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A B S T R A C T   

Heterogeneous photocatalysis applying TiO2 based catalysts has been widely studied for removing inorganic and 
organic compounds from water and for bacterial inactivation. This available and low-cost catalyst has demon-
strated to be effective in the removal of organic pollutants and inactivation of pathogenic bacteria from water. 
The design of proper types of industrial-scale photoreactors has not been yet successfully implemented, probably 
due to the conceptual complexity of modeling this process in real wastewater. As a result, TiO2 based photo-
catalysis is still considered an effective but energetic-inefficient process. In this work, Escherichia coli (gram- 
positive) and Enterococcus sp (gram-negative) were selected for studying the kinetics of TiO2 photocatalysis. Since 
several approaches, such as fist-order kinetics, are not truly representative of the bacterial inactivation process, 
the experimental data were fitted to different mathematical models, such as Gompertz model, which has 
demonstrated to describe the process properly. Moreover, the effect of the main variables of the process in the 
inactivation kinetic constant of the Gompertz model has ben studied. More precisely, light intensity, water 
matrix, catalyst concentration and bacteria have been under study and their effect has been included in the 
kinetic equation. Finally, operational and construction parameters of a 20 m3/d annular photoreactor for bac-
terial inactivation has been successfully optimized applying the proposed kinetic model.   

1. Introduction 

The presence of pathogenic microorganisms in waters is an issue of 
special concern due to the potential risk of waterborne diseases. More-
over, the presence of pharmaceuticals in waters, such as antibiotics, 
promotes the presence of Antimicrobial Resistant Microorganisms. Ac-
cording the World Health Organization (WHO) the dead associated to 
Antimicrobial Resistance (AMR) in 2050 are stimated in 10 million 
presenting an important hazard for the human health worldwide [1,2]. 
Bacteria, viruses and protozoa can be naturally present in waters or 
introduced as a result of the human activity [3]. Since the detection of 
some of these pathogens is not easy, a group of indicator microorgan-
isms has been chosen to determine water quality [4]. Coliform bacteria 
are common indicators, such as Escherichia coli owing to its presence in 
human intestinal flora [5]. These bacteria present a greater persistence 
in comparison to some other pathogens [5]. Moreover, Enterococcus sp is 
reported to be also useful indicators belonging to the gram-negative 
group. Consequently, coliform bacteria inactivation has been widely 

studied through several processes [6–8]. 
Generally, lacking a legal requirement, Wastewater Treatment Plants 

(WWTPs) are not designed to reduce significantly the microbiological 
load of the effluents. As a result, these agents are incorporated into 
natural waters. The conventional and the most extensively treatment 
used in water disinfection has been chlorination [9]. However, the 
literature points to the generation of carcinogens by-products (e.g. tri-
halomethanes) due to the reaction of organic matter and chlorine [9], 
consequently they are controlled in the current EU Drinking Water 
Directive 2023. As a result, previous treatments should be applied to 
remove or significantly reduce organic matter present in treated urban 
effluent, before applying chlorination.”. Nowadays, cleaner disinfection 
treatments such as Advanced Oxidation Processes (AOPs) are under 
study to substitute conventional treatments. The common denominator 
of these processes is the generation of highly Reactive Oxygen Species 
(ROS), such as hydroxyl radicals, which are able to eliminate microor-
ganisms and other recalcitrant pollutants [10,11]. For instance, 
UV-based photocatalysis, ultrasound, ozonation, photo-Fenton have 
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been applied for disinfection and/or oxidation of inorganic and organic 
pollutants in order to reuse treated urban wastewater [12,13]. 

Photocatalysis could be a feasible substitution for conventional 
disinfection processes. However, it is necessary to minimize the cost of 
the treatment. Photocatalysis has proved its efficiency in microbial 
disinfection, especially using titanium dioxide (TiO2) as semiconductor 
catalyst, since it is relatively abundant, cheap and environmentally- 
friendly [14–16]. The photocatalysis mechanism starts with the elec-
tron excitation with energy in the range 300–390 nm, which produces 
positive holes in the valence band (h+vb) and negative electrons in the 
conduction band (e-

cb) [10,17]. Afterwards, these holes and electrons can 
respectively react with water or oxygen molecules adsorbed to the sur-
face of the catalyst and form reactive oxygen species (ROS) [17]. 

The main and the first microbial targets of these ROS are the extra-
cellular ones (in bacteria, the cellular membrane and the peptidoglycan 
of the cellular wall). However, the peptidoglycan is a very porous 
polymer which could delay hydroxyl radicals and superoxide anions to 
permeate to the inner membrane [18]. Gram-positive bacteria (such as 
Enterococcus sp.) have a thicker peptidoglycan layer than Gram-negative 
bacteria (such as E.coli.), therefore this has been the explanation given 
by some researchers who have exposed species of the two groups to the 
same photocatalytic treatment and have seen that Gram-positive bac-
teria were more resistant than Gram-negative [7,19,20]. However, the 
role of the peptidoglycan in terms of microbial inactivation it is not well 
established yet, and consequently it is not appropriate to use the 
thickness of the peptidoglycan layer as the only justification for the 
differences in the inactivation rates between Gram-positive and 
Gram-negative bacteria. 

