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Abstract 

Photocatalytic reactor models incorporating radiation transport parameters and intrinsic 

kinetic parameters of photocatalytic decomposition of single-compound and mixtures of 

oxalic (OA) and formic acid (FA), in both slurry suspensions and immobilized photocatalytic 

thin films, were validated in two well-mixed annular photoreactors geometries irradiated with 

either UVA or UVC radiation. The six-flux absorption scattering model (SFM) predicted the 

radiation field in a titanium dioxide (TiO2 P25) catalyst suspension, the local volumetric rate 

of photon absorption (LVRPA) at each point of the reactor and, after volumetric integration, 

the lumped VRPA. The model combining the lumped VRPA, the kinetics models describing 

the adsorption and photocatalytic decomposition of OA and FA and the material balance of 

the reacting species was fitted to the experimental results of photocatalytic decomposition of 

OA and FO in a slurry TiO2 suspension, to determine the OA and FA intrinsic reaction 

kinetics parameters. Such intrinsic parameters were then used with the average surface rate of 

photon absorption (SRPA) to model and predict the photocatalytic oxidation of OA and FA 

on non-porous TiO2–chitosan films immobilized on glass plates immersed in the photoreactor. 

The models for both slurry suspensions and immobilized photocatalysts predicted the 

degradation and mineralization of OA and FA and of a mixture of them under diverse 

experimental conditions. This study demonstrates a systematic methodology for determining 

intrinsic reaction kinetics rate parameters of water contaminants that can also be used to 

represent the photocatalytic oxidation of such contaminants in irradiated slurries and in 

immobilized photocatalytic thin films and in any photoreactor geometry. 
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1. Introduction 

Carboxylic acids, such as oxalic acid (OA), formic acid (FA) and short-chain carboxylic acids 

are common species in various industrial wastewater and natural waters. These compounds 

often are the products of the mineralization of aromatic compounds [1] by oxidation processes 

[2]. Among different types of industrial wastewater, petrochemical plants wastewater often 

contains high loadings of formic acid, which is challenging to remove [3]. Advanced 

oxidation technologies which are based on the production of highly reactive radical species 

(e.g., OH•) have shown many advantages for the treatment of such type of wastewater over 

conventional treatment methods [4-7]. Specifically, TiO2 photocatalysis has been successfully 

applied for the treatment of oxalic, formic, gallic and other aliphatic and aromatic carboxylic 

acids in wastewater, due to strong chemisorption of these species on the TiO2 surface and 

photocatalytic oxidation [8-12].  

The removal of contaminant species by TiO2 photocatalysis requires the effective irradiation 

of the TiO2 catalyst, which can be either in an aqueous slurry suspension or immobilized onto 

a supporting substrate [13, 14]. In general, suspension or slurry type reactors provide more 

effective treatment of water contaminants than immobilized systems due to larger irradiated 

catalyst surface area and higher rate of mass transfer of reactants towards the catalyst surface 

[15]. However, a catalyst recovery stage involving microfiltration may be required to recover 

and reuse the catalyst. This process may add to the capital and operating costs of the water 

treatment process [16]. Alternatively, the TiO2 may be immobilized onto an inexpensive 

supporting substrate, such as silica [17], as a thin film to ensure that the light can reach the 

entire layer of the supported photocatalyst [16,18,19]. Such configuration, however, reduces 

the total surface area of catalyst irradiated with light and the transport of reactants to the 

catalytic surface may be limited by mass transfer, which results in a reduction of the 

contaminant oxidation efficiency in most immobilized photocatalytic systems [18,19]. In 



general, no clear answers can be gathered from the literature, since the process of choice often 

requires further engineering considerations, including scale-up and a process economics 

analysis [20]. 

The initial step in a semiconductor photocatalytic reaction mechanism involves the absorption 

of photons that have energy higher than the band-gap of the semiconductor and this process 

results in the generation of electron-hole pairs in the bulk of the catalyst. The photogenerated 

charges may then either recombine in an energy dissipating process or may migrate to the 

surface of the catalyst, giving place to interfacial charge transfer to the adsorbed species. The 

oxidation process can then proceed via attack by the •OH radicals generated upon hole 

trapping of OH- or adsorbed water molecules, by direct hole transfer (h+) to an adsorbed 

pollutant or by attack by the radical oxidative species produced through the reductive pathway 

over the semiconductor. The most up-to-date findings suggest that the overall reaction rate of 

OA photodegradation can be described as a combination of two parallel pathways due to 

simultaneous occurrence of monodentate and bidentate surface complexes. The latter resulted 

in the observation of two kinetic regimes: a faster first order kinetics associated with hole 

trapping via OH- and a slower square root dependence on the OA concentration due to direct 

hole trapping by the adsorbed species (half-order kinetics) [21,22]. 

Recently, a comprehensive kinetic model for the adsorption and photodecomposition of the 

model contaminant, OA on TiO2 aqueous suspensions was combined with a validated 

radiation model (six-flux absorption scattering model (SFM)) to predict the photocatalytic 

oxidation of OA in two annular photoreactors operated with slurry photocatalyst suspensions 

[11]. The model fitted the experimental data obtained in photoreactors with different 

geometries, optical thicknesses and operating hydrodynamic regimes (turbulent batch mode 

and laminar flow through recirculation mode). This modeling methodology opens the 

possibility for determining meaningful intrinsic reaction rate constants of photocatalytic 



degradation of water contaminants, which are independent of radiation field, hydrodynamic 

conditions, and reactor geometry. However, the determination of the oxidation the water 

contaminants on immobilized photocatalytic thin films using such kinetics parameters or 

parameters determined in advance using slurry photocatalytic reactors are scarcely reported in 

literature. Such studies are important for the translation of key design kinetics parameters for 

the design of photocatalytic water treatment systems utilizing suspended or immobilized 

photocatalysts. 

