Meth-

anol is also employed as a model compound for studying 

∙OH radical kinetics in TiO2-based systems, acting as an ∙OH 

trap [23,30]. A scientific debate persists regarding whether 

methanol oxidation proceeds via direct hole transfer from 

the catalyst surface to adsorbed molecules or through ∙OH 

radical attack. Notably, most studies track methanol oxida-

tion only to formaldehyde (often the sole detected product) 

[24] or neglect further transformation  

entirely [23]. 

Thus, literature lacks comprehensive studies on com-

plete oxidative mineralization of organic water pollutants 

with detailed mechanistic elucidation of intermediate 

steps. Most reports monitor parent compound disappear-

ance or TOC reduction without mechanistic insights. It 

should be noted that H2 production under anaerobic condi-

tions – a fundamentally different process from oxidative 

degradation. This highlights a critical need for systematic 

investigations targeting complete photocatalytic minerali-

zation pathways to advance sustainable water purification 

technologies. 

TiO2-based photocatalysts are promising for environ-

mental applications, particularly in water purification. Ti-

tanium dioxide is the most widely used photocatalyst due 

to its low toxicity, high thermal, chemical, and photochem-

ical stability, as well as reasonable cost [31–33]. Under UV 

irradiation, electrons in TiO2 are photoexcited from the va-

lence band (VB) to the conduction band (CB), thus generat-

ing electron-hole pairs. These charge carriers drive redox 

reactions that lead to the degradation of pollutants. These 

reactions follow the primary interfacial charge carrier 

transfer processes: electrons are captured by an acceptor, 

while holes are transferred to an electron-donor substrate 

[34]. 

In photocatalytic liquid-phase oxidation, dissolved mo-

lecular oxygen acts as the electron acceptor, while water or 

adsorbed organic substrate serves as the electron donor for 

reaction with photogenerated holes [35,36]. These pro-

cesses are made possible by the relative energetic positions 

of TiO2 valence and conduction bands [37,38]: VB potential 

(almost similar for anatase and rutile (+2.9 V vs. NHE) is 

more positive than the water oxidation potential 

(E°(H2O/∙OH) = +2.7 V vs. NHE), while CB electron poten-

tial (-0.3 V vs. NHE for anatase and -0.1 V vs. NHE for ru-

tile) is more negative than the oxygen reduction potential 

(E°(O2/O2∙–) = –0.18 V vs. NHE). In rutile, CB position hin-

ders superoxide radical (O2∙–) formation, but a two-electron 

reduction pathway yielding hydrogen peroxide 

(E°(O2/H2O2) = +0.695 V vs. NHE) remains thermodynami-

cally accessible [39]. 

The well-known commercial TiO2 Evonik P25 is a mix-

ture of anatase (~80%) and rutile (~20%) and the for-

mation of a heterojunction between these two phases is re-

sponsible for the enhanced photocatalytic activity of P25 

relative to pure anatase or rutile alone [40,41]. A significant 

drawback of pure anatase and rutile, like all individual sem-

iconductors, is the high recombination rate of charge carri-

ers [42]. This effect can be mitigated by modifying the TiO2 

surface with metals, as it facilitates electron transfer from 

the titanium dioxide conduction band to the impurity levels 

introduced by the metal [42–44]. This promotes spatial 

charge separation and suppresses their recombination. For 

TiO2 surface modification with metallic nanoparticles (met-

als readily reduced to their metallic state, such as Pt, Pd, 

and Au) are commonly used. In photocatalysis, Pt-modified 

TiO2-based catalysts are most widespread because platinum 

deposition significantly enhances reaction rates in both 

gas-phase [45] and liquid-phase systems [31]. This en-

hancement in activity is attributed not only to improved 

charge separation but also to the role of Pt as a cocatalyst 

in surface transformations [46]. The higher activity of 

Pt/TiO2 compared to Ag/TiO2 [31] is linked both to the 

higher work function of Pt and to its lower overpotential 

for H2 generation. Pure TiO2 and other wide-bandgap semi-

conductors typically exhibit high overpotential  

value [47]. 

Different metals exhibit varying abilities to catalyze the 

proposed rate-limiting hydrogen evolution step [48]. The 

rates of formaldehyde formation from ethylene glycol and 

hydrogen evolution decreased in the order Pt > Au ≈ Pd >> 
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pristine TiO2. Although the work functions of Pt and Pd are 

close (5.3 eV, 5.7 eV, and 5.6 eV for Au (111), Pt (111), and 

Pd (111), respectively [49]), their activities differ, indicat-

ing the contribution of multiple factors. Comparing Pt and 

Pd is interesting, because thermal catalytic processes 

achievable with these metals [50,51] could affect photo-

catalytic performance. Furthermore, it was shown [39] that 

Pd-modified rutile exhibits pronounced photoactivity in hy-

drogen peroxide generation, suggesting that the metal also 

affects the formation and/or accumulation of reactive oxy-

gen species. Au is another metal frequently used for TiO2 

modification. Despite the outer electron shells of Pt and Au 

differing by just one electron, their properties are markedly 

different. Therefore, depositing these metals will have dis-

tinct effects on the final photoactivity of the sample [48]. 

Conversely, a study on the photodegradation of the dye acid 

green 16 [43] reported that the quantum efficiency of 

Pt/TiO2 was comparable to that of Au/TiO2 but superior to 

Pd/TiO2. Thus, it is meaningful to compare photocatalysts 

modified with different metals (Pt, Pd, Au), as the metal on 

the TiO2 surface not only acts as an electron acceptor for 

efficient charge separation (as traditionally understood in 

photocatalysis) but also participates in activating interme-

diate steps and interacts with reactive oxygen  

species. 

So, P25 was chosen as the benchmark photocatalyst for 

two key reasons, which directly define its interaction with 

deposited metals (Au, Pt, Pd): the intrinsic anatase/rutile 

heterojunction and Schottky junction with the metal cocat-

alyst. The former provides superior intrinsic charge sepa-

ration, ensuring that any observed enhancement originates 

primarily from interaction of metal with titania, rather 

than from improved semiconductor. The latter promotes 

the transfer of photogenerated electrons to metal nanopar-

ticles, leading to effective charge separation, activation of 

metals as cocatalysts for multi-electron reactions (e.g., O2 

reduction), and influence on degradation pathway kinetics. 

Therefore, P25 allows isolation of the synergistic effect be-

tween semiconductors and different noble metal cocata-

lysts during pollutant oxidation. 

