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Abstract 

Hydrogen generation through photocatalytic reforming of glycerol and methanol 

was investigated using metal copper-TiO2 nanoparticles, prepared “in situ” by 

reduction of cupric ions. A modeling investigation was performed through the 

development of a simplified kinetic model tested to predict hydrogen generation 

rates for experimental runs carried out at different initial concentrations of 

sacrificial agent (methanol and glycerol) and at varying photocatalyst load.  

The modeling investigation allowed to estimate for the first time the unknown 

kinetic parameters regulating hydrogen generation mechanism. This study provides 

a reliable approach to model photocatalytic reforming of alcohols over metal 

modified-TiO2 catalyst for hydrogen generation. 

 

Introduction 

A great attention has been devoted by researchers in recent years to hydrogen as a 

clean energy carrier, along with the identification of new processes for its 

production from non-fossil fuels. Water photosplitting, photoelectrolysis and 

photoreforming are some of new sustainable technologies expected to allow in the 

near future an efficient conversion of solar energy into chemical one. In particular, 

photoreforming is of direct interest to the research community due to its ability of 

integrating hydrogen generation and wastewater treatment.  

Indeed, wastewater organic pollutants can be used as hole scavengers able of 

reducing the occurrence of electron–hole recombination reaction, thus enabling 

photogenerated electrons to react with protons.  

In order to further enhance hydrogen generation efficiency, a commonly used 

strategy is to modify TiO2, the most used semiconductor in photocatalytic studies, 

with noble metal nanoparticles, such as Au, Ag, Pd, and Pt deposited on the oxide 

photocatalyst surface [1,2] due to photogenerated electrons transfer from TiO2 

surface to superficial metal spots. The use of copper species instead of noble metals 

deposited on the semiconductor surface for hydrogen production has been 

investigated in the last years [3]. 

In previous studies some of the Authors investigated hydrogen generation from 

different oxygenated compounds by adopting a metal copper-TiO2 P25 
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nanoparticles prepared by a “in situ” deposition process [4]. In the present work, a 

suitable mathematical model capable of simulating hydrogen production over the 

catalyst nano-Cu(s)/TiO2) investigated in the previous study was developed by 

adopting glycerol or methanol as sacrificial agents [4]. 

 

Material and methods 

All organic compounds used were purchased from Sigma Aldrich and Carlo Erba 

Reagents. The photocatalytic runs were carried out in an annular glass batch 

reactor (0.300 L) thermostated at 25 °C and equipped with a magnetic stirrer. A 

high-pressure mercury vapor lamp by Helios Italquartz (power input: 125 W) was 

located inside a glass cooling jacket in the center of the reactor and surrounded by 

the reacting solution.For each run fixed amounts of TiO2-P25 nanopowder and 

cupric sulfate pentahydrate were quickly added to the mixture. Throughout the 

photocatalytic runs, nitrogen was continuously fed at a flow rate of 0.3 Lmin
−1

 in 

order to prevent the air inlet into the reactor. Gaseous and liquid samples were 

collected from the reactor. The former were injected into a gas-chromatograph to 

record the rate of hydrogen generation, whereas the latter were filtered and used to 

measure concentrations of total dissolved copper and formaldehyde produced 

through the oxidation of methanol. All the details of such procedure are reported in 

a previous study [4]. 

 

Kinetic model 

A simplified network of reactions was singled out by considering that, upon 

irradiation of Cu(s)/TiO2 catalyst nanoparticles, a couple of charge carriers is 

generated (r1): 

          

               
            (r1) 

The rate of reaction r1, which is a photochemical step, was accounted for by the 

products between quantum yield  in the UVA       and the radiation power 

absorbed by the catalyst suspension (     ) divided by the volume of irradiated 

solution (V = 0.280 L). 

Charge carriers may recombine through radiative or non-radiative processes (r2): 

     
         
          (r2)                     

       

Reaction r2 is regulated by a second-order kinetic law in which    is the 

electron/hole recombination reaction constant. 

Photogenerated holes can also react with the adsorbed sacrificial organic 

compound (S
*
), which successively oxidizes on the catalyst surface (r4–r5), where 

reaction r4 is the rate-determining step for substrate oxidation: 

                  (r3)           
     

         

           
 

     
     

             
   (r4)                             
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  (r5) 

 

 

 

 

 

 

 

 

 

The direct reaction between positive holes and organic substrates is only possible if 

organics are strongly adsorbed on the catalyst surface. The adsorbed species 

concentration      may be obtained by a Langmuir-type model for adsorption, as 

reported for the equilibrium r3 in which      (M
-1

) is the adsorption equilibrium 

constant, and CT (M) is the total concentration of active sites on the catalyst surface 

for a fixed catalyst load q (gL
-1

). The term CT was calculated through the formula 

      , where N is the total moles of active sites per unit mass of catalyst 

(molg
-1

). Photogenerated electrons react with protons (r6) arising from the organic 

oxidation (r4–r5): 

     
            
 

       
                   
 

            
 (r6) 

In the present work it was assumed that protons, arising from the organic oxidation 

on the catalyst surface (r4), immediately reduce and form hydrogen gas (r6).  

On the basis of assumptions reported above, a mathematical model was developed 

based on a set of mass balance equations for the main species involved in the 

process (        : 
    

  
                   

     

  
       

                         

     

  
       

                         

     

  
                  

where 

  
   

 
      

   

 
    

 

 

                      
    

The terms    

 , ,     and m are the power emitted by the lamp (see Experimental 

section), the extinction coefficients of the photocatalyst in UVA wavelengths 

(measured parameters),  and the light-path length (1.10 cm) respectively. 