Parameters such as H2O2 addition, sample pH and the amount of 
wavelength of the radiation employed, require specific research 
depending on the type of matrix and its uses after treatment [21,22]. 
Chick proposed the first kinetic model in 1908 [23], a first order inac-
tivation kinetic to model linear inactivation curves. However, this model 
not always describe observed deviations in the processes of bacterial 
inactivation, since this inactivation presents some non-lineal patterns 
shapes, such as shoulders (initial lag in which bacteria are eliminated 
more slowly) or tails (final lag in bacteria inactivation). The fitting of 
experimental bacterial inactivation data to properly selected kinetic 
models can provide useful information for reactor design purposes 
[24–28]. 

According to the literature, photocatalysis is not considered an en-
ergy efficient process due to the high power consumption [12]. Nowa-
days the implementation of photocatalysis is still under study at a 
Technology Readiness Level (TRL) 5 [29]. To improve photo-reactors 
design it is necessary to stablish feasible microbial inactivation ki-
netics and study the influence of the main operational variables such as 
light intensity or TiO2 concentration in real wastewater [30,31]. 
Photo-reactor modeling is more difficult in comparison to other con-
ventional reactors, since, in addition to momentum, heat and mass 
transfer, radiation transfer rates must be also considered. The attenua-
tion of light intensity by the absorption and scattering effects of sus-
pended TiO2 particles, implies solving the radiative transfer equation 
(RTE) to calculate the local volumetric rate of photon absorption 
(LVRPA) in the reactor [27,28,32–35]. In this regard, Cassano et al. have 
developed rigorous, but quite complex, models which are difficult to 
apply for reactor engineering purposes [33,36]. Some researchers have 
pointed that light distribution in the photo-reactor could be modeled by 
Lambert-Beer’s law using an apparent extinction coefficient in which 
both absorption and scattering effects are included [37–39] for chemical 
reactions or elimination of pollutants in water. However, this law has 
some limitations in heterogeneous systems which should be taken into 
account. First, Lambert-Beer’s law assumes a homogenous medium, an 
assumption that may not hold in complex matrix as wastewater, with 
non-uniform catalyst distribution and diverse phases, such as solids in 
suspension [40,41]. Additionally, it should be remarked that Lam-
bert-Beer’s law is designed for single-component systems and, as a result 

may not accurately model the interactions in multicomponent systems 
[28]”. In any case, Lambert-Beer’s law is enough valid for the applica-
bility of the developed model here. 

Few studies in literature assess the influence of operational condi-
tions in real wastewater of this process for gram-positive and gram 
negative bacteria. Consequently, it is necessary to develop a suitable 
kinetic model of the TiO2 photocatalytic inactivation of both, gram- 
positive and gram-negative bacteria, which can be applied in real 
wastewater. Therefore, in this research work, the goal is to develop a 
phenomenological model that describes bacterial inactivation kinetics, 
including the effect of the main operational variables in the kinetic 
constant (such as light intensity or catalyst concentration). Furthermore, 
we aim to propose an analytical model to design a pilot-scale annular 
photocatalytic reactor for wastewater disinfection based on the intrinsic 
kinetic and its geometry. 

2. Materials and methods 

Four sets of experiments were carried out to study bacterial inacti-
vation, in each of which a different variable was studied: (i) type of 
coliform bacteria (gram-positive or gram negative); (ii) water matrix; 
(iii) TiO2 concentration, and (iv) light intensity. 

2.1. Samples 

The experimental sets carried out in a saline solution (NaCl 0,9%) 
were made from in ultrapure water sterilized in autoclave at 1210 C, 
presenting a pH of 6,4 and average values of turbidity (NTU); total 
suspended solids (TSS, mg/l), total organic carbon (TOC mg O2/l), and 
chemical oxygen demand (COD, mg O2/l) inferior than 1. Afterwards, 
the sterile saline solutions were fortified with the corresponding bacte-
ria: E.coli, Enterococcus sp., previously isolated from effluents from a 
municipal wastewater treatment plant (WWTP) in Spain, getting a 
bacterial suspension of 107-108 CFU/100 ml. 

By contrast, for the experimental sets carried out in real wastewater, 
samples were collected at a real municipal wastewater treatment plant 
(WWTP) located in Navarra (Spain). The specific steps of this facility are 
screen, grit and grease separation, sedimentation and trickling filter. 
Physico-chemical and microbiological parameters of these water sam-
ples are shown in Table 1. 

2.2. Bacterial analysis 

Two methods were used to perform the bacterial analysis depending 
on the microbiological concentration. The standard method 9215 C was 
follow when the microbiological concentration was higher than 4⋅103 

CFU/100 ml, making decimal dilutions if it is necessary. However, for 
microbiological concentrations lower than 4⋅103 CFU/100 ml, the ana-
lyses were conducted according to the membrane filtration methods 
UNE-EN ISO 9308–1 for Escherichia coli and UNEEN ISO 7899–2 for 
Enterococcus sp. 