The aim of this work was to investigate the photocata-

lytic oxidation of ethylene glycol and methanol in aqueous 

solutions in the presence of titanium oxide catalysts under 

UV irradiation, with a detailed analysis of the model com-

pound decomposition kinetics and the dynamics of for-

mation and consumption of water-soluble intermediate 

degradation products. The catalysts examined include the 

well-known commercially available P25, as well as P25 

modified with deposited Pt, Pd, and Au. The experimental 

data obtained were used to develop a kinetic transfor-

mation model, which enabled the calculation of apparent 

rate constants for the corresponding process steps through 

numerical simulation and demonstrated their dependence 

on the nature of the metal used to modify P25. The findings 

are significant for understanding the key steps in the deg-

radation of such compounds and for developing strategies 

to enhance the decomposition of aqueous contami- 

nants. 

2. Materials and methods 

2.1. Chemicals 

Ethylene glycol (C2H6O2, Reachim, Russia), methanol 

(CH3OH, 99.8%, J.T. Baker, Netherlands), formaldehyde 

(CH2O) and formic acid (CH2O2) standard solutions were 

purchased from Reachim, Russia, glycolaldehyde dimer 

(C4H8O4, 98%, Fluka Chemie, Switzerland), glycolic acid 

(C2H4O3, 98%, BLD Pharmatech, USA), oxygen (99.9%), 

AEROXIDE TiO2 Evonik P25 (Evonik Industries, Germany), 

metal precursors including hydrogen hexachloroplatinate 

(H2PtCl6), palladium chloride (PdCl2), hydrogen tetrachlo-

roaurate (HAuCl4) were purchased from Krastsvetmet JSC, 

Russia, sodium tetrahydridoborate (NaBH4, 98%, Acros Or-

ganics, Belgium). 

2.2. Synthesis of Me-modified photocatalysts 

The synthesis of metal-modified TiO2 photocatalysts was 

carried out using a reductive deposition method [52] with 

sodium borohydride (NaBH4), following the procedure be-

low. A 0.5 g sample of TiO2 Evonik P25 was dispersed in 

50 ml of deionized water and stirred for 10 minutes. Under 

continuous stirring, a solution of the metal precursor (0.5% 

metal by mass) was added to the suspension, followed by 

30 min of mixing. A freshly prepared NaBH4 solution was 

then added dropwise at a molar ratio of metal to NaBH4 of 

1:3. After 3 h of stirring, the resulting precipitate was 

washed five times with deionized water via centrifugation 

(11000 g, 30 min, Beckman Coulter, USA). 

2.3. Characterization of catalysts used 

Diffuse reflectance spectra (DRS) for the samples were rec-

orded in the 250–850 nm range (1 nm step) using a Cary 

300 UV-Vis spectrophotometer (Agilent, USA) equipped 

with a DRA-30I integrating sphere attachment. Polytetra-

fluoroethylene (PTFE) from Agilent (USA) was used as the 

reference material. The spectra were converted using the 

Kubelka-Munk function F(R)  

𝐹(𝑅) =
(1−𝑅)2

2𝑅
, (1) 

where R – reflectance (%), to construct Tauc plots, which 

represent the dependence of (F(R)∙hν)0.5 on the photon en-

ergy hν. Analysis of the DRS data via Tauc plot transfor-

mation enables estimation of the semiconductor optical 

band gap energy, determined as the value on the abscissa 

axis at the intersection point of the baseline and the extrap-

olated linear fit [53,54]. 

The phase composition of the synthesized samples was 

confirmed by X-ray diffraction (XRD) analysis using a 

Bruker D8 Advance (Germany) X-ray diffractometer with 

CuKα radiation. The oxidation states of the metals depos-
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ited on the TiO2 surface were determined by X-ray photoe-

lectron spectroscopy (XPS) on a SPECS photoelectron spec-

trometer (SPECS Surface Nano Analysis GmbH, Germany) 

equipped with a PHOIBOS-150 hemispherical electron en-

ergy analyzer and an AlKα X-ray source (1486.6 eV, 100 W). 

The specific surface area of the obtained samples was de-

termined by low-temperature (77 K) nitrogen adsorption-

desorption using an ASAP 2400 analyzer (Micromeritics, 

USA). The samples were subjected to vacuum degassing 

prior to the measurements at 150 ℃ for 16–24 h. 

2.4. Photocatalytic experiments 

Photocatalytic reactions were carried out in a thermostatic 

glass reactor at 25 ℃. 85 mg of photocatalyst was sus-

pended in 170 mL of an aqueous solution of organic com-

pound – methanol or ethylene glycol (typically 500 mg L−1). 

Deionized water (Barnstead EasyPure II, 18.2 MΩ cm) was 

used to prepare model solutions. The reaction slurry was 

saturated with dissolved oxygen by O2 bubbling at a flow 

rate of 20 mL min−1. The reactor was magnetically stirred. 

Prior to each experiment, the reaction mixture was stirred 

under dark conditions for 15 min to achieve the adsorption-

desorption equilibrium. The reactor was then irradiated us-

ing a LED source of UV radiation, with maximum radiation 

wavelength at 370 nm and radiation intensity of 

30 mW cm–2. Liquid samples were regularly taken from the 

reaction slurry through a stainless-steel needle and then fil-

tered through a 0.2 µm PTFE HP syringe filter.  

Samples were analyzed with Multi N/C 3100 duo 

TOC/TNb Analyzer (Analytik Jena, Germany) to quantify a 

Total Organic Carbon (TOC). Before analysis, each sample 

was acidified with ~50 µL of 2 M HCl to remove dissolved 

CO2. Qualitative and quantitative determination of metha-

nol and ethylene glycol oxidation products was carried out 

using Waters Acquity Arc high-performance liquid chro-

matograph (HPLC, USA) equipped with a four-channel high-

pressure liquid pump, an autosampler, a column thermo-

stat, a refractive index (RI) and photodiode array (PDA) de-

tectors. Separation was performed using a Repromer H 

4.6×250 mm ion exclusion column (Dr.Maisch HPLC GmbH, 

Germany), filled with polymer sorbent granules of 9 µm and 

equipped with a pre-column with the same sorbent. The 

temperature of the cell of the refractometer and the column 

thermostat was 50 ℃, the temperature of the automatic 

sampler was 25 ℃. A 5 mM solution of sulfuric acid in de-

ionized water was used as the eluent, the flow rate of the 

eluent 0.5 mL min−1, the sample volume 0.010 mL. 