In this study, the photocatalytic oxidation of single-compound and mixtures of two common 

carboxylic acids (OA and FA) catalyzed by either suspended TiO2 or immobilized TiO2 thin 

films was investigated in two batch photoreactors under different irradiation conditions (UVA 

or UVC). A comprehensive kinetic model describing the adsorption and photocatalytic 

decomposition of OA and a Langmuir-Hinshelwood model for FA were combined with the 

SFM, applied to a catalyst suspension, and with the material balance of the reacting species, 

to determine intrinsic reaction kinetics rate parameters for OA and FA. Such intrinsic reaction 

kinetic parameters determined from a slurry reactor configuration were then used to model the 

photocatalytic oxidation of OA and FA on TiO2–chitosan films [23] immobilized on glass 

plates irradiated by different light sources (Fig. 1). Overall, this study demonstrates a 

systematic methodology for determining intrinsic reaction kinetics rate parameters of water 

contaminants that can also be used to represent the photocatalytic oxidation of such 

contaminants in both irradiated slurries and immobilized TiO2 thin films. 

 

2. Materials and methods 

2.1. Photoreactors 

Two batch cylindrical concentric photoreactors made of borosilicate glass were used (PR-A 

and PR-B, Fig. S1 in Supporting Information (SI)). Both reactors were characterized by an 



annular reaction space and irradiated volume of 0.5 and 1.4 L, respectively. Each reactor was 

fitted with a sampling port, a magnetic stirrer, and water jacket for temperature control. The 

irradiation sources used were of two types: low-pressure mercury discharge UVA and UVC 

lamps with different dimensions and light outputs. The lamps were immersed axially inside 

quartz tubes located in the center axis of each reactor.	The reactors and lamps specifications 

are summarized in Table 1. The reactors were operated with either a catalyst suspension of 

TiO2 or with TiO2-chitosan (CS/TiO2) thin films immobilized on either small (76 mm × 26 

mm × 2 mm) or large (210 mm × 65 mm × 2 mm) glass plates. In the immobilized catalyst 

configurations four small plates were fixed in the PR-A photoreactor near the external wall of 

the photoreactor, as shown in the Fig. S2(a). In contrast, one or two of the large plates were 

positioned in the PR-B photoreactor near to the lamp as shown in Fig. S2(b).  

 

2.2. TiO2-chitosan thin films 

Titanium dioxide (AEROXIDE® P25, Evonik) with an elementary particle size of 30 nm, 

BET surface area 56 m2/g and 75% anatase and 25% rutile was used. The preparation of the 

TiO2–chitosan coated glass plates was performed following the procedure reported elsewhere 

[24]. Briefly, chitosan flakes (high molecular weight, Sigma-Aldrich) were dissolved in a pre-

mixed solution of CH3COOH and NaCl and stirred continuously for 12 h. The TiO2 powder 

(10 g) was then added into the viscous solution, stirred continuously for 24 h and sonicated in 

an ultrasonic bath for 30 min (35 kHz, SONOREX RK 510H, Bandelin) to obtain a fine paste 

dispersion. Drops (1.5 cm diameter) of this paste dispersion were dispensed along the 

longitudinal centre of the glass plates (see Section 2.1) at 2 cm intervals and were dispersed 

over the glass surface by rolling with a glass cylinder. The coated glass plates were then dried 

in an oven at 105 °C for 1 hour. The entire coating procedure was repeated up to 4 layers. The 

coated plates were stored under darkness before use. The average CS/TiO2 catalyst loading on 



the small plates were 55 ± 2 mg (small plates) and 164 ± 3 mg (large plates). A detailed 

characterization of CS/TiO2 thin films is reported elsewhere [23]. The mass content of TiO2 in 

the films was > 93% according to thermogravimetric analysis.  

 

2.3. Photocatalytic runs and analyses 

Aqueous solutions were prepared with high purity water produced by a Millipore Milli Q 

water purification system (resistivity 18 MΩ cm−1, total organic carbon < 1 ppb). Oxalic acid 

dihydrate and formic acid (Fluka, HPLC grade) were the model contaminants. In a typical 

experiment with suspended photocatalyst, a specified amount of TiO2 was added to an 

aqueous solution of model contaminants contained in the photoreactor, under continuous 

turbulent stirring (rotational Reynolds number of 3485, see SI) to minimize mass transfer to 

the catalytic surface, and under darkness. These conditions were maintained for 30 min to 

equilibrate the species adsorption-desorption process, before irradiation was started. The 

experiments performed with the CS/TiO2 thin films, were performed using the same 

procedure as above by immersing the coated plates into the contaminant aqueous solution. 

Samples collected at regular interval in preliminary experiments established that at such 

equilibration time, the concentration of FA and OA in solution reached a plateau. The reaction 

systems were operated at ambient temperature (22 ± 2 °C) at a pH 4.10 ± 0.15 during the 

entire irradiation time (120 min).  

During the experiments, samples, collected at appropriate time intervals, were filtered through 

0.20 μm PET filters (CHROMAFIL® PET-20/25) to remove the catalysts particles and 

promptly analyzed in a High-Performance Liquid Chromatograph (HPLC, Shimadzu), using a 

SUPELCOGEL H Carbohydrate column (250 mm x 4.6 mm) and UV detection at 210 nm to 

determine the concentration of FA and OA. The mobile phase flowing at 0.15 mL min-1 was 

0.5% phosphoric acid in water. The rate of mineralization of the water contaminants and the 



possible leaching of chitosan from the coated glass plates were evaluated by measuring the 

Total Organic Carbon (TOC) using a Shimadzu TOC-VCPN 5000 A. However, separate 

experiments (under darkness and under irradiation) performed with the CS/TiO2 coated glass 

plates in ultra-pure water (pH ≈ 3 adjusted with diluted HCl) established that the leaching of 

chitosan from the glass support was insignificant. Although other studies have shown 

significant chitosan leaching from CS/TiO2 immobilized on textile support [23], the higher 

temperature of 105°C used for the preparation of CS/TiO2 films on glass (as compared with 

the 75°C used for the textile support) might strengthen the binding of chitosan on glass 

preventing its leaching. 