Concerning the culture, the samples were plated of MacConkey agar 
(Scharlau) for E. coli, and pink colonies were counted after 24-h 

Table 1 
Physicochemical and microbiological parameters of the four water samples.  

Parameter Sample 1 Sample 2 Sample 3 Sample 4 

pH 7.4 7.7 8.4 7.3 
Conductivity (μS/cm) 1400 1100 1063 1500 
Turbidity (NTU) 22 18 15 45 
TSS (mg/l) 43 24 16 65 
TOC (mg C/l) 24 27 38 15 
COD (mg O2/l) 65 40 50 - 
E.coli log (UFC/100 ml) 6.6 5.5 4.8 3.8 
Enterococcus sp.log(UFC/ 

100 ml) 
4.7 4.6 2.9 3.1  
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incubation at 42 ◦C. For Enterococcus sp., the samples were plated on 
Slanetz and Bartley agar base (Scharlau), and dark red colonies were 
counted after 48-h incubation at 37 ◦C. The enumeration of the bacteria 
was expressed as CFU (colony-forming units) per 100 ml of sample 
(CFU/100 ml). The bacterial inactivation was expressed as log(Nt/N0), 
where N0 was the initial bacterial concentration and Nt the remaining 
bacterial concentration at time t. 

2.3. Experimental setting 

The experiments were divided in four sets (A-D) as shown in Table 2. 
As observed in the table, the values for light intensity and catalyst 
concentration in the experiments in which these are not considered as 
variables are 500 W/m2 and 1 g/l respectively, which had been previ-

ously selected by other researchers [8,42]. 
For all experiments, a water volume of 100 ml was added in a 250 ml 

beaker and after adding the necessary amount of TiO2 FN2, the beaker 
was placed in a solar chamber (SUNTEST CPS+/xls+). This system 
enabled reproduction of natural sunlight conditions in the laboratory. A 
quartz filter and an additional glass filter (Xenochrome 320) were used 
to cut off wavelengths below 320 nm, removing the UVB and UVC 
ranges. Therefore, the samples were exposed to wavelengths between 
320 and 800 nm, corresponding to the UVA and visible bands. The solar 
chamber was equipped with a magnetic agitator and a regulator of in-
tensity and time of exposure, as well as a temperature control. Maximum 
temperature reached in the solar chamber was 35 ºC, although the 
samples did not exceed 30 ºC. 

2.4. Inactivation models 

Kinetic equations used for the fitting of the experimental data were 
selected according to the inactivation curve shapes and by limiting the 
number of fitting parameters to two. The models selected were: Hom, 
Verhulst and modified Gompertz models. 

Obtaining the values of the parameters of each model was carried out 
by fitting the experimental values to the corresponding equation by non 
linear regression using Microsoft ExcelR Solver tool. As there are several 
orders of magnitude of difference between the experimental points, the 
relative root-mean-square-error (RRMSE) was chosen as the objective 
function to minimize and as the statistical parameter to assess the 
quality of the fitting. In the fitting of data from experimental set C, in 
which the variable was TiO2 concentration, the conventional non-linear 

regression process was followed, by minimizing the root-mean-square- 
error (RRMSE) and by calculating the correlation coefficient (R2), 
since there are not differences in several orders of magnitude between 
the experimental points.  

(i) Hom model 
Hom model is an empirical generalization of Chick model. Hom 

observed that the inactivation kinetics of algal-bacterial systems 
did not follow the traditional linear models, but they had curvi-
linear kinetics. The kinetic model proposed by Hom is given by: 

N = N0⋅exp

(

− kI ⋅tm

)

↔ rI = −
dN
dt

= m⋅kI
1/m⋅N⋅

(

ln
(

N
N0

))(m− 1)/m

(1)    

(ii) Inactivation Verhulst and Gompertz models: 

Verhulst equation (usually known as logistic equation) and Gom-
pertz equation were initially defined for microbial growth. However, 
they can be modified to predict bacterial inactivation by the introduc-
tion of a new parameter, the residual bacterial concentration (NR) 
resulting in Eqs. (2) and (3), respectively, for Verhulst and Gompertz 
models:   

rI = −
dN
dt

= kI ⋅N⋅ ln
(

N
NR

)

↔

N = N0⋅
(

NR

N0

)1− exp(− kI ⋅t)

= N0⋅(aR)
1− exp(− kI ⋅t)

; aR =
NR

N0

(3)  

2.5. Photo-reactor modeling 

The suggested model for an annular photo-reactor assumes (i) 
steady-state, (ii) negligible termal effects; (iii) unidirectional axial 
laminar flow; (iv) incompressible flow, as proposed by Cassano et al. in 
some studies [33,36]. Other researchers have reported that it is prefer-
able turbulent flow operation in order to avoid catalyst deposition [10, 
37]. However, the values of bacterial inactivation constants calculated 
from the kinetic experiments are quite small (in water from WWTP, 
4.45•10− 3 ± 1.067 min− 1 average value for E.coli and 6.6910− 3 

± 4.187 min− 1 for Enterococcus sp.), and operating in turbulent regime 
would imply really high reactor lengths. Moreover, in the present work, 
it is shown that catalyst settling could be also avoided even operating in 
laminar flow. Therefore, one of the main requirements for the design 
and optimization of the photo-reactor has been that the Reynolds 
number (Re) was less than 2.100, in order to avoid the complex math-
ematical treatment linked to transient regime, but close to 2.100, so that 
TiO2 aggregates do not settle and there is enough contact between the 
catalyst particles and bacteria. Some researchers also tried to model the 
behavior of an annular photo-reactor for bacterial disinfection operating 

Table 2 
Operational conditions analyzed in different experiments.   