2.5. Experimental data processing and kinetic 

modeling 

As formaldehyde and formic acid do not achieve separation 

under the given conditions, and the photodiode detector 

provides an analytical signal exclusively for formic acid, the 

concentrations of these components were established via a 

system of equations for formaldehyde CFD (2) and formic 

acid CFA (3), utilizing known analytical signal areas and pre-

determined calibration coefficients. 

𝐶𝐹𝐷 =
𝐴𝑅𝐼−𝐾𝐹𝐴

𝑅𝐼𝐶𝐹𝐴

𝐾𝐹𝐷
𝑅𝐼 , (2) 

𝐶𝐹𝐴 =
𝐴𝑃𝐷𝐴

𝐾𝐹𝐴
𝑃𝐷𝐴, (3) 

where ARI and APDA are the analytical signal areas in the RI 

and PDA channels, respectively; KFD
RI is the calibration co-

efficient for formaldehyde in RI, and KFA
RI and KFA

PDA are the 

calibration coefficients for formic acid in RI and PDA, re-

spectively. 

Glycolaldehyde (GD) and glycolic acid (GA) also remain 

unresolved under these chromatographic conditions, but 

they possess different sensitivity coefficients in RI and PDA. 

Concentrations of GD and GA were similarly derived from 

the system of equations (4, 5). Raw chromatographic data 

examples (Figure S1), component retention times (Ta-

ble S1), and sensitivity coefficients (Table S2) are pre-

sented in Supplementary materials. 

𝐶𝐺𝐷 =
𝐴𝑅𝐼𝐾𝐺𝐴

𝑃𝐷𝐴−𝐴𝑃𝐷𝐴𝐾𝐺𝐴
𝑅𝐼

𝐾𝐺𝐷
𝑅𝐼 𝐾𝐺𝐴

𝑃𝐷𝐴−𝐾𝐺𝐴
𝑅𝐼𝐾𝐺𝐷

𝑃𝐷𝐴, (4) 

𝐶𝐺𝐴 =
𝐴𝑅𝐼−𝐾𝐺𝐷

𝑅𝐼 𝐶𝐺𝐷

𝐾𝐺𝐴
𝑅𝐼 . (5) 

The maximum observed rate of the model organic com-

pound mineralization (µmol(C) L⁻¹ min⁻¹) was determined 

from the dependence of the TOC concentration in the solu-

tion on the irradiation time by applying linear approxima-

tion to the TOC decay region. The obtained values were used 

to evaluate the overall mineralization rate of the model pol-

lutant.  

The kinetics of the photo-oxidation process were simu-

lated using the Mathcad software package. During the mod-

eling of the oxidation processes, two kinetic models were 

investigated. 

2.5.1. First Kinetic Model – Pseudo-First-Order Kinetics 

The first model is the widely used pseudo-first-order ki-

netic model [55–57], which describes the chemical trans-

formation of organic substrates without accounting for pro-

cess heterogeneity (i.e., ignoring adsorption) or reactor pa-

rameters. Calculations were performed using numerical in-

tegration followed by solving a system of vector equations, 

where the variables are the rate constants kj' for each trans-

formation step [58]. The general form of the vector equa-

tion is given by expression (6), where φj(t) is the numeri-

cally calculated integral (7), and Ci(t) is the set of experi-

mental data points representing the concentration of ith 

component at time moment t.  

𝐶𝑖(𝑡) = 𝐶𝑖,0 +∑ 𝜈𝑖𝑗 ⋅ 𝑘𝑗
′ ⋅ 𝜑𝑗(𝑡)𝑗 , (6) 

where νij is the stoichiometric coefficient of ith component 

on the stage j, kj' is the (effective) rate constant of step j, 

and Ci,0 is the initial concentration of the ith component. 

https://doi.org/10.15826/chimtech.9535
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𝜑𝑗(𝑡) = ∫ ∏ 𝐶𝑖(𝑡)
𝑛𝑖𝑗𝑑𝑡𝑖

𝑡

0
, (7) 

where nij is the reaction order of ith component on the step 

j. As an example, the system of vector equations for metha-

nol transformation (8–11) is provided: 

𝐶𝑀𝑒𝑂𝐻(𝑡) = 𝐶𝑀𝑒𝑂𝐻,0 − 𝑘1
′ ⋅ ∫ 𝐶𝑀𝑒𝑂𝐻(𝑡)𝑑𝑡

𝑡

0
, (8) 

𝐶𝐹𝐷(𝑡) = 𝐶𝐹𝐷,0 + 𝑘1
′ ⋅ ∫ 𝐶𝑀𝑒𝑂𝐻(𝑡)𝑑𝑡

𝑡

0
− 𝑘2

′ ⋅ ∫ 𝐶𝐹𝐷(𝑡)𝑑𝑡
𝑡

0
, (9) 

𝐶𝐹𝐴(𝑡) = 𝐶𝐹𝐴,0 + 𝑘2
′ ⋅ ∫ 𝐶𝐹𝐷(𝑡)𝑑𝑡

𝑡

0
− 𝑘3

′ ⋅ ∫ 𝐶𝐹𝐴(𝑡)𝑑𝑡
𝑡

0
, (10) 

𝐶𝐶𝑂2(𝑡) = 𝐶𝐶𝑂2,0 + 𝑘3
′ ⋅ ∫ 𝐶𝐹𝐴(𝑡)𝑑𝑡

𝑡

0
. (11) 

Here and throughout the text, the following notations are 

used: MeOH – methanol, FD – formaldehyde, FA – formic 

acid. Furthermore, the model assumes complete oxidation 

of formic acid to carbon dioxide. The validity of this as-

sumption is supported by findings such as those reported 

by Nomikos et al. [59], who observed only CO2 and H2 in the 

gas phase during methanol oxidation. Furthermore, in a 

study [19] on the oxidation of ethylene glycol using Pt/P25, 

CO was not detected in the gaseous products while CO2 was. 