Photon fluxes at 254 nm and 365 nm were determined with a radiometer (UVP- UVX) and by 

KI/KIO3 chemical actinometry [25] using a a 0.6 M KI and 0.1 M KIO3 in a 0.01 M Na2B4O7 

buffer solution. The photoproduct I3− in the overall photochemical reaction,  

8 I− + IO3− + 3 H2O + hν → 3 I3− + 6 OH−        (1)  

exhibited a strong absorption in the UV and was accurately quantified at λ = 355 nm (molar 

absorption coefficient ε = 26303 M-1 cm-1 in a 0.6 M KI/0.1 M KIO3 solution), to avoid the 

interference from the other actinometer components. The quantum yield φ of this actinometer, 

at 254 nm, is 0.60. The irradiance from the low-pressure mercury lamps was calculated from 

[25]:	

     (2) 

where t is the irradiation time, V is the liquid in the reactor volume and A is the absorbance 

measured at 355 nm. Sampling performed at different positions in the reaction space 

confirmed the reaction space as isoactinic. 
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The photon fluxes emerging from the UV lamps in the center of cylindrical reactors were also 

measured radiometrically and averaged along the axial and radial direction of the lamp wall, 

but using a correction factor [11, 26] to account for the sensor spectral response. 

The morphology and elemental composition of the immobilized TiO2-chitosan film was 

determined by SEM-EDS analysis (FE-SEM//Mira LMU, Tescan; Quantax, Bruker AXS 

Microanalysis) with an imaging resolution of 1-3 nm and High Brightness Schottky Emitter 

used as electron gun. When necessary, prior to SEM analysis, the sample was gold-coated by 

Au/Pt sputtering. 

 

2.4. Reactor fluid-dynamics simulations 

The cylindrical reactors PR-A and PR-B were operated in batch mode and under turbulent 

flow conditions. The flow Reynolds number for magnetic stirring was calculated from 

literature [11,34] (see also SI). Visimix Turbulent SV 2K7 was used to simulate the fluid 

dynamics and degree of mixing of the suspended solids in the photoreactors. In these 

simulations the fluid was a Newtonian fluid and the density, and the dynamic viscosity were 

those of water at 20°C. The simulations of the velocity flow field inside the reactor were 

performed considering the geometry of the reactor, the calculated Reynolds numbers and the 

tangential flow of the magnetic stirrer. The TiO2 particles diameter and the density of the 

solid phase were as reported in the manufacturer’s material safety data sheets.   

 



3. Modeling approach 

3.1. Radiation emission and absorption-scattering model 

The radiation field inside the aqueous suspension of catalysts was modeled by the SFM [11, 

27-29]. In this model, four sub-models are combined with the material balance: the radiation 

emission model, the radiation absorption-scattering model, the fluid-dynamics model and the 

kinetic model.  

The radiation sources are considered as long slim tubes which can be mathematically 

presented as an ideal linear radiation source: perfect cylinders in which the ratio of the radius 

to the length is rather small. Therefore, the cylindrical lamp was modeled as a line source with 

each point emitting radiation in every direction and isotropically (Linear Source Spherical 

Emission, LSSE model) [30]. Furthermore, it was assumed that the radiation emitted by each 

point of the line source was equal along the axial direction of the lamp.  

The incident photon flux at the inner wall of the reactor can then be written using 

dimensionless parameters [27]: 

 (3) 

where SL is the radiation emission of the lamp per unit time and unit length of the lamp (SL = 

2pRLIw), Iw is the radiation intensity measured at the lamp wall for the applied irradiation 

(UVA or UVC), a and b are geometrical design parameters of an annular photoreactor (a = 

H/L and b = L/hR, respectively) and z* is the dimensionless axial coordinate, z* = z/H. H is 

the reactor length, L is the length of the cylindrical lamp in which radiation can be considered 

to be uniformly emitted, and hR is the outer radius of the quartz tube housing the cylindrical 

lamp (Fig. S1 in SI). Note that for the UVA polychromatic irradiation source, Iw was 

calculated by averaging the emission spectrum of the lamp weighted with the absorption 
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spectrum of the photocatalyst, as shown elsewhere [11, 26]. Moreover, the refraction of light 

by the quartz tube housing the lamp was neglected.  

For an infinitely long annular photocatalytic reactor, the local volumetric rate of photon 

absorption (LVRPA) at a point (r, z) in the reaction space calculated with the SFM in 

cylindrical coordinate is [11,27];  

     (4) 

where tapp is the apparent optical thickness, wcorr is the corrected scattering albedo, h is the 

ratio of internal to external radius of the annulus, g is a SFM dimensionless parameter and r* 

is the dimensionless reaction space radial coordinate (Table S1, SI). The optical properties of 

the photocatalyst, s* and k*, are the specific scattering and absorption coefficients per unit 

mass of catalyst, respectively. The specific adsorption and scattering coefficients of TiO2 P25 

at 365 nm and 254 nm were taken as s*UVA = 1163 m2 kg-1, k*UVA = 187 m2 kg-1 and s*UVC = 

625 m2 kg-1, k*UVC = 1192 m2 kg-1 [11,31]. Isotropic photon scattering was reasonably 

assumed, thus the probabilities of forward, backward and side scattering respectively, used in 

the SFM were equal to pf = pb = ps =1/6.  

