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Abstract
This research aims to compare the disinfection and degradation effectiveness in water of a commercial suspension of nano-TiO2

(TiO2 Levenger) with the standard TiO2 Degussa P25. Photo-inactivation and photo-degradation experiments were conducted
with UVA-vis light. Concerning the disinfection, the effects of TiO2 dose (0–2 g/l), water matrix, bacterium type (Gram-positive
or Gram-negative), and bacterial regrowth after the photo-treatments were studied for each catalyst. The experimental results
show thatEnterococcus sp. (Gram-positive) wasmore resistant to the photo-treatments thanEscherichia coli (Gram-negative) for
both catalyst; however, postirradiation trends showed similar behavior for both bacteria, favoring regrowth for short-treated cells
and decay for longer-treated ones. Caffeine was selected as a model substance of pharmaceuticals and personal care products. In
terms of caffeine removal, the effects of TiO2 dose (0–2 g/l) and water matrix were analyzed. Besides, the comparison between
mechanical coagulation-flocculation-decantation and simple decantation of TiO2 was carried out. The results show that simple
decantation allowed the recovery of 97.5% of TiO2 Degussa P25 and TiO2 Levenger within 1 day of simple decantation, while
applying the proposed mechanical coagulation-flocculation decantation 99.7% of recovery of both catalysts was achieved in
2 hours. Finally, the subsequent reuse of both catalysts was proved with little loss of efficiency in terms of photo-disinfection
during the four cycles. Nevertheless, the standard TiO2 Degussa P25 photo-degradation efficiency of caffeine decreases consid-
erably as compared to commercial suspension of TiO2 Levenger concerning the reutilization.

Keywords Inactivation . Caffeine . Wastewater treatment plant . Pharmaceuticals and personal care products . Emerging
pollutants . Mechanical coagulation-flocculation-decantation

Introduction

The presence of pathogenic microorganisms in water is an
issue of special concern due to the potential risk of waterborne
diseases. Bacteria, viruses, and protozoa can be naturally pres-
ent in water or introduced as a result of the human activity.
Consequently, microbial control is necessary in waters
intended for different uses, such as human consumption or
agricultural irrigation by means of the reuse of wastewater
treatment plant effluents (WHO 2006; WHO 2016).
Therefore, microbiological (Escherichia coli, intestinal nem-
atodes, Legionella spp., etc.) and physical-chemical parame-
ters (turbidity, suspended solids, nitrogen, etc.) have to be
controlled and reduced if it is required because of their path-
ologic effects in humans (WHO 2016).

Pharmaceuticals and personal care products (PPCP) are a
wide group of substances belonging to different chemical fam-
ilies. These compounds are used in human and veterinary

PPCP pharmaceuticals and personal care products

Highlights • TiO2 Levenger produced similar inactivation and PPCP
degradation than Degussa P25
• Mechanical CFD allowed the recovery of 99.7% of both catalysts in
2 hours
• Both catalysts were reused for four cycles with almost constant
disinfection effectivity
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medicines. Therefore, many research works evidence the pres-
ence of PPCP in rivers, sea water, groundwater, and drinking
water (Rodríguez-Gil et al. 2018). Furthermore, their potential
adverse effects on human health, such as the development of
antibiotic-resistant microbes in the aquatic environment
(Adegoke Anthony et al. 2018) or changes on fish reproduc-
tion (Kidd et al. 2007), led to their cataloging as relevant
environmental contaminants (belonging to the class of emerg-
ing contaminants) (1). Hence, there is a need for the develop-
ment of viable water treatment processes that are able to de-
grade PPCP.