To ensure uniformity across our calculations, we adopted 

the assumption that oxidation proceeds to completion with 

each catalyst regardless of the modifying agent. Using the 

calculated rate constants, the direct kinetic problem was 

solved by numerical integration of a system of differential 

equations of the form (12) for current reaction participant 

concentrations, yielding calculated kinetic curves subse-

quently compared with experimental data: 

𝑑𝐶𝑀𝑒𝑂𝐻(𝑡)

𝑑𝑡
= −𝑘1

′𝐶𝑀𝑒𝑂𝐻. (12) 

2.5.2. Second Model – Adsorption-Based Kinetics 

The second model accounts for the adsorption of substances 

on the surface of catalyst samples. It incorporates the num-

ber of available adsorption sites on the catalyst and the re-

actor volume. Thus, the second model (hereafter is referred 

to as the “adsorption-based model”) considers the total dis-

tribution of ith component in the bulk aqueous solution Ni,aq 

and on the catalyst surface Ni,s (13): 

𝑁𝑖 = 𝑁𝑖,𝑠 + 𝑁𝑖,𝑎𝑞 = 𝜃𝑖𝑁𝜃 + 𝐶𝑖𝑉, (13) 

𝑑𝑁𝑖

𝑑𝑡
= ∑ 𝜈𝑖𝑗𝑘𝑗

∗𝜃𝑖𝜃𝑂2𝑗 , (14) 

where θi is the surface coverage fraction of ith component, 

Nθ is the maximum number of adsorption sites available for 

ith component (monolayer capacity, assumed as 1014 cm−2 

[60], the sensitivity of the calculations performed to 

changes in this value is illustrated in the Supplementary 

materials), V is the reaction mixture volume, kj* is the rate 

constant of step j, and θO2 is the surface coverage fraction 

of oxygen molecules, which act as an (indirect) oxidizer in 

each step. The change in the total amount of the ith compo-

nent results from the reaction on the catalyst surface (14). 

The observed change in ith component amount is expressed 

as (15) and the surface coverage fraction θi is described by 

the Langmuir competitive adsorption equation, assuming 

only carbon-containing transformation participants occupy 

the surface, while oxygen adsorption is negligible. For in-

stance, in the methanol photooxidation system, θi takes the 

form (16): 

𝑑𝐶𝑖

𝑑𝑡
=

1

𝑉

𝑑

𝑑𝑡
(𝑁𝑖 − 𝜃𝑖𝑁𝜃) =

1

𝑉
∑ 𝜈𝑖𝑗𝑘𝑗

∗𝜃𝑖𝜃𝑂2 −
𝑁𝜃

𝑉

𝑑𝜃𝑖

𝑑𝑡𝑗 , (15) 

𝜃𝑖 =
𝐾𝑖𝐶𝑖

1+𝐾𝑀𝑒𝑂𝐻𝐶𝑀𝑒𝑂𝐻+𝐾𝐹𝐷𝐶𝐹𝐷+𝐾𝐹𝐴𝐶𝐹𝐴
. (16) 

For calculations using the second model (“adsorption-based 

model”), a system of differential equations for current con-

centrations of transformation participants is constructed 

with initial conditions (Ci,0) and initial approximations for 

apparent rate constants (or adsorption equilibrium con-

stants). These are used to solve the direct problem of chem-

ical kinetics. Optimization of rate constants (or adsorption 

equilibrium constants) is performed by formulating a sys-

tem of vector equations that equate calculated and experi-

mental values at specific time points te. Optimization mini-

mizes the residual (17), determining constants that maxim-

ize agreement between calculated kinetic curves and exper-

imental data [58]. The constants obtained can be used as 

initial approximations iteratively until the sum of squared 

deviations (SSres) stabilizes. 

𝑆𝑆𝑟𝑒𝑠 = ∑ (𝑦𝑖 − 𝑦𝑖)
2𝑁

𝑖=1 , (17) 

where yi are actual concentration values and ŷi are calcu-

lated concentration values at corresponding time points. 

Below, the differential equation for methanol transfor-

mation (18) derived from (15) is provided as an example: 

𝑑𝐶𝑀𝑒𝑂𝐻

𝑑𝑡
=

−
1

𝑉

𝑘1𝐾𝑀𝑒𝑂𝐻𝐶𝑀𝑒𝑂𝐻
(1+𝐾𝑀𝑒𝑂𝐻𝐶𝑀𝑒𝑂𝐻+𝐾𝐹𝐷𝐶𝐹𝐷+𝐾𝐹𝐴𝐶𝐹𝐴)

2

1+
𝑁𝜃
𝑉

𝐾𝑀𝑒𝑂𝐻
1+𝐾𝑀𝑒𝑂𝐻𝐶𝑀𝑒𝑂𝐻+𝐾𝐹𝐷𝐶𝐹𝐷+𝐾𝐹𝐴𝐶𝐹𝐴

, (18) 

where k1 is the rate constant for MeOH-to-FD conversion, 

defined by (19): 

𝑘𝑗 = 𝑘𝑗
∗ ⋅ 𝐾𝑂2 ⋅ 𝐶𝑂2. (19) 

Since O2 bubbling maintains a stable O2 concentration in the 

reaction mixture, the product of the rate constant kj
*, ad-

sorption equilibrium constant, and oxygen concentration is 

treated as constant. 

2.5.3. Accuracy Evaluation 

The adjusted coefficient of determination R2
cor was used to 

evaluate the accuracy of the calculated kinetic curves 

[61,62] against experimental data (20)–(23). The total sum 

of squares is defined as (20): 

𝑆𝑆𝑡𝑜𝑡 = ∑ (𝑦𝑖 − 𝑦̄)2𝑁
𝑖=1 , (20) 

where ȳ is the mean value of experimental concentration 

values (21): 

𝑦̄ =
1

𝑁
∑ 𝑦𝑖
𝑁
𝑖=1 . (21) 

https://doi.org/10.15826/chimtech.9535


Chimica Techno Acta 2026, vol. 13(2), No. 9535 ARTICLE 

 6 of 17 DOI: 10.15826/chimtech.9535  

The coefficient of determination R2 is defined by (22) and 

used to calculate R2
cor (23). 

𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠

𝑆𝑆𝑡𝑜𝑡
, (22) 

𝑅𝑐𝑜𝑟
2 = 1− (1 − 𝑅2)

(𝑛−1)

(𝑛−𝑘)
, (23) 

where n is the number of experimental points and, k is the 

number of variables. 

3. Results and discussion 

3.1. Photocatalysts characteristics 

The diffuse reflectance spectra for the 0.5% M/P25 samples 

(where M = Pt, Pd, Au), prepared via sodium borohydride-

assisted reductive deposition, are presented in Figure 1. For 

comparison, the diffuse reflectance spectrum of the pristine 

P25 is also provided. Additionally, the corresponding Tauc 

plots for the 0.5% M/P25 samples are provided. Analysis of 

the diffuse reflectance spectra via Tauc plot transformation 

allows for the calculation of the optical band gap energy of 

the semiconductor, enabling determination of the values for 

both the anatase and rutile phases present in the commer-

cial TiO2 P25 material. 