Since the PR-A and PR-B reactors were well-mixed systems, the concentration of reacting 

species inside the reactor were considered to be spatially uniform, although the local rate of 

reaction was spatially dependent, since the LVRPA in slurries varies within the reactor 

volume and the incident photon flux in immobilized films varies with position. However, 

since the high turbulence generated by the mixing device provides sufficient transversal 

mixing in the reactor, continuously exposing new catalyst to areas of high irradiance, the 

LVRPA in slurries evaluated from Eq. (4) can be averaged across the reactor volume and 

treated as a lumped parameter (eaLump, Eq. 5) in the kinetics rate laws of FA and OA 

oxidation. 
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          (5) 

The rate of photon absorption in systems using immobilized photocatalyst depends on the 

incident photon flux on the photocatalyst surface [32,33] which can be estimated from the 

LSSE model: 

    (6) 

where Iw is the radiation intensity measured at the lamp wall, RL and L are lamp radius and 

length, respectively, x is a geometrical design parameter of an annular photoreactor which for 

a perfectly centered lamp is [x = (H - L) / 2] (Fig. 2) and z is the axial coordinate. Since the 

TiO2-chitosan films was immobilized on flat plates, the position at the photocatalyst surface 

was located by the cartesian coordinates (x, y, z). The incident photon flux over the entire 

catalytic surface of the plates was determined after transforming the coordinates from 

cartesian to cylindrical (r, z) (Eq. (6), Figs. 1a and b), where Ri matches the radial distance of 

each point on the photocatalysts surface in the annular reaction space. This calculation was 

straightforward for PR-B, since the plates were parallel to the lamp. Moreover, the most 

distant point on the film surface (Rx,f) matched the reactor radius minus the thickness of the 

glass plate (δgp), thus the nearest point (R0,f) was calculated using simple geometry (Fig. 2). In 

contrast the glass plates in PR-A were inclined over the vertical, thus the radial distance of the 

photocatalysts surface varied along the z axis. At the bottom of the glass plate (z0), the nearest 

point (R0,f (z0)) was determined from the difference between the reactor radius and the known 

distance of the center of the plate from the reactor wall. Simple geometry was then applied to 

find the furthermost point (Rx,f (z0)): 

         (7) 
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where dgp is the plate width. Similarly, the radial coordinate of the farthest point at the 

uppermost part of the plate (Rx,f(zx)) equaled the reactor radius minus the plate thickness and 

was used to determine the nearest point at zx: 

         (8) 

In Eq. 8, z intervals were actually projections of the glass plate height (hgp) (Fig 1b). For each 

z interval, radial the coordinates were determined from R0,f (zi) to Rx,f (zi). 

         (9) 

         (10) 

and 

          (11) 

where N is the selected number of intervals used for the calculation. 

The incident photon flux was determined for each (r, z) point on the photocatalysts surface, 

and the average value was calculated from Eq. 12 for the same reason as explained 

previously. 

         (12) 

where S is the illuminated photocatalyst surface area.      

     

3.2. Formic and oxalic acid reaction kinetic models and mass balance 

The complex pathway of adsorption and photodecomposition of oxalic acid onto TiO2 

postulated by [35], was used as the basic mechanistic scheme to formulate the reaction 

kinetics rate law of photocatalytic oxidation over irradiated TiO2 slurry suspension [11,21]. 

According to this mechanism, the adsorption of oxalate on aqueous suspensions of TiO2 
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proceeds through the formation of two kinds of surface complexes: a more stable bidentate 

structure (named species A hereafter) and a more labile one (named species B hereafter), with 

the sigma carbon–carbon bond either parallel or perpendicular to the TiO2 surface, 

respectively (Fig. S3). Upon irradiation of the catalyst suspension, sterically exposed species 

B are readily attacked, via a faster OH• mechanism, while direct hole transfer oxidation is 

responsible for the decomposition of species A. In consequence, during irradiation of the 

suspension the surface coverage of species A and B on TiO2 dynamically changes, with a 

progressive displacement of species B by species A, since species B is depleted at a faster rate 

than A. Therefore, the photocatalytic degradation of OA is characterized by two parallel, 

simultaneous reaction pathways shown in Table S2. Under the steady-state approximation for 

hydroxyl radicals, unstable reaction intermediates, holes and electrons, the simplified 

expression for the local OA reaction rate is [11, 21]: 

   (13) 

where the fraction of B sites is characterized by a decreasing linear function proportionally to 

LVRPA (Eq. 14) while x is the space vector that determines the position in the (z, r, φ) 

coordinate system. 

q (t) = b’[OA]t=0[1-a’t ea]           (14) 

Considering that the LVRPA can be lumped (Eq. 5 or 12), Eq. (13) becames: 

   (15) 

This reaction kinetics rate law for the overall photocatalytic degradation of oxalic acid 

combines two mechanisms working in parallel which is embossed by the combination of an 

apparent first order kinetics for the •OH radical on AO and a square root dependence to the 

concentration of AO representing the hole-trapping oxidation pathway. Moreover, the square 

root dependence to the LVRPA in Eq. (15) represents the region typical for well-irradiated 
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reacting systems, while for lower photon fluxes a linear dependence should be considered. 

The intrinsic reaction rate constants kOA,A and kOA,B and the parameters a’, b’, were 

determined in our previous study [11]. 

Regarding the oxidation of formic acid, OH radical attack of FA by the Fenton reaction in 

aqueous media proceeds through the formation of radical species, which recombine to OA 

[36]. However, OA was not observed during the decomposition of FA over irradiated TiO2 

suspensions. Unlike AO, the adsorption of FA on TiO2 yields one complex, whereby the C-H 

bond is perpendicular to the TiO2 surface, ressembling the OA labile specie B. This 

observation matches the reaction mechanism of attack on the FA α-C-H bond by •OH radical 

followed by hydrogen abstraction from the molecule [37]. Thus according to this mechanism 

formic acid decomposes in a single step, yielding carbon dioxide and water. On this basis, the 

FA adsorption and photodegradation on TiO2 was modeled by the Langmuir-Hinshelwood 

kinetic model [38,39], and by Eq. (16):  

         (16) 

where kFA and KL,FA are the apparent reaction rate constant and the binding constant. 

The photocatalytic reaction of AO and FA on immobilized photocatalyst was therefore 

modeled by the same reaction kinetics models, with the radiation absorption term expressed 

as the product of the thin film absorption coefficient (μ, m-1) and the incident photon flux at 

photocatalyst surface (μI0, Lump) , Eqs. (17-18) respectively. 

   (17) 

         (18) 

The mass balance for OA and FA species in a well-mixed, constant volume and constant 

temperature batch reactor was: 
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            (19) 

where Xi refers to the concentration of either AO or FA in water. Since the reactors were 

operated under high turbulence, the initial condition to solve the reacting flow over the 

photocatalytic films was Xi,surface = Xi,bulk.   