Water 
sample 

Treatment 
time (min) 

[TiO2] 
(g/l) 

Light 
intensity 
(W/m2) 

Variable 

Experimental 
set A 

Saline 
solution 

0-120 1 500 Time 

Experimental 
set B 

WWTP 
sample 

120 1 500 Water 
composition 

Experimental 
set C 

Saline 
solution 

10 0-2 500 TiO2 

concentration 
Experimental 

set D 
Saline 
solution 

0-120 1 0-750 UVA dose  

rI = −
dN
dt

= kI ⋅N⋅
(

N − NR

)

↔

N =
NR

1 −

(
N0 − NR

N0

)

⋅exp
(

− kI ⋅NR⋅t
) =

NR

1 − (1 − aR)⋅exp( − kI ⋅NR⋅t)
; aR =

NR

N0

(2)   
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in laminar flow and suggested a similar model to the one presented in 
this work [43,44]. Bacterial diffusion in radial and axial coordinates has 
been neglected owing to bacterial high molecular weight, and conse-
quently, their low diffusion coefficient in comparison to chemical 
pollutants. 

3. Results 

3.1. Bacterial inactivation kinetic 

In order to evaluate the evolution of bacterial inactivation, results 
from experimental set A were analyzed. In this set of experiments, the 
disinfection treatment was applied using ultrapure water solution and 
bacteria concentration was determined at time intervals between 0 and 
120 min. Light intensity and TiO2 concentration were constant and 
equal to 500 W/m2 and 1 g/l, respectively. 

Fig. 1 shows the results of E.coli, and Enterococcus sp. inactivation 
after the treatment and the fitting of the four previously mentioned 
models to the experimental data. The graphics are on logarithmic scale. 
As could be seen, inactivation rate of both bacteria is more slowly at the 
end of the treatment, possibly because of the adaptation of microor-
ganisms to environmental conditions, prevalence of resistant bacteria or 
because products from bacterial lysis could compete with residual bac-
teria for the reaction with hydroxyl radicals [10,45]. Aiming to com-
plement the results showed in Fig. 1, Table 3 compiles the value of the 
parameters of the models and the value of SRRC, the objective function 
that was minimized and with which it is possible to assess the quality of 
the fitting. Among the selected mathematical models, Gompertz model 
describe properly bacterial inactivation by means of TiO2 
photocatalysis. 

According to the literature, [7,46–48]. E. coli inactivation is quicker 
than Enterococcus sp. inactivation in an ultrapure saline solution. The 
difference in the inactivation rate correlates with the structural differ-
ences between Gram-negative bacteria (E. coli) and Gram-positive 
(Enterococcus sp.). Enterococcus sp. showed more resistance to the pho-
tocatalytic treatment. Usual explanations for this difference in behavior 
are based on the differences between Gram-positive and Gram-negative 
cell wall. The peptidoglycan is the layer responsible for the rigidity in 
bacteria and in Gram-positive bacteria, it represents up to 90% of the 
cell wall, while in Gram-negative it only constitutes a 10% [46]. 
Moreover, in Gram-negative bacteria, there is an external membrane 
above the peptidoglycan layer, and one of the main components is the 
lipopolysaccharide, which is susceptible to oxidative attack and whose 
destruction is responsible for the inactivation of a lot of Gram-negative 
bacteria [49]. The values of residual activity (aR), were close to zero, 
indicating that most of the bacteria in the water solution are removed 
after the treatment. 

Fig. 1. Fitting of the results to mathematical models to the inactivation curves 
of Escherichia coli (A), Enterococcus sp. (B). 

Table 3 
Kinetic parameters of the mathematical models used for bacterial inactivation.  

Model Parameters E. coli Enterococcus sp. 

Hom kI (min-m) 1.83 6.825 
m 0.928 0.140 
RRMSE 3.814 1.305 

Verhulst kI (min− 1) 3.32•10− 2 1.067•10− 4 

aR 9.10•10− 8 3.46•10− 11 

RRMSE 3.033 1.929 
Gompertz kI (min− 1) 0.337 0.065 

aR 9.50•10− 8 1.83•10− 6 

RRMSE 2.961 1.176  

Fig. 2.. Dependence of the inactivation constant on TiO2 concentration of E. coli (A) and Enterococcus sp. (B).  
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3.2. Operational conditions influence 

One of the main aims of this work was to obtain an expression for a 
kinetic model in which include the dependence of as many operational 
variables as possible, so that this kinetic model could be easily used for 
engineering purposes. As the Gompertz model has been chosen, the in-
fluence of the operational variables could be included in its kinetic 
constant. 