It should be noted that this type of analysis provides es-

timated band gap values. Consequently, depending on the 

sample preparation method, the calculated values can vary 

slightly (by approximately 0.1 eV for both rutile and ana-

tase), while no actual change in Eg occurs. Measured spe-

cific surface area of the mentioned samples showed almost 

no deviation from the initial value of 56 m2 g–1 measured 

for the pristine P25 because of mild synthesis conditions. 

All 0.5% M/P25 samples exhibit absorption in the visible 

region due to absorption by the metal nanoparticles. In the 

near-UV region, absorption for the 0.5% M/P25 samples re-

mains attributable to the intrinsic absorption of P25, indi-

cating that the semiconductor's structure remains unal-

tered by the surface metal deposition. The XRD analysis re-

vealed that no diffraction peaks corresponding to crystal-

line phases other than the original titania phases of TiO2 

P25 material were detected in the samples with a 0.5% 

metal loading. Furthermore, the data confirms that the an-

atase-to-rutile phase ratio remains unchanged also (Fig-

ure S3 and Table S3). 

According to XPS data (Figure 2), the atoms in the Pt 

nanoparticles are entirely in the metallic state, while Pd is 

partially in the Pd2+ state (about 30%), which is quite com-

mon for Pd-based TiO2 systems [39,63], and Au is partially 

in Au+ state (about 15%) being usually observed for Au na-

noparticles [64,65]. Our conclusions regarding the pres-

ence of metal nanoparticles on the surface are based on 

electron microscopy data (SEM and TEM). It should be 

noted that at a low metal mass loading, nanoparticles may 

not be uniformly distributed or visible in every field of 

view. However, the micrographs capture characteristic na-

noscale features that we attribute to metal particles (Fig-

ure S5). 

 
Figure 1 Absorption spectra of pure P25 and synthesized samples and determination of the bandgap by the Tauc method. 
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Figure 2 XPS data for synthesized samples. 

 
Figure 3 TOC data for EG photocatalytic oxidation over 0.5% Pt/P25 sample; EG and MeOH mineralization rates. 

3.2. Ethylene glycol and methanol mineralization 

over Me-modified P25 

Based on the TOC measurement (Figure 3), the maximum 

rates of ethylene glycol (EG) and methanol (MeOH) miner-

alization were calculated for the synthesized 0.5% M/P25 

samples. Although ethylene glycol has a more complex mo-

lecular structure than methanol, its photocatalytic oxida-

tion rate is somewhat higher. This may be attributed to ad-

sorption features to be shown later. 

Metal particles on the titania surface are known to serve 

as acceptors for photogenerated electrons from the conduc-

tion band of semiconductors by overcoming the Schottky 

barrier. This promotes charge separation and inhibits re-

combination. In both cases, for ethylene glycol and metha-

nol, the deposition of metals alters the activity of P25 in 

such way: 

 most rapid oxidation up to CO2 occurs in the pres-

ence of the Pt-modified P25; 

 addition of Au onto P25 surface causes minimal 

changes to the mineralization rate; 

 addition of Pd reduces the mineralization rate. 

These differences may be attributed to distinct metal 

characteristics, such as work function and electron affinity. 

Variations in reaction mechanisms and the energy of gen-

erated reactive oxygen species (ROS) could also contribute. 

Furthermore, metal cocatalysts can initiate parallel side re-

actions that influence the efficiency of the studied pro-

cesses. For instance, previous results show that Pd2+ species 

supported on the anatase phase accelerate the hydrogen 

peroxide decomposition [39], which may explain the ob-

served decline in mineralization rate. 

A detailed analysis of the TOC decay kinetics reveals a 

nonlinear pattern: an initial induction period is observed, 
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followed by accelerated linear TOC depletion, which subse-

quently decelerates as values tend to zero. This behavior is 

associated with the formation and decomposition of inter-

mediate organic oxidation products. A thorough investiga-

tion of these kinetics has become the focus of further re-

search. 

3.3. Methanol oxidation pathway research and ki-

netic modelling 

Analysis of oxidation intermediates revealed that methanol 

oxidation proceeds via a stepwise mechanism, involving se-

quential formation of formaldehyde and formic acid, with 

subsequent conversion to gaseous products (Figure 4). 

Hereafter, gaseous products are denoted as COx in the pro-

posed reaction schemes to ensure greater accuracy because, 

for instance, in the study [20] both CO2 and CO were de-

tected among ethylene glycol oxidation products. The reac-

tion pathway remains consistent across different catalyst 

compositions; however, the rates of intermediate steps 

vary significantly. 

A notable accumulation of formaldehyde was observed 

in the reaction mixture, likely attributed to its weak adsorp-

tion on the catalyst surface [19]. Consequently, while meth-

anol concentration remains high, formaldehyde consump-

tion is limited due to competitive adsorption for active 

sites. In contrast, the concentration of formic acid reaches 

a pseudo-stationary level and remains nearly constant over 

an extended period. 

3.3.1. Pseudo-first order kinetic model 

The application of the pseudo-first-order kinetic model to 

describe methanol oxidation shows satisfactory results 

(Figure 5). However, a noticeable discrepancy between the 

model and experimental data is observed, as this model 

does not account for the competitive adsorption of reaction 

participants on the catalyst surface.  

Using the pseudo-first-order model, the rate constant kj' 

for each stage of methanol conversion was calculated for 

the 0.5% M/P25 catalysts (Figure 5). These kj' values are 

not true rate constants but represent apparent rate con-

stants obtained under the assumption that each step follows 

first-order kinetics. 

For all samples, the highest value corresponds to the 

formic acid conversion rate constant k3'. The conversion 

processes of methanol and formaldehyde proceed at a lower 

rate. The rate constant for FD-to-FA conversion k2' in-

creases with Pt modification, while Au and Pd deposition do 

not significantly accelerate this step. According to the 

pseudo-first-order model calculations, the initial methanol 

oxidation step is rate-limiting. Notably, modification of 

TiO2 P25 does not significantly increase k1', neither for 

0.5% Pt/P25 nor for both other catalysts.  

It should be noted that the high efficiency of Pt/P25 arises 

from a synergistic effect between its direct chemical partic-

ipation and catalytic activity in the transformation of inter-

mediates even without irradiation (Figure S14) and its in-

direct role in enhancing the photocatalytic process through 

improved charge separation [66,67]. Deconvoluting the 

contribution of each factor was not a distinct aim of this 

work. Nevertheless, the kinetic data indicates a specific ac-

tion of Pt that extends beyond merely increasing the charge 

carrier’s concentration. 

 
Figure 4 Proposed scheme for methanol oxidation, including main 

water-dissolved intermediates: formaldehyde and formic acid. 