The OA and FA kinetic parameters were determined by minimizing an objective function of 

the sum of the square of the errors between the species concentrations calculated by the model 

and those determined experimentally. 

 

4. Results and discussion 

4.1. Photon radiation absorption and incident photon flux 

The radiation field in both suspended or immobilized TiO2 photoreactors was determined to 

evaluate the distribution of the LVRPA or LSRPA and therefore the lumped values of the 

these to be replaced in the contaminants rate laws (Eq. 15-18).  

The transversal profile of the ea (Eq. (4)) in the cylindrical photoreactors using the suspended 

photocatalyst is expected to vary with reactor geometry and photocatalyst dosage. As shown 

in Fig. 3, a sharp gradient of the dimensionless LVRPA was observed for the reaction 

conditions analyzed, meaning that the majority of the incident radiation was absorbed in the 

region in proximity to the light source, while a significant portion of the reactor away from 

the light source was poorly illuminated. However, since the cylindrical reactor was 

magnetically stirred at a high rate, it may also be inferred that the reactor behaved as a 

pseudo-isoactinic reactor. In consequence, it was possible to calculate from the discrete values 

of the LVRPA, the volume averaged eaLump (Eq. 5) which can then be directly used to model 

the impact of radiation adsorption in the contaminant rate law. The pseudo-homogeneity of 

mixing in the reactor was demonstrated by an analysis of the hydrodynamics conditions in the 

reactor, which also included the radial and axial distribution of the solid particles in the PR-A 

é ùë û- = i
i
d X

r
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and PR-B reactors. Figure S4 (SI) shows the turbulent flow patterns in the two reactors and 

the corresponding tangential velocities generated. The corresponding calculated Reynolds 

numbers generated by the rotation of the stirrer bar and simulated degrees of suspension are 

reported in Table S3 (SI) along with the other relevant hydrodynamic properties and 

properties of the slurry suspension in the PR-A reactor. The spatial distribution of the solid 

particles in the PR-A reactor for an axial cross- section of the reactor is shown in Fig. S5. The 

chaotic flow patterns in the reactor allows the consideration that such reactors behaved as 

pseudo-isoactinic. In such pseudo-isoactinic system, the hypothetical photocatalytic particle 

(P1) close to the irradiation source (x* ® 0) absorbing a high rate of photons, can move 

towards the outer reactor wall in a matter of milliseconds due to the strong developed 

tangential flow. In consequence, the photocatalytic reaction initiated at (x* ® 0) is expected 

to continue at x* ® 1. Vice versa, another photocatalytic particle (P2) that was originally at 

the outer wall would be brought instantly to the inner wall (x* ® 0). The calculated 

circulation rate constant of P1 and P2 between the inner and the outer reactor wall is of the 

order of milliseconds and this has the same order of magnitude as the photocatalytic surface 

reaction phenomena [40]. Thus, the LVRPA was averaged across the reactor volume and 

treated as lumped parameter (eaLump, Eq. 5) in the kinetics rate laws of FA and OA oxidation. 

The value of eaLump calculated from Eq. 5 in the PR-A and PR-B are reported in Table 2 for a 

range of different experimental conditions. The eaLump values calculated for 0.4 g L-1 of 

catalyst irradiated with UVC light correspond to the local ea values calculated at (x*= 0.1346, 

z* = 0.5) and (x*= 0.1299, z* = 0.5) points in the reaction space, for PR-A and PR-B, 

respectively.  This radial distance in the annular space matches the reactor radius of 1.21 and 

1.63 cm, respectively. Relatively high values of eaLump suggest a well-irradiated reactor, with 

more appropriate radius-to-length ratio in PR-B.  



The incident radiation field over the TiO2-chitosan films immobilized on the flat glass plates 

immersed in PR-A and PR-B radiation was determined by transforming the cartesian 

coordinates of the glass plates to a cylindrical coordinate system. This allows a two-

dimensional analysis of the incident photon flux on the photocatalytic film surface along the 

(r, z) plane, as shown in the results in Fig. 4. The distribution was longitudinally asymmetrical 

over the inclined plates (PR-A), thus yielding higher incident photon fluxes in the lower half 

of the plates, i.e. the region nearer to the lamp (Fig. 2b), while it was symmetrical over the 

vertically mounted plates (PR-B). Moreover, the incident radiation and irradiated area was 

less intense in the plates irradiated with UVA in comparison to those irradiated with UVC 

since the emission radiant flux was higher in the latter. The gradual decrease of the incident 

photon flux along the plate width (Fig. 4) results from the increase of the radial distance from 

the light source. Likewise, the considerations made for the slurry reactors, the intense mixing 

in the reactors allows the assumption that the reactants are uniformly distributed over the 

photocatalytic plates, thus the average value of the incident photon flux on the plates (Table 

2) was used in the rate laws describing the contaminants degradation (Eq. 17-18). Those 

values correspond to the incident photon flux calculated at the (r, z) positions of the plates 

connected with green lines (Fig. 4).  

 

4.2. Photocatalytic oxidation of formic and oxalic acid in slurry reactors 

Photocatalytic degradation experiments of single-component FA or OA and with a mixture of 

them in aqueous solution were performed in PR-A and PR-B with different light sources 

(UVA or UVC) to validate the model developed and supporting assumptions over a diverse 

range of experimental conditions. FA and OA were chosen as model water contaminants since 

the photolytic degradation of these pollutants under both UVC and UVA irradiation was 

found insignificant in both reactors and also since their photocatalytic degradation follows a 



well-known mechanism described by defined kinetic models (Eqs. 13-18). Detailed kinetics 

investigations of degradation of FA and OA including the formation of oxidation products 

have been presented in other studies and were beyond the purpose of this study [21,35]. Due 

to the high hydrodynamic turbulence in the reactors and respective small molecular size and 

the affinity toward positively charged photocatalysts surface, the rate of mass transfer of FA 

and OA on the film was considered to be much faster than their photocatalytic reaction, thus 

the rate of disappearance of the contaminants was controlled by the chemical reaction over the 

photocatalytic film (reaction kinetics regime). Moreover, since the TiO2-chitosan 

photocatalytic film was non-porous, the adsorption and reaction occurred in the upper layer of 

the thin film exposed to light [41]. For the same reason, OH radicals did not compete with 

chitosan since these could not diffuse into the core of the immobilized particles [41]. 