The equations (       ) must be numerically integrated from the following 

initial conditions: 
             

                 , and               

in order to calculate the concentration of each species versus time, provided that a 

suitable value is available for each parameter included in the model proposed. 

 

Results and discussion 

Figures 1a,b show the results of two typical photorefoming runs on glycerol and 

methanol over bare TiO2-P25 and Cu(s)/TiO2-P25 nanomaterial, respectively. These 

figures indicate a sharp increase in hydrogen generation rate during the deposition 

of metal copper on the semiconductor surface, followed by a lower-reactivity 

steady state. For all photocatalytic runs, after reaching steady state, the lamp was 
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switched-off and shortly after switched-on again. The new switch-on time was 

assumed to be the zero-time to collect data for modeling (orange box). 

 

 
Figure 1 – Hydrogen production rate for bare TiO2-P25 (○) and Cu(s)/TiO2-P25 (●) 

during a typical photoreforming run under de-aerated conditions ([Cu(II)]o=0.24 

mM; TiO2 load = 150 mgL
-1

). Sacrificial agent:  methanol (a), glycerol (b) 

([CH3OH]o=[C3H8O3]o=2.47 M). 

 

The possibility of using the model proposed in the previous paragraph is 

conditioned by the  availability of suitable values of kinetic parameters included in 

it (      ,    and         ).  

In order to obtain values of the adsorption constants (    ) both for methanol and 

glycerol over Cu(s)/TiO2-P25, a Langmuir-Hinshelwood-type model expressing 

hydrogen generation rate was adopted: 

   
 

         

         
 

    

Starting from Langmuir-Hinshelwood equation (   ) and plotting the term 

    
  against the reciprocal of the substrate concentration , a linear trend was 

observed from which it was possible to derive the suitable values for      for 

methanol (0.24 M
-1

) and glycerol (12.87 M
-1

). An average value for     (430 M
-1
s

-

1
) in the wavelength range 300-400 nm was calculated by measuring the irradiance 

values in such irradiation range . Once these values were adopted, the set of mass 

balance equations (       ) was solved by means of a proper numerical 

optimization procedures using the Matlab software. The procedures were applied to 

the analysis of data collected during methanol and glycerol photoreforming 

experiments carried out at 9 different starting concentration of sacrificial agent in 

the range (0.1-2.47 M) and fixed catalyst load (150 mgL
-1

) resulting into a 

satisfactory simulation of the system behavior and producing best estimates for N, 

   ,   , and     unknown parameters with low associated uncertainties (Table 1). 

 



 

40
th

 Meeting of the Italian Section of the Combustion Institute 

   

(M
-1
s

-1
) 

    
    methanol 

(M
-1
s

-1
) 

    glycerol 

(M
-1
s

-1
) 

N 

(molg
-1

) 

(3.91±0.04)∙10
6
 

(1.9±0.01)∙10
-

3
 

(1.13±0.05)∙10
4
 (4.76±0.19)∙10

3
 (3.69±0.1)∙10

-4
 

Table 1 – Best estimated values of unknown kinetic parameters (      ,    , and 

N) for Cu(s)/TiO2-P25 catalyst. 

 

The low reported uncertainties indicated a high sensitivity of the model developed 

from the associated parameters. Figures 2 a,b show a comparison between 

predicted and experimental data for photoreforming of  glycerol.  

 

 
Figure 2 – Experimental (symbols) and calculated hydrogen production rates 

(dashed lines) using glycerol as sacrificial agent. [Cu(II)]o= 0.24 mM, TiO2-P25 

load = 150 mgL
-1

. (a) [C3H8O3]o =  0.102 M (), 0.205 M (), 1.64 M () (b) 

[C3H8O3]o =  0.410 M (), 0.820 M (), 2.47 M ()  

 

The following remarks derived from these data: 

 the best estimated value of the rate constant for electron-hole recombination (kr) 

on nanocopper-TiO2 is about four orders of magnitude lower than that reported 

in the literature for bare TiO2 (3.010
10

 M
-1

 s
-1

 [5]) thus confirming the electron 

trapping role of zero-valent copper nanoparticles and the consequent 

improvement in photocatalytic activity [4];  

 a primary quantum yield higher than that found in the literature for TiO2 for 

similar wavelengths range [6] was estimated for the catalyst adopted showing a 

more efficient use of absorbed energy; 

 the value estimated for N is quite similar to those previously calculated for 

TiO2-P25 (3.9810
-4

 molg
-1

 [7]) suggesting that copper deposition may only 

negligibly modify the surface of semiconductor used. 

The model was validated by predicting the results of an additional set of glycerol 

and methanol photoreforming runs without any further adjustment of the kinetic 

parameters estimated (simulation mode). For this simulation procedure, data from 

experiments carried out at various starting concentrations of (i) sacrificial agent, 
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(ii) cupric ion, and (iii) TiO2-P25 load were selected. The comparison between 

experimental and theoretical results highlights the ability of the model to 

successfully predict the hydrogen generation rates and methanol consumption. 

 

Conclusions 

A kinetic model was developed with the aim of simulating photocatalytic hydrogen 

generation through photoreforming of glycerol and methanol over different Cu-

TiO2 catalyst loads. As a result, the best values of unknown parameters were 

estimated, such as (i) the rate of hole-capture and (ii) the adsorption equilibrium 

constants for both methanol and glycerol, (iii) the primary quantum yield and (iv) 

the rate constant for electron-hole recombination on the nanocopper modified-

TiO2. From the values found for these parameters, it can be stated that a decrease in 

the recombination reaction occurs for the catalyst adopted, thus indicating the 

fundamental role played by copper nanoparticles on TiO2 surface in trapping 

photogenerated electrons and therefore improving hydrogen generation. 
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