 
Figure 5 Pseudo-first order kinetic model application for MeOH oxidation. Calculated rate constants for main oxidation steps. 
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3.3.2. Kinetic model enhancement 

Given the insufficient accuracy of the initial model in de-

scribing the experimental data, we refined it by accounting 

for the distribution of reaction components between the so-

lution bulk and the catalyst surface. Due to the system’s 

complexity – involving at least three rate constants and, 

when adsorption is considered, three additional adsorption 

equilibrium constants – the methanol oxidation process 

was studied stepwise. This approach reduces the number of 

independent variables in calculations. Following the meth-

odology described in Section 2.4, experiments on the pho-

tocatalytic oxidation of formic acid and formaldehyde were 

conducted. The results gave the rate constant for FA-to-CO2 

(k3) and FD-to-FA (k2) oxidation, which were subsequently 

used for complex systems. The following section focuses on 

refining the first model using FA oxidation as an example 

and applying the enhanced adsorption-based model to FD 

oxidation.  

Figure 6 shows the concentration profile of formic acid 

(FA) during its oxidation on P25. Figure shows that the 

pseudo-first-order model based on equation (24) fails to de-

scribe adequately the experimental data. 

𝑑𝐶𝐹𝐴

𝑑𝑡
= −𝑘3

′ ⋅ 𝐶𝐹𝐴. (24) 

The adsorption-based model, which accounts for the distri-

bution of components between the bulk liquid phase and the 

catalyst surface, demonstrates better agreement with the 

experimental data (R2 = 0.99). Within this model, the 

change in FA concentration is expressed as follows (25): 

𝑑𝐶𝐹𝐴

𝑑𝑡
=

−
1

𝑉

𝑘3𝐾𝐹𝐴𝐶𝐹𝐴
(1+𝐾𝐹𝐴𝐶𝐹𝐴)

2

1+
𝑁𝜃
𝑉

𝐾𝐹𝐴
(1+𝐾𝐹𝐴𝐶𝐹𝐴)

2

, (25) 

where k3 is the rate constant for FA oxidation to CO2, and 

KFA is the adsorption equilibrium constant of FA. 

Using the example of formic acid oxidation, the Lang-

muir-Hinshelwood model is also shown, which, like the 

pseudo-first-order model, is often used in modeling photo-

catalytic oxidation processes. The results obtained are pre-

sented in Figure S2. 

Similarly to formic acid, the accuracy of describing for-

maldehyde (FD) oxidation kinetics can be demonstrated us-

ing both models: Figure 7 shows the application of both 

models for formaldehyde oxidation evaluation. For the cal-

culations using the adsorption-based model, the formic acid 

oxidation rate constants k3 obtained in the previous stage 

(Figure 6) were used. 

 
Figure 6 Formic acid oxidation data described with pseudo-first-order kinetic model (left) and adsorption-based model (right). 

 
Figure 7 Formaldehyde oxidation data described with pseudo-first-order kinetic model (left), adsorption-based model (right). 
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3.3.3. Adsorption-based model application for methanol 

photooxidation 

The rate constants for FD-to-FA (k2) and FA oxidation (k3) 

obtained via the adsorption-based model implementation 

were applied to methanol oxidation process. Figure 8 pre-

sents the results of MeOH oxidation kinetics, accounting for 

the distribution of components between the reactor volume 

and the catalyst surface. The application of the adsorption-

based model enables an accurate description of MeOH oxi-

dation kinetics (R2 = 0.99). Unlike the pseudo-first-order 

model, which describes MeOH decay as exponential (Fig-

ure 5), the adsorption-based model captures the initial 

rapid MeOH decrease followed by gradual slowdown. This 

deceleration is surely attributed to intermediate products 

accumulating on the catalyst surface, especially formalde-

hyde. 

In all cases, the highest rate constant is that for FA oxi-

dation (k3), indicating this step as the fastest. According to 

these results, the lowest calculated reaction rate constant 

is the FD-to-FA oxidation (k2). In contrast, applying the 

pseudo-first-order model yields a conclusion that the low-

est value is k1', suggesting the MeOH-to-FD process step is 

the slowest. Indeed, this discrepancy does not represent a 

contradiction between the two models: as k1' in the first 

case is an apparent constant, its expression incorporates at 

least the true rate constant and the adsorption equilibrium 

constant for methanol. Thus, while the FD-to-FA oxidation 

has the lowest reaction rate constant, the MeOH-to-FD con-

version step limits the overall reaction rate.  

3.3.4. Adsorption issues 

When discussing component distribution on the catalyst 

surface within the adsorption-based model framework, sur-

face coverage by reaction participants should be considered 

with the adsorption-desorption equilibrium constants. It is 

important to note that this equilibrium can be disrupted 

during the reaction due to the high rate of component con-

sumption or formation [55,68]. Consequently, the expres-

sion for the apparent adsorption equilibrium constant takes 

the form: 

𝐾 =
𝑘ads+𝑘form

𝑘des+𝑘deg
, (26) 

where kads is the adsorption rate constant, kdes is the de-

sorption rate constant, kform is the formation rate constant 

and kdeg is the degradation rate constant for reaction com-

ponent considered. Furthermore, the adsorption-desorp-

tion equilibrium is disrupted by the formation of charged 

reactive species on the catalyst surface. This directly af-

fects, for example, the adsorption of acids capable of disso-

ciation. As a result, using adsorption equilibrium constants 

determined experimentally under static conditions does not 

lead to a reasonable description of the kinetic data. The 

same way the values of equilibrium constants obtained 

through parameter optimization in calculations are dis-

torted due to the disruption of adsorption equilibrium and 

do not match the experimental values. Therefore, for each 

specific system to be modeled, unique equilibrium con-

stants will be obtained for all reaction participants. For in-

stance, in the FA → CO2 and FD → FA → CO2 transfor-

mation chains, the adsorption equilibrium constants for FA 

will not be identical. In the first case, the value of KFA will 

be influenced by the FA consumption rate, while in the sec-

ond one, it will also be affected by the FA formation rate. If 

the calculated rate constants remain same from system to 

system (being true constants independent of substance con-

centration and the presence of other components), the ad-

sorption constants do not possess this characteristic. 

 
Figure 8 Methanol oxidation data described with adsorption-based model and corresponding rate constants for methanol oxidation 

process: k1 – MeOH  FD, k2 – FD  FA, k3 – FA  CO2. 
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Figure 9 Adsorption equilibrium constants (left), calculated surface coverage for MeOH photocatalytic oxidation with P25 (right). 