The kinetics of degradation of FA and OA with slurry suspensions of TiO2 are shown in Fig. 

5. The results of photocatalytic oxidation of the carboxylic acids confirmed that “small” 

negatively charged molecules were easily adsorbed on the TiO2 surface under the acidic 

conditions used, followed by the oxidation according to the corresponding reaction pathways 

on the surface. Both studied acids dissociate to corresponding anions, i.e. formate and oxalate 

that can be easily adsorbed on the TiO2 surface, which is positively charged at pH 4.10 ± 0.15 

(point of zero charge of TiO2 pH 6.3). The developed models for OA and FA photocatalytic 

oxidation in the reactors operated with a slurry TiO2 suspension fitted well the experimental 

results obtained with solutions of single component of OA or FA (Fig. 5a-b) and in addition 

using a mixture of them (Fig. 5c-e), at different initial concentrations and using different 

reactors configurations and light sources. The intrinsic kinetic parameters determined from 

the matching of the model to the experimental results are shown in Table 3. The single-step 

oxidation process that was assumed for the short-chain carboxylic acids [38] was confirmed 



by the match between the theoretical TOC of OA and FA calculated from the model and the 

experimentally measured TOC during the entire time span.  

 

4.3. Photocatalytic oxidation of formic and oxalic acid in immobilized films 

Fig. 6 shows the morphology of the TiO2-chitosan thin films made of spherical aggregates 

containing macropores. SEM magnification revealed a core-shell chitosan-TiO2 structure 

made of a thick TiO2 shell (7.10 µm in Fig. 6b) enveloping a chitosan core. EDS mapping 

analysis of Ti and C revealed the prevalent existence of Ti in the top layer from the TiO2 

phase, while C emerged from the bottom layer from the chitosan phase.  

It can be inferred that both slurries suspensions and immobilized TiO2 might exhibit the same 

spectral absorption edges. UVA photons are exclusively absorbed by TiO2 (λ < 384 nm), 

while UVC photons could be absorbed by both TiO2 and chitosan (λ < 290 nm), however, 

since the penetration depth of UVC photons on TiO2 films is less than 500 nm [31], it can be 

reasonably assumed that the incident photons on the immobilized thin films were absorbed 

within the TiO2 shell only. 

The results of the photocatalytic decomposition of FA an OA over immobilized TiO2-chitosan 

thin films are shown in Fig. 7. Generally, lower apparent reaction rates and lower 

mineralization yields were observed in comparison with the process with suspended 

photocatalyst since the overall surface area of TiO2 exposed to light irradiation was smaller. 

The intrinsic reaction kinetic coefficients of FA and OA degradation determined by modeling 

the experimental results obtained with the slurry TiO2 suspension (kFA, kOA,A, kOA,B, Table 3) 

were further used in the contaminant rate laws, to model the experimental results obtained 

with the immobilized TiO2-chitosan thin films. Experiments were performed with PR1 and 

PR2 reactors configurations, under UVA or UVC irradiation and under diverse experimental 

conditions (Fig. 7).  



By fitting the model for the photocatalytic thin-film to the experimental results (Fig. 7), the 

unknown apparent absorption coefficient of TiO2 (μapp) of the TiO2-chitosan thin films was 

determined (Table 3). This value of (μapp) also equals the product of the “apparent” specific 

absorption coefficient of TiO2 in the film (kapp) and the concentration of TiO2 in the reaction 

space determined as the total mass of TiO2 immobilized over the glass plates divided the 

reactors volumes (μapp = k*app,film ccat). Thus, the calculated k*app,film (50.5 ± 5.6 m2 kg-1 with 

UVA irradiation and 321.8 ± 35.8 m2 kg-1 with UVC irradiation (Table 3)) were compared 

with the specific absorption coefficients (k*) of TiO2 P25 (187 m2 kg-1 under UVA [11] and 

1192 m2 kg-1 under UVC [42]). From this comparison, it became clear that in all reactor 

configurations the ratio between apparent and calculated absorption coefficients (Eq. 20) 

remained practical constant and equaled ε = 0.27 ± 0.03 independently of the light source, 

reactor configuration or number of photocatalytic plates. 

           (20) 

Thus, it was determined that only a fraction of the immobilized thin film (27%) was 

photocatalytically active. This may be attributed to the thickness and morphology of the TiO2-

chitosan thin films as-prepared (Fig. 6) which presents macropores and only let a fraction of 

the film mass to be irradiated (by direct irradiation and by multiple photon scattering) and be 

exposed to the species mass transfer.  

The methodological approach presented in this study can be extended to further design of 

photocatalytic systems utilizing photocatalytic thin films. Thus, after determining the 

“specific” absorption coefficient of the thin film immobilized over a specific support by 

fitting the model to laboratory experimental results, then the absorption coefficient of the thin 

film in other reactor configurations can be calculated by considering the mass of catalyst 

immobilized on the supports.  

*
app, film
*

k
e

k
=



The simultaneous use of two large photocatalytic plates in PR-B (Fig. 7d) resulted in 

approximately double OA and FA oxidation rates and related mineralization extents compared 

to results with a single plate (Fig. 7c), thus doubling the exposed surface area (or mass of 

catalyst) doubled the contaminants removal rates. Moreover, the results obtained with UVC 

irradiation were comparable to those obtained with a slurry catalyst suspension (Fig. 5e). 