Caffeine (C8H10N4O2) is an alkaloid belonging to the
methylxanthine family; it is present in legumes, leaves, and
fruits of more than 60 plant species. Most caffeine is con-
sumed for beverages such as coffee, tea, or energy drinks as
a psychomotor stimulant. Caffeine is an example of PPCP
detected in surface waters. It is extensively metabolized by
the human liver to form three major metabolites by demethyl-
ation: 3,7-dimethylxanthine, 1,7-dimethylxanthine, and 1,3-
dimethylxantine. These are then broken down further in the
liver by additional demethylation and oxidation and excreted
mostly in the urine (Heckman et al. 2010). The presence of
caffeine in surface waters has been reported (Heckman et al.
2010; Rodríguez-Gil et al. 2018), even at trace concentrations
(ng/l to mg/l), being considered caffeine as an anthropogenic
indicator of water pollution.

Different processes were applied to remove toxic and per-
sistent PPCP, such as adsorption, biological treatments, coag-
ulation-flocculation-decantation, ion exchange, and mem-
brane processes. Nevertheless, conventional treatments are
not able to completely remove PPCP. In the past few years,
photocatalytic processes have become an interesting field of
research due to its water-purifying potential. Among the nu-
merous conventional technologies and advanced oxidation
processes (AOPs) for water treatment, titanium dioxide
(TiO2) photocatalysis has gained importance during the last
decade (Vítor and Vilar 2018).

TiO2 can be applied in suspension or immobilized on a
supporting surface, which allows a simple recovery from
the solution; however the contact between reactants and
catalysts is lower, and as a result, supported catalysts
show lower yields in the same operational conditions
(Van Gerven et al. 2007). When TiO2 is in suspension,
more TiO2 surface is available for pollutant-catalyst inter-
action, thus increasing the efficiency of the process (Feitz
et al. 2000, Gumy et al. 2006, van Grieken et al. 2010).
Nevertheless, the main disadvantage of this process in
terms of economic viability is the need to recover the
suspended TiO2 after the treatment (Malato et al. 2009).
Several technologies have been studied for TiO2 separa-
tion, including decantation (Keller et al. 2010, Hsiung
et al. 2016) and membrane filtration (Ollis 2003,
Augugliaro et al. 2006), but associated problems, such

as low decantation rates or membrane fouling, respective-
ly, are often reported. Regardless of the way of applica-
tion, reuse of TiO2 has been successfully implemented for
several cycles showing little or negligible deactivation in
methylene blue degradation (Dou et al. 2012), phenol
mineralization (Suryaman et al. 2009), or E. coli inactiva-
tion (Pablos et al. 2012).

The aim of this research work is to compare not only the
disinfection effectiveness of two types of TiO2, the standard
TiO2 Degussa P25 and a commercial suspension of nano-
TiO2, but also the PPCP removal effectiveness of both cata-
lysts. In a first approach, both types are characterized. Next,
the effect of the feature of water is analyzed, assessing differ-
ent TiO2 doses and treatment times. In addition, postirradia-
tion survival in the dark is studied after disinfection treat-
ments. Finally, the separation through simple decantation
and mechanical CFD and posterior reuse of the TiO2 for dis-
infection and caffeine photo-degradation is evaluated.

Materials and methods

TiO2 characterization

In this study, two types of commercial titanium dioxide were
used: TiO2 Degussa P25 (solid power), commercialized now
by Evonik, and TiO2 Levenger FN2 (aqueous suspension).

Crystalline phases were analyzed by X-ray diffraction
(XRD) with a diffractometer Rigaku D/Max-2500, provid-
ed with a graphite monochromator to select the Cu Kα
radiation. Measure interval (2θ) went from 10 to 80° at a
speed of 1.8°/min. Determination and quantification of
phases and size particle calculus were carried out with
the software MDI-Jade7 and the data base JCPDS-
International Centre for Diffraction Data-2000. For the
semiquantitative analysis of X-ray fluorescence (XRF), a
sequential XRF spectrophotometer Thermo Electron ARL
ADVANT’XP was used. This XRF equipment was pro-
vided with an X-ray tube with a frontal window of beryl-
lium (Be) and a rhodium (Rh) anode, and it allows the
semiquantitative detection of the elements between sodi-
um (Na) and uranium (U). Particle morphology was stud-
ied by field emission scanning electron microscopy
(FESEM) with a FESEM microscope Carl Zeiss
MERLIN™ containing a secondary and retro-dispersed
electrons detector.