 
Figure 10 Ethylene glycol intermediate oxidation kinetics with 0.5% Au/P25 (left) and 0.5% Pt/P25 (right). 

Figure 9 shows the values of adsorption constants for 

MeOH, FD, and FA, obtained experimentally (exp) and cal-

culated via the adsorption-based model implementation 

(calc) for calculations of methanol oxidation on P25. For 

other samples, the calculated constants differ from the ex-

perimental ones in a similar manner, which is consistent 

with conclusion from [48] that metal deposition does not 

significantly alter adsorption properties. 

The calculated constants for FD and FA adsorption are 

higher than the experimental ones, which is not the case for 

methanol adsorption. The decrease in the calculated con-

stant for MeOH can be associated with its conversion to for-

maldehyde on the initial stage. Formaldehyde, being 

formed directly on the surface during the reaction (rather 

than adsorbed from the solution), gains an adsorption ad-

vantage over methanol and occupies a larger portion of the 

surface (Figure 9). The discrepancy between the calculated 

and experimental adsorption constants for FD and FA can 

also be associated with the shift in adsorption equilibrium 

upon their formation on the surface. The increase in these 

constants illustrates that they are (intermediate) reaction 

products. 

3.4. Ethylene glycol oxidation pathway research 

and kinetic modelling 

The oxidation of ethylene glycol (EG) is a complex process 

involving several sequential and parallel reactions [15,69]. 

EG oxidation can proceed via C–C bond cleavage to form 

two formaldehyde (FD) molecules, which are then oxidized 

to formic acid (FA), and finally to carbon dioxide. An alter-

native pathway involves the initial oxidation of EG to gly-

colaldehyde (GD), which is subsequently oxidized to for-

maldehyde and formic acid. Although glycolic acid can be 

formed as EG oxidation product via electrocatalysis or pho-

tocatalysis, it was not detected in reaction mixture. This ob-

servation aligns with results reported in [20]. Conse-

quently, glycolic acid is not included in the proposed reac-

tion pathway. It is important to note that the accumulation 

of intermediate products – their formation sequence and 

concentrations – varies depending on the actual catalyst 

composition. For instance, when using 0.5% Au/P25, FD 

and GD are formed simultaneously (Figure 10). In contrast, 

oxidation with 0.5% Pt/P25 and 0.5% Pd/P25 catalysts, 

glycolaldehyde is primarily formed first during EG oxida-

tion, while formaldehyde accumulation begins a bit later 

(Figure 10), and its yield is approximately halved. This sug-

gests the predominance of an EG transformation pathway 

that avoids C–C bond cleavage. 

Like the accumulation of FD observed during MeOH pho-

tocatalytic oxidation, intermediates such as FD and GD also 

accumulate during the EG oxidation. Meanwhile, FA con-

centration reaches a steady state. Based on experimental 

results and literature data [19,20], the following reaction 

scheme for photocatalytic ethylene glycol oxidation has 

been proposed (Figure 11).  
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Figure 11 Proposed scheme for photocatalytic oxidation of ethylene glycol, including main water-dissolved oxidation intermediates. 

 
Figure 12 Pseudo-first order kinetic model for EG photocatalytic oxidation with 0.5% Pt/P25. 

 
Figure 13 Glycolaldehyde oxidation kinetics with 0.5% Pt/P25 (left) described with adsorption-based model and minor intermediate 

products of glycolaldehyde with 0.5% Pt/P25 (right). 

The experimental kinetic curves for EG photooxidation 

were compared with those calculated using the pseudo-

first-order model (Figure 12). As in the case of methanol ox-

idation, pseudo-first-order model provides a good descrip-

tion of the experimental data (R2 = 0.98) with a still notice-

able difference between calculated and experimental data 

of the ethylene glycol concentration decrease in the middle 

of the process and at the final stage. 

To improve the calculation results for a better fitting of 

experimental EG oxidation data, it is necessary to apply the 

adsorption-based kinetic model the same as it used for 

MeOH oxidation kinetics. This requires data of the GD oxi-

dation rate constant, while the rate constant values for FD 

and FA oxidation are available from methanol oxidation cal-

culations. To determine the GD oxidation rate constant 

value, additional experiments were carried out. 

3.4.1. Glycolaldehyde photooxidation 

Among the oxidation products of glycolaldehyde (GD), for-

maldehyde (FD), formic acid (FA), glyoxal, glyoxylic acid, 

glycolic acid, and acetic acid are detected (Figure 13). Oxi-

dation of GD can proceed via C–C bond cleavage to form 

formaldehyde and formic acid. Alternatively, the following 

transformation pathways might occur without C−C bond 

cleavage: glycolaldehyde → glyoxal → glyoxylic acid; gly-

colaldehyde → glycolic acid. Such transformations might 

occur in the bulk solution involving ∙OH radicals, whereas 

C−C bond cleavage presumably occurs on the catalyst sur-

face involving holes [19,20]. This could explain why minor 

oxidation products of glycolaldehyde are not observed dur-

ing ethylene glycol oxidation: GD is formed on the surface, 

and although a part of it desorbs into the solution, C−C bond 

cleavage is the most probable pathway in this case. Glyoxal, 
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glycolic acid, and glyoxylic acid are further to be trans-

formed into C1-products and CO2 (Figure 14). The for-

mation of acetic acid is likely to occur via a two-electron 

oxidation of acetaldehyde, potentially generated on the sur-

face from glycolaldehyde [20]. 

The minor products are formed in small quantities and 

have negligible impact on TOC conversion. Therefore, they 

are not included explicitly in the kinetic modeling of gly-

colaldehyde oxidation and the simplified reaction scheme 

for calculations is GD  FD + FA (highlighted in green, Fig-

ure 14). Figure 13 shows the adsorption-based model’s fit to 

the kinetic data for glycolaldehyde oxidation with 

0.5% Pt/P25. The discrepancies between the calculations 

and the experimental results may be attributed to the over-

simplification of the proposed reaction pathway. Despite 

this, the model provides a good representation of GD con-

centration decrease (R2 = 0.97). 

3.4.2. Adsorption-based model application for ethylene 

glycol photooxidation 

After calculation the rate constant k5 for GD transformation 

into FD and FA, the remaining unknown rate constants for 

EG conversion are k1 for EG  FD and k4 for EG  GD, along 

with the adsorption equilibrium constants for all compo-

nents in the system: KEG, KFD, KFA, and KGD. When freely op-

timizing all parameters for different systems (0.5% M/P25, 

M = Au, Pt, Pd), the rate constant k1 attained negative values 

(except for 0.5% Au/P25). Consequently, the EG  FD con-

version step was excluded for three samples. This exclusion 

does not imply the total absence of this pathway (at least 

for some catalysts), but it reduces the number of unknown 

variables and simplifies calculations for these systems. 