In experimental set C (see Table 2), the influence of catalyst con-
centration was assessed by experimentally calculating bacterial con-
centration at 10 min of treatment for several TiO2 concentrations in the 
range 0–2 g/l. The values of inactivation constants (kI) at different TiO2 
concentrations were calculated assuming Gompertz model and setting 
the value of residual activity (aR) obtained from experimental set A. All 
the experiments were carried out in ultrapure saline solution and 
applying 500 W/m2 of light intensity, as in experimental set A.  Fig. 2 
shows that, for both bacteria, the value of the kinetic constant increases 
with the catalyst concentration until reaching a saturation value above 
which, the inactivation constant does not increase more. Some re-
searchers report that, in photocatalytic processes in general, reaction 
rate increases with catalyst concentration, until reaching a saturation 
value [50–52]. This behavior could be attributed to the fact that TiO2 
particles have a diameter of 20–30 nm, while bacteria have an average 
diameter of 1 µm, therefore TiO2 particles have to adsorb to bacterial 
surface. If catalyst concentration is high, all bacterial surface will be 
covered by catalyst particles. Moreover, as a consequence of increasing 
TiO2 concentration, catalyst particles start to form aggregates up to 
500 nm, thus the catalytic surface significantly decreases [50–52]. 
Finally, absorption and scattering effects due to TiO2 particles have to be 
taken into account, since at high TiO2 concentrations, the UV light in-
tensity that reaches distant areas from the lamp will decrease. 

Fig. 3 shows the results of the effect of light intensity. The inacti-
vation constant increases linearly with light intensity, as other authors 
suggested [53,54]. It also increases with TiO2 concentration until 
reaching a saturation value. This information can be complemented with 
the kinetic and statistical results obtained for both bacteria, which are 
collected in Table 4. As it can be seen the value of residual activity (aR) 
for Enterococcus sp. are quite similar to the obtained in the experimental 

set A (aR =1.83⋅10− 6). However, the aR calculated for set A was aR =

9.5⋅10− 8). As a result, it can be concluded that experimental data fit 
better for Enterococcus sp. than for E. coli. This better validation of the 
model for Enterococcus sp. could be in some way expected, since the 
Gompertz model was not the one that best fitted inactivation data in 
experimental set A for E. coli. However, among studied models, Gom-
pertz model is the only one that fits both bacteria in an acceptable 
range.” 

Finally, for study the influence of the matrix, in experimental set B 
(see Table 2), four WWTP water samples were analyzed, and after 
applying the disinfection treatment, bacterial concentration at 120 min 
were determined. Light intensity and TiO2 concentration were the same 
as in experimental set A. For the four water samples and for E. coli and 
Enterococcus sp. the value of inactivation constant (kI) was calculated by 
fitting the experimental values to the corresponding equation by non 
linear regression. These values of kinetic constants are shown in Table 5, 
as well as the inactivation constant in ultrapure saline solution (obtained 
from experimental set A). 

As it could be expected, kI is greater in saline solution (see Table 3) 
than in WWTP water sample, what proves that the presence of other 
inorganic or organic molecules slows down bacterial inactivation, since 
these molecules could compete with bacteria for the reaction with hy-
droxyl radicals. This effect could be reflected in the Gompertz constant 
by means of the effectiveness factor (ηG). This factor multiplies the 
inactivation constant in ultrapure water and was calculated by dividing 
the average value of kI, in wastewater between the value of kI in an ul-
trapure solution. In brief, including the effect of each studied opera-
tional conditions, the equation obtained for the inactivation constant of 
Gompertz model was purposed in order to model this behavior by: 

kI = ηG⋅
kmax⋅I⋅[TiO2]

KTiO2 + [TiO2]
(4) 

Where kmax and KTiO2 are kinetic parameters experimentally deter-
mined for each bacteria and ηGcould be defined as an effectiveness factor 
to correct the value of the kinetic constant when the disinfection treat-
ment is applied in water samples from WWTP instead of in an ultrapure 
saline solution. KTiO2 could be considered as a parameter that quantifies 
the affinity between the catalyst and the bacteria, in a way that the 
greater this parameter is, the less affinity for the catalyst the bacteria 

Fig. 3.. Evolution of bacterial concentration with UV-A dose for E. coli (A) and Enterococcus sp. (B).  

Table 4 
Kinetic and statistical results for applying Gompertz model to experimental set 
D.  

Parameters E. coli Enterococcus sp. 

kmax (m2/ W •min) 4.072•10− 4 2.000•10− 4 

aR 7.27•10− 9 1.69•10− 6 

RRMSE 5.900 2.928  

Table 5 
Inactivation Gompertz kinetic constants in real WWTP.  