Despite the smaller amount of catalyst used in the immobilized systems in comparison to the 

slurry, the rate of photon absorption (μappIo,lump) was significantly larger than the lumped 

VRPA in the slurry (eaLump) and this compensated for the smaller amount of catalyst surface 

area effectively irradiated. This aspect was more evidenced under UVC irradiation since the 

specific absorption coefficient of TiO2-P25 in the UVC was significantly higher than in the 

UVA, thus the volumetric region of the reactor effectively irradiated with photons was 

significantly smaller. On the contrary, in immobilized systems, the surface area of catalyst 

irradiated remain unaffected by the wavelength of irradiation, thus since k*UVC >> k*UVA, 

higher rate of contaminant degradation under UVC were obtained and these were comparable 

to those obtained in slurry systems under the operating conditions employed. This result was 

achieved also since the rate of species mass transfer from the bulk to the catalytic surface was 

maximized due to intense turbulence in the reactors, hence the catalytic surface was promptly 

replenished with fresh reactant. Mass transfer limitations take full control of the contaminants 

removal rates in photocatalytic reactors utilizing immobilized photocatalysts operated under 

low turbulence levels or under laminar flow conditions (i.e., Xi,surface << Xi,bulk). Thus, under 

poor mixing conditions, these reactor systems are usually outperformed by slurry 

photocatalytic systems. It is therefore important to maximize the surface area of the 

immobilized photocatalyst exposed to both photons and reacting species while simultaneously 

maintaining high fluid turbulence levels, such as in flow through or in cross flow membrane 

photocatalytic reactors or even by using a static mixer as a photocatalyst support [43]. 



Many other factors can influence the intrinsic reaction kinetics of photocatalytic processes 

such as catalyst structure, band-gap, morphology, surface area and catalyst agglomeration. 

Here we have shown a simple modeling approach that can be applied to predict the 

photocatalytic oxidation of target water contaminants in both slurry suspensions and 

immobilized photocatalyst and different photoreactor geometries/conditions, providing that 

the same reaction mechanism holds. The important aspect for such approach is the evaluation 

of the photocatalyst optical properties (sl* and k l*) in the reaction fluid and under the 

prevalent mixing conditions, which are a function of irradiation wavelength l. Thus, if the 

catalyst structure and/or band-gap are changed then first step of the modeling procedure is to 

re-evaluate the optical properties of the photocatalyst. Here we have simplified this aspect by 

calculating spectral-averaged optical properties (s* and k*), to reduce the complexity of the 

model. All other effects (e.g., temperature, catalyst morphology, porosity, surface charge) are 

incorporated in the intrinsic kinetic constants. Of course, if the same photocatalyst is used to 

treat a different target contaminant, then the rate laws may need to be reformulated to account 

for the adsorption/reaction mechanism and the kinetic constants need to be re-evaluated. 

However, in this study we have shown that if we only change the reactor configuration from 

slurry to immobilized films, then the same kinetics parameters can model the experimental 

results. The impact of water matrix is also very important since dissolved species and 

suspended solids can affect the reaction kinetics and the optical properties of catalyst. To 

account for these effects, the reaction mechanism of photocatalytic degradation of water 

contaminants would need to include the impact of the various species (e.g., anions/cations, 

natural organic matter) thus the water contaminants rate laws would need to be revisited. 

 

5. Conclusions 



This study has demonstrated a modeling methodology for the photocatalytic oxidation of a 

mixture of water contaminants using either suspended or immobilized photocatalyst. It has 

shown that the kinetic parameters of photocatalytic oxidation OA and FO determined in a 

slurry suspension of TiO2 under diverse experimental conditions can also be used to model 

their decomposition over TiO2-chitosan thin film immobilized on flat glass plates. The 

intrinsic nature of the kinetic parameters was demonstrated over reactors of different 

geometries, with the use of different light sources (UVA or UVC) and using single 

component and mixtures of OA and FO. Moreover, it was shown that lumping the LVRPA or 

the LSRPA can simplify the modeling procedure, providing that intense turbulent mixing is 

maintained in the reactors.  

The method shown allowed the estimation of the apparent absorption coefficient of 

immobilized photocatalytic thin films and of the effective fraction of the immobilized thin 

film that is photocatalytically active. This modeling approach would therefore be useful to 

guide the optimization of thin film composition and thickness and its spatial distribution in a 

photocatalytic reactor. The use of immobilized photocatalysts may overcome the need of a 

catalyst recovery stage involving microfiltration in slurry systems, which may add to the 

capital and operating costs of the water treatment process, however, for such reactors it is key 

that high turbulence levels are maintained near the photocatalytic walls to eliminate mass 

transfer limitations. Overall, this study has shown how the performance of either slurry or 

immobilized photocatalyst photocatalytic system can be predicted from intrinsic kinetic 

parameters and how this can guide photoreactors design. 
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Figure captions 
Fig.1. Schematics of modeling approach. 
Fig.2. Schematics for presentation of plate positions in cylindrical coordinates: (a) 

characteristic radial distances in PR-A and PR-B and (b) projection of plate lenght to 
axial coordinate in the reactor space in PR-A. 

Fig. 3. The LVRPA profiles in the annular space of PR-A at 254 and 365 nm and PR-B (254 
nm only) with different TiO2 loadings (pH = 4) 

Fig. 4. The distribution of the incident photon flux on the surface of TiO2-chitosan films on a 
single plate in: (a) PR-A under UVA and (b) UVC irradiation and in (C) PR-B under 
UVC irradiation. The projection of the profile of the light source over the plate is shown 
as a thin dotted line. Green lines show the average values of the incident photon flux 
used in modelling. 

Fig. 5. The kinetics of FA and OA photocatalytic degradation over suspended TiO2 (0.4 g L-1) 
at pH 4. Single component FA (a) and OA (b) solutions with different initial 
concentration (all in PR-B under UVC). FA-OA mixture (each 125 mg/L-1) in PR-A 
under UVA (c) and UVC irradiation (d),  and in PR-B under UVC irradiation (e). 
Experimental data presented by symbols and model results by lines. 

Fig.6.  Morphology of the surface of the TiO2-chitosan film by SEM (a); Details of the 
magnified film surface: cut on the film shows the depth of the top layer (7.10 µm), 
SEM-EDS mapping analysis of Ti and C revealed the prevalent existance of Ti in the 
top layer, while C emerged from the bottom layer. 