Thus, the rate constant values for all EG transformation 

steps (Figure 15) and adsorption constants for all compo-

nents were obtained. 

Platinization of P25 significantly accelerates the initial 

EG decomposition step, with Pd and Au deposition provid-

ing less pronounced enhancement. For 0.5% Au/P25, EG 

decomposition predominantly proceeds through C–C bond 

cleavage with the formation of two FD molecules, whereas 

other catalysts favor EG oxidation to GD. The glycolalde-

hyde conversion to formaldehyde and formic acid proceeds 

most rapidly with pristine and platinized P25, while Pd and 

Au deposition reduces the rate of this step. 

The agreement between experimental data and calcu-

lated kinetic curves for EG oxidation in the presence of 

0.5% Pt/P25 is illustrated in Figure 16. As expected, the ad-

sorption-based model provides a precise representation of 

EG oxidation kinetic data at low concentrations than the 

pseudo-first-order kinetic model near the ending of the con-

version process (R2 = 0.998). Moreover, the adsorption-

based model more accurately describes the behavior of in-

termediate products. 

 
Figure 14 Proposed scheme for photocatalytic oxidation of glycolaldehyde. 

 
Figure 15 Rate constants for EG transformations calculated via the adsorption-based model implementation. 
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Figure 16 Ethylene glycol oxidation kinetics described with adsorption-based model for 0.5% Pt/P25. 

 
Figure 17 Adsorption equilibrium constants (left) and calculated surface coverage during methanol photocatalytic oxidation with 

0.5% Pt/P25 (right). 

The adsorption equilibrium constant (Figure 17) behav-

ior follows the same trend as for methanol oxidation stud-

ies: the calculated KEG is lower than experimental values 

due to intensive surface accumulation of oxidation interme-

diates FD, GD, FA. Increased calculated values for KFD and 

KFA relative to experimental data reflect again disrupted ad-

sorption equilibrium during their surface formation. The 

decreased KGD may stem from its high consumption rate. 

4. Limitations 

The aim of this work was not to determine the optimal pa-

rameters of the photooxidation process for each individual 

catalyst. We aimed to develop and validate a kinetic model-

ing framework capable of describing the multi‑step oxida-

tion of model pollutants. To ensure a valid comparison, all 

experiments were performed under standardized condi-

tions. A single metal loading of 0.5 wt% was selected for Pt, 

Pd, and Au, as it represents a mid‑point within the most fre-

quently reported range in the literature (0.1–2.0 wt%). 

With maintaining constant loading, the observed differ-

ences can be attributed primarily to the nature of the metal 

cocatalyst, rather than to variations in their dispersion and 

particle size. 

The reaction parameters (light intensity, initial pollu-

tant concentration, catalyst loading, oxygen flow) were 

fixed at values corresponding to the maximum oxidation 

rate observed for the unmodified P25 reference (Fig-

ure S13). This approach ensures that any changes observed 

for the modified samples are attributed to their differences, 

and not to variations in conditions. 

The implemented adsorption-based model effectively 

describes photocatalytic transformation kinetics while ac-

counting for process heterogeneity. It is worth noting that 

the model does not currently incorporate the effects of light 

intensity on photooxidation kinetics, as discussed in 

[70,71]. Additionally, it does not account for variations in 

light absorption capacity, treating light intensity as a con-

stant parameter. Both parameters can be considered when 

modifying the process modeling approach under considera-

tion, which can lead to increased accuracy of calculations.  

It is also important to note that while this work employs 

an apparent adsorption constant value, which differs from 

a static equilibrium constant, in a real process this constant 

will depend on the presence and concentration of reaction 

participants in the solution. This factor could contribute to 

a more refined model, and accounting for such a non-equi-

librium parameter may improve the R2 of modeling the 

transformations in the studied systems. But introducing a 

time-dependent adsorption constant would complicate the 

calculation scheme and significantly increase the degree of 

freedom in the system. 
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5. Conclusions 

In this work, we investigated M-modified TiO2 P25 (M = Au, 

Pt, Pd), prepared by chemical reduction deposition method, 

in the photocatalytic oxidation of ethylene glycol and meth-

anol in aqueous solutions. The highest degradation rates 

were achieved with Pt deposition: the corresponding de-

crease in TOC values were (31.0 ± 0.5) µmol(C) L–1 min–1 for 

ethylene glycol and (24.4 ± 2.6) µmol(C) L–1 min–1 for meth-

anol. 

The photooxidation of ethylene glycol and methanol 

proceeds stepwise in both cases. The intermediate transfor-

mation processes cause the nonlinear decrease in TOC at 

the beginning of the process. During the oxidation of or-

ganic substrates, products with aldehyde groups accumu-

late, and their transformation is one of the slow stages due 

to adsorption limitations. The apparent oxidation rate con-

stants for formic acid are the highest, and the concentra-

tions of formic acid in both cases reach steady-state values. 

The lowest observed reaction rate constant for both pro-

cesses corresponds to the oxidation of formaldehyde, while 

the overall process is limited by the initial alcohol oxidation 

step. 

Kinetic modeling of the photocatalytic oxidation of 

methanol and ethylene glycol in aqueous solutions on 

0.5% M/P25 samples (where M = Au, Pt, Pd) showed that 

Pt nanoparticles accelerate almost all stages of the pro-

cesses (except for the transformation of methanol to for-

maldehyde and glycolaldehyde to formaldehyde and formic 

acid). Pd deposition most noticeably accelerates the stage 

of ethylene glycol conversion to glycolaldehyde and, to a 

lesser extent, the stage of formic acid oxidation to final 

products; in other cases, Pd deposition leads to a decrease 

in the rate constant of the stage compared to unmodified 

P25. Au deposition accelerates the stages of formaldehyde 

oxidation to formic acid and formic acid oxidation to final 

products. For the sample with gold addition, ethylene glycol 

degradation with C–C bond cleavage is more characteristic. 

In contrast, the transformations of methanol to formalde-

hyde, glycolaldehyde to formaldehyde and formic acid, as 

well as ethylene glycol to glycolaldehyde are slowed down 

upon Au deposition. 

Since photoinduced transformations occur predomi-

nantly on the photocatalyst surface, accurate kinetics mod-

eling must account for the distribution of components be-

tween the surface and the bulk reaction mixture. 
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