Parameter E. coli Enterococcus sp. 

aR 8.94.10− 8 8.95.10− 8 

kI
.10− 3 (min− 1) 4.34 ± 1.07 4.52 ± 2.58  
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has. I parameter is the radiation applied in a concrete period of time. 

3.3. Photo-reactor design and optimization 

As it was mentioned in section 2.6, the basic assumptions for an 
annular reactor are: (i) laminar regime, (ii) negligible radial and longi-
tudinal diffusional effects, (iii) steady state, and (iv) isothermal opera-
tion. In addition, it is assumed that the concentration of TiO2 keeps 
constant along the whole volume of the reactor. The assumption of 
laminar regime operation, which implies low rate of the axial velocity, is 
based on the fact that the rates of disinfection are usually slow, in 
comparison with the kinetics of organic contaminant removal, where it 
is possible to operate in turbulent regime and therefore with high cir-
culation rates [10,44]. 

Laminar regime operation implies a radial dependence of bacteria 
concentration, and, in this case, of the radiation intensity, since the 
process implies a photocatalytic reaction. However, diffusional effects in 
axial and radial directions have been neglected due to the high weight of 
the bacteria, compared to that of a chemical molecule. In any case, the 
operation in laminar regime is conditioned by the parabolic radial 
profile of the velocity. Therefore, the design equation for the photo- 
reactor will be obtained from the mass balance for bacteria in a differ-
ential element of the annular laminar reactor. 

Assuming the Gompertz model for the kinetics of bacterial inacti-
vation, the equation of reactor design can be expressed as follows: 

vz(r)⋅
dN(r)

dz
+ kI(r)⋅N(r)⋅ ln

(
N(r)
NR

)

= 0 (5)  

Where z and r are the axial and radial coordinates, N(r) is the bacterial 
concentration at a given radial position (r), NR is the residual bacterial 
concentration and vz(r) is the axial fluid velocity at r. For a steady 
laminar flow of a Newtonian fluid in an annular reactor, the radial 
profile of velocities for a given flowrate of liquid feed to the reactor, Q0, 
is given by the following expression [55]: 

v(r) =
2⋅Q0

π⋅
(
R2

1 + R2
2

)⋅
ln
(

r
R1

)

−

(
r2 − R2

1
R2

2 − R2
1

)

⋅ ln
(

R2
R1

)

ln
(

R2
R1

)

−
(R2

2 − R2
1)

(R2
2+R2

1)

; R1 < r ≤ R2 (6) 

In addition, the pressure drop of the fluid for a given value of Q0 is: 
(

−
dp
dz

)

=
8⋅μ⋅Q0

π ⋅
ln(R2/R1)(

R4
2 − R4

1

)
⋅ ln(R2/R1) +

(
R2

2 − R2
1

)2
(7) 

In the above equations R1 and R2 are the internal and external radius 
of the annular reactor and μ is the viscosity of the fluid. From Eq. (7), it 
can be deduced that the pressure drop strongly increases as the value of 
R2 approaches that of R1. 

On the other side, assuming a linear dependence of the apparent 
extinction coefficient, εapp, with the TiO2 concentration, Lambert-Beer’s 
law for the radial variation of light intensity can be expressed as: 

I(r) = I0⋅exp
(
− εapp⋅

(
r − R1

))
= I0⋅exp( − (ε0 + ε⋅[TiO2])⋅(r − R1)) (8)  

Where: I0 is the lamp light intensity and ε0 is the intrinsic extinction 
coefficient of pure water that it is assumed negiblible against the effect 
of the presence of dispersed TiO2 in the solution, ε is the characteristic 
parameter related to the effective extinction coefficient due to the 
presence of TiO2. Combining Eqs. (4), (6), and (8), the term keff can be 
defined as the “effective inactivation constant”. This term has dimension 
of length− 1, and it is a function of r and catalyst concentration: 

keff (r) =
kI(r)
v(r)

=
ηG⋅kmax⋅I0⋅[TiO2]

KTiO2 + [TiO2]
⋅
exp( − ε⋅[TiO2]⋅(r − R1))

v(r)
(9) 

As the amount of catalyst increases, the inactivation rate also in-
creases and the necessary length to reach a certain cellular conversion 

decreases. However, from Eq. (9) it is follow that, for each value of r, the 
“effective inactivation constant” goes through a maximum as a function 
of the catalyst concentration, named as [TiO2]opt(r). This value can be 
calculated from the following condition: 

dkeff (r)
d[TiO2]

= 0 → [TiO2]opt(r) =
KTiO2

2
⋅

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
4

KTiO2 ⋅ε⋅(r − R1)

√

− 1

)

(10) 

In addition to the mathematical explanation, some physical phe-
nomena can explain the existence of an optimum value. In the first place, 
high TiO2 concentrations implies that bacterial surface will be covered 
by catalyst particles and no more could join the surface. Simultaneously, 
the particles could begin to form aggregates up to 500 nm, and conse-
quently, the catalytic surface decreases [50–52]. Interestingly, the ex-
istence of a maximum value for the effective inactivation constant, 
implies that for a given degree of microbial inactivation, Xcell, the vol-
ume of the reactor will be minimum, and the optimization of the reactor 
is attained through the optimization of TiO2 concentration. 