Fig. 7. The kinetics of FA and OA photocatalytic degradation over immobilized TiO2 –
chitosan thin films. FA-OA mixture (each 125 mg/L-1) in (a) PR-A under UVA and (b) 
UVC irradiation (4 plates) and in PR-B under UVC irradiation using one (c) and two (d) 
plates. Experimental data presented by dots and model with lines. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Table 1 Photoreactors (PR-A and PR-B) and UV lamps characteristics 
Reactor PR-A PR-B 
Height (H), cm 9.5 22.0 
Outer radius (R), cm 3.8 4.5 
Inner radius (hR), cm 0.8 1.2 
Volume (V), cm3 500 1500 

Irradiation source UVP PenRay lamp 
90-0012-01 

UVP PenRay lamp 
90-0019-04 

UVP PenRay lamp 
90-0004-07 

Primary emission output, nm 254 365 254 
Lamp length (L), cm 5.38 5.72 15.24 
Lamp radius (RL), cm 0.375 0.475 0.475 
Wall Intensity (Iw), W m-2 344.16 84.17 1715.78 
 
 
 
Table 2 Lumped values of the volumetric rate of photon absorption in slurry reactors and the 

incident photon flux on the surface of immobilized photocatalyst 
 
 Slurry suspension Immobilized catalyst 

Irradiation  
wavelenght 

(nm) 

TiO2 
concentration  

(g L-1) 

eaLump  
(W m-3) 

I0,Lump  
(W m-2) 

PR-A    

254 0.4 1827 20.1 
1.0  2530 

365 0.4  810 7.6 
    

PR-B             254 
0.4  12846 

158.5 
1.0 18074 

 
 



 

Table 3 Model parameters of photocatalytic oxidation of OA and FA over slurry suspension 
and TiO2-chitosan films. 
 UVA UVC 
kFA, kmol m-3/2 s-1 W-1/2 (7.68 ± 0.09) ´ 10-6 
KL,FA  m3 kmol-1 10.45 ± 0.85 
kOA,A, kmol1/2 s-1 W-1/2 (3.67 ± 0.34) ´ 10-8 
kOA,B, m3/2 s-1 W-1/2 0.56 ± 0.06 
a', m3 s-1 W-1 45.20 ± 2.30 
b', m3 kmol-1 (1.30 ± 0.13) ´ 10-4 

μapp, m-1 21.39 
163.35 (PR-A) 
65.44 (PR-B) 

ε 0.26 0.31 (PR-A) 
0.25 (PR-B) 

k*app,film
a 50.5 ± 5.6 321.8 ± 35.8 

a Calculated for 4 plates in PR-A and 1 plate in PR-B 
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Fig. S1. Schematics of the photoreactor and image of PR-B working in slurry mode. 

 
Fig. S2. Arrangement of the photocatalytic plates in the PR-A (a) and PR-B (b) 

configurations. 
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Fig. S3. Surface complexes of OA (A and B) and FA (C) on TiO2. 

 

 



 
1. Reactor hydrodynamics 
The flow Reynolds number for magnetic stirring was calculated from literature [11,34]:  

        

where W and a represent the rotational frequency and the length of the magnetic stirrer bar, 
respectively. Different rotational speeds of the stirrer bar resulted in the different Reynolds 
numbers and caused different degrees of radial and axial catalyst suspension within the 
reaction space. 

 
Fig. S4. Approximate flow simulation in the cylindrical reactor with flat,  PR-A (a) and 

eliptical bottom , PR-B (b); gray tube in the middle of the reactor represent the quartz tube for 
the UV lamp. Radial profile of  tangential velocity in photoreactors (c). 

 
Fig. S5. Local concentration profiles of TiO2 photocatalysts in the axial cross-sectional area 

of the PR-A cylindrical reactor loaded with 0.4 g L-1 of photocatalyst. Transient regime (Re = 
1970) (left) and fully developed turbulent flow (Re = 3485) (right). 

Table S1 SFM model parameters. 
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Table S2 Reaction scheme for the heterogeneous photodecomposition of oxalic acid on TiO2 
Reaction step 

S0 Activation (common to both pathways) 

TiO2 + h�→ h+ + e- 

S1 Adsorption (species A) on dark/illumination conditions 

[site]+C2O4H−(sol) ↔ C2O4H−(ads)A 

S2 Adsorption (species B) on dark/illumination conditions 

[site]+C2O4H−(sol) ↔ C2O4H−(ads)B 

S3 Adsorption of oxygen 

[site]+O2(sol) ↔ O2(ads) 

S4, S5 Hole trapping (via OH·) and σ bond rupture (fast kinetics) 
(OH−)ads+h+ ↔ OH• 

C2O4H−(ads)B+OH• → CO2H•(ads)B+CO2+OH− 

S6 Hole trapping (direct) and σ bond rupture (slow kinetics) 

C2O4H−(ads)A+h+→ CO2H•(ads)A+CO2 

S7 Final mineralization (common to both mechanisms) 

CO2H•(ads)+O2→ O2H•+CO2 

S8 Electron capture 

O2(ads)+ e-→ O2•- 

S9 Hole–electron recombination 

e−+h+→ heat 

S10-12 Complementary (assumed fast) reactions 

O2•- + H+→ H2O• 

2O2H•→ H2O2+H2O 

H2O2→ H2O+O2 

 



 
Table S3 Hydrodynamics and solid-liquid mixing properties in a slurry cylindrical reactor 
PR-A. 

W, 
[revolution 

s-1] 

Hydrodynamics Degree of suspension, 
% 

Re vtg,max,  
m s-1 

vtg,average
,  

m s-1 

vortex 
depth, 
mm 

turbulent shear 
rate in the bulk, 

s-1 
axial radial 

900 3485 0.3640 0.2010 5.4 39.5 24.7 84.1 

510 1970 0.0920 0.0524 1.3 18.0 56.6 84.4 

 

 
 