Solving Eq. (5), taking N = N0 at z = 0, it is obtained the value of the 
bacteria concentration at the exit of each radial position of the reactor: 

N(r) = N0⋅
(

NR

N0

)1− exp(− keff (r)⋅z)
= N0⋅(aR)

1− exp(− keff (r)⋅z) (11) 

In the above solution it has been considered the laminar reactor as an 
infinite sequence of individual plug-flow reactors concentrically placed 
between R1 and R2. Consequently, the total mass flowrate of cells at the 
exit of the photo-reactor is given by: 

Fcell,exit =

∫ R2

R1

N(r)⋅dQ = 2π⋅N0⋅
∫ R2

R1

(aR)
1− exp(− keff (r)⋅z)⋅v(r)⋅dr (12) 

Finally, the cellular conversion is given by the following expression: 

Xcell = 1 −
Fcell,exit

Fcell,inlet
= 1 −

∫ R2
R1

N(r)⋅dQ
N0⋅Q0

= 1 −
2π
Q0

⋅
∫ R2

R1

(aR)
1− exp(− keff (r)⋅z)⋅v(r)⋅r⋅dr (13) 

For a given length of the reactor, z, the conversion will be maximum 
if the catalyst concentration is the optimum. This global value can be 
obtained from the following condition: 

dXcell

d[TiO2]
= 0 →

{
Xcell, max
[TiO2]opt

(14) 

The above condition must be solved numerically, and the value 
[TiO2]opt obtained is an averaged value of that obtained from Eq. (10) in 
combination with Eq. (13). After calculation of the [TiO2]opt, Eq. (13) 
can be solved by radial discretization and numerical integration. This 
Eq. (13) can be used, to estimate the size of the photo-rector, i.e. length 
(z), and R2, for a specified value R1, necessary to attain a given cellular 
conversion, processing a flowrate Q0. Alternatively, also can be used to 
calculate the cell conversion at the exit of the reactor and the amount of 
TiO2, knowing the values of z and R2. Finally, the power lamp light in-
tensity (I0), assuming that the lamp has the same length as the reactor, 
can be estimated as: 

W = 2π⋅R1⋅I0⋅z (15) 

In any case, all the solutions reached in the calculation of the reactor, 
must fulfill the following restrictions: 

i) The regime of circulation of the fluid must be laminar, therefore: 

Re =
〈v〉⋅Deq⋅ρf

μf
=

2
(
R2 − R1

)
⋅〈v〉⋅ρf

μf
=

2⋅Q0⋅ρf

π⋅μf ⋅
(
R2 + R1

) ≤ 2100 (16) 

Therefore, for the case of water stream, ρ ≅ 1000 kg/m3; μ ≅ 0.001 
(kg/m.s), the minimum value for R2 will be given by: 
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R2 ≥
2⋅Q0⋅ρf

2100⋅π⋅μf
− R1 ≅ 303.15⋅Q0 − R1 (17)  

ii) In order to avoid any significant sedimentation of the cells and/or the 
catalysts particles, it is assumed that the average rate of the fluid must be 
5000 times the higher of the two sedimentation rates: 

〈v〉f

vsed
=

Q0

π⋅
(
R2

2 − R2
1

)
⋅vsed

≥ 5000 (18) 

The rate of sedimentation can be estimated using the following 
formula: 

vsed =
d2

p⋅
(

ρp − ρf

)
⋅g

18⋅μf
(19)  

Where: dp is the average particle diameter, and ρp the density of the 
particle. For the TiO2 particles, ρp= 4200 kg/m3, of 20–30 nm, which 
can form aggregates up to 500 nm, the rate of sedimentation is around 
vsed,TiO2 = 4.43⋅10− 7m/s [18]. Estimations of sedimentation rate of 
bacteria in water give a value of vsed,cell = 1.54⋅10− 6 m/s [56]. Taking 
the value of the vsed of bacteria, the rate of fluid must be:〈v〉f ≥ 0.0077 
m/s. Therefore, for a given value of R1, the upper limit of R2 can be 
estimated as: 

R2 ≤

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2
1 +

Q0

π⋅vsed

√

≅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2
1 + 41.34⋅Q0

√

(20) 

Therefore, Eqs. (17) and (20) define the interval of valid values for 
R2, for a set of values of R1 and Q0. In addition, in all the cases, the 
pressure drop of the fluid in the reactor must be lowest possible, 
therefore, according to Eq. (7), the value of R2 should be the higher 
possible, which is given by Eq. (20). 

The other important factor in the operation of the reactor is the 
amount of TiO2 needed to reach the desired cell conversion at the exit of 
the photo-reactor. From the value of [TiO2]opt, the amount of TiO2 is 
calculated as: 

massTiO2 = z⋅π⋅
(

R2
2 − R2

1

)
⋅[TiO2]opt (21) 

As illustrative example of application of the model developed in this 
study, Table 6 shows the design of the laminar photo-reactor for 
Enterococcus sp. Inactivation. Thus, Table 6 summarizes the results of the 
influence of the external radius (R2) in the design parameters within the 
limit values defined in Eqs. (17) and (20). These calculations are made 
for the following data of design: Q0 = 20 m3/h, Xcell = 0.999, R1 
= 0.03 m (extracted from previous photocatalytic bench-reactor design 
in the literature conducted by Marugán et al. [44]), effectiveness factor, 
ηG = 0.2, kmax= 2⋅10− 4 m2.L/(g⋅W⋅h), KTiO2= 0.558 g/L, I0= 750 W/m2, 
εapp= 72 m− 1. For the application of the model, the following algorithm 
has been used: (i) calculation of the minimum and maximum values of 
R2 satisfying the conditions given in Eqs. (17) and (20); (ii) for each 
selected value of R2, and for an initial guess of the value of the reactor 
length, z, estimation of [TiO2]opt using Eq. (14); (iii) If the value of Xcell is 

lower than the design value, 0.999 in this case, re-calculation of z using 
Eq. (13), until the desired conversion is achieved. This algorithm has 
been implemented in Excel®, using SOLVER® complement for steps (ii) 
and (iii). The numerical solution of Eq. (13) has been done by means of 
Simpsons’ rule, using 5000 steps of radial increment, i.e. Δr =
(R2-R1)/5000. 

From the values show in Table 6, it is clear that the most favorable 
case corresponds to the higher value of R2 (R2 = 0.1023 m). In this case, 
although the volume of the reactor is the higher, the pressure drop and 
amount of TiO2 are the lowest. Therefore, given that the conditions of 
no-sedimentation and laminar flow are fulfilled, this value will be 
selected as the design value. Other authors have been previously pointed 
that photoreactors should work below the saturation level of TiO2 to 
ensure an efficient absorption and to save catalyst costs [10]. 

4. Conclusions 

In this study, promising results have been achieved in the design of 
heterogeneous photocatalytic reactors. Initially, experimental data were 
collected at laboratory scale for the inactivation of E. Coli and Entero-
coccus sp., and a Gompertz kinetic model was proposed to model pho-
tocatalytic inactivation of both bacteria. As a result, the kinetic constant 
of the Gompertz model was defined, incorporating the influence of key 
operational variables on the photocatalytic inactivation of pathogenic 
coliforms, such as radiation intensity, catalyst concentration, and matrix 
influence. 

Furthermore, an analytical model was developed to design and 
optimize a pilot-scale laminar photocatalytic annular reactor, based on 
the intrinsic kinetics and its geometry. This model has been applied to a 
real WWTP effluent operating under laminar regime. In this context, it 
was assumed that radiation intensity follows the Lambert-Beer law, and 
mathematical analysis was conducted to evaluate the impact of the 
external reactor radius on the other design parameters. Based on the 
kinetic parameters determined at laboratory scale, the design parame-
ters that optimize reactor operation by minimizing both pressure drop 
and catalyst concentration have been determined. The algorithm of 
resolution and optimization of the laminar reactor model proposed here 
can be directly applied to include other kinetic models of bacterial 
inactivation. “This analytical model provides a useful tool for reactor 
optimization, although authors acknowledge that it may not address all 
the aspects presented by a real plant. Therefore, authors emphasize the 
importance of validating this theoretical model to ensure its feasibility 
and effectiveness for large-scale photoreactor systems. 

CRediT authorship contribution statement 

Moreno Raúl: Data curation, Formal analysis. Mosteo Rosa: 
Conceptualization, Funding acquisition, Investigation, Methodology, 
Writing – review & editing. Monzón Antonio: Conceptualization, 
Investigation, Resources, Software, Supervision, Writing – review & 
editing. Moles Samuel: Conceptualization, Formal analysis, Investiga-
tion, Writing – original draft, Writing – review & editing. Ormad Maria 
P.: Investigation, Methodology, Project administration, Supervision. 

Table 6 
Design of laminar annular photo-reactor. Influence of external radius.  

R2 (m) 0.102 0.100 0.090 0.080 0.070 0.060 0.050 0.040 

Re 1114 1134 1228 1340 1474 1637 1842 2100 
Average rate (m/s) 0.0077 0.0081 0.0102 0.0134 0.0184 0.0273 0.0461 0.1032 
Ratio: Aver. liquid rate / Sedim. Rate 5000 5258 6645 8699 11,962 17,721 29,904 67,015 
[TiO2]optim. (g/l) 0.234 0.240 0.271 0.311 0.367 0.452 0.598 0.932 
Reactor lenght (m) 1.604 1.649 1.875 2.177 2.606 3.271 4.477 7.523 
Reactor volume (l) 48.2 47.1 42.4 37.6 32.8 27.7 22.5 16.9 
Average residence time (min) 3.5 3.4 3.1 2.7 2.4 2.0 1.6 1.2 
Mass of TiO2 (g) 11.27 11.31 11.48 11.69 12.01 12.53 13.46 15.73 
Pressure drop (bar) 0.28 0.32 0.63 1.38 3.56 11.81 61.59 898.75  
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