Figure 1 presents the XRD patterns of both titanium dioxides
catalysts. The peaks observed in the diffractogram of TiO2

Degussa P25 (Fig. 1a) correspond to the crystalline phases of
TiO2, anatase, and rutile, with a weight percentage of 87% and
13%, respectively. TiO2 Levenger characterization (Fig. 1b)
showed crystalline structures of gypsum CaSO4·H2O (8%) and
smithsonite ZnCO3 (4%), along with the phases of TiO2, anatase
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(79%), and rutile (9%). Both types of titanium dioxide presented
a similar ratio anatase/rutile. The results obtained by XRD were
confirmed by the semiquantitative elemental analysis of X-ray
fluorescence. Average particle size was calculated from the XRD
data, resulting in 25 nm for TiO2 Degussa P25 and 23 nm for
TiO2 Levenger. Figure 2 shows a FESEM image of both cata-
lysts. While TiO2 Degussa was formed just by homogeneous
round particles, in TiO2 Levenger the presence of bigger size
(> 300 nm) particles with straight edges was also detected.
Probably, these particles correspond to the CaSO4·H2O identified
by XRD and XRF. TSS in TiO2 Levenger was 106 g/l, which
means a concentration of around 93 g/l TiO2.

Bacterial inactivation experiments

Water samples

Bacterial inactivation assays were conducted in two types of
water samples: sterile saline solution (NaCl solution) and sim-
ulated municipal wastewater treatment plant effluent (WWE).
The sterile saline solution was prepared by addition of 0.9%
(w/v) of NaCl (Panreac) to distilled water and subsequent ster-
ilization. Afterward, the NaCl solution was inoculated with
pure cells of Escherichia coli or Enterococcus sp. obtained
from the culture in nutritive agar of wild strains isolated from

Fig. 2 FESEM images of (a) TiO2 Degussa P25 and (b) TiO2 Levenger

Fig. 1 XRD pattern of (a) TiO2

Degussa P25 and (b) TiO2

Levenger
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real wastewater treatment plant effluents (WWTPE), achiev-
ing an initial bacterial concentration of 107–8 CFU/100 ml.
The WWE was obtained from an activated sludge plant at
laboratory scale described elsewhere (Mosteo et al. 2013,
Rodríguez-Chueca et al. 2014a). This WWE sample naturally
contains a consortium of bacteria typical fromWWTPE, since
it comes from an activated sludge reactor. Specifically, the
bacteriaE. coli and Enterococcus sp. are present in this sample
in concentrations ranging between 105 and 106 CFU/100 ml.
Table 1 summarizes the average values of the main physical-
chemical parameters of both water samples.

Microbiological analysis

When the microbiological concentration was high (> 4·
103 CFU/100 ml), the culture and enumeration of the bacteria
were carried out according to the spread plate standardmethod
9215 C for both bacteria, making decimal dilutions when nec-
essary. For lower concentrations (< 4·103 CFU/100 ml), the
analyses were conducted according to the membrane filtration
methods UNE-EN ISO 9308-1 for Escherichia coli and UNE-
EN ISO 7899-2 for Enterococcus sp. The samples were plated
of MacConkey agar (Scharlau) for E. coli, and pink colonies
were counted after 24-h incubation at 42 °C. ForEnterococcus
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.

Experimental procedure

Control experiments Firstly, control experiments in both
water matrices were performed in the dark to assess the
effect of natural mortality, stirring, and presence of TiO2

particles (1 g TiO2/l) on the inactivation of both bacteria.
Bacterial concentration was measured in the reactors

containing 100 ml of sample at different times up to a
maximum of 180 min.

Photo-inactivation experiments The photolytic and photocat-
alytic experiments were conducted in an Atlas Suntest CPS+/
XLS+ solar chamber provided with a xenon lamp. This sys-
tem enabled the 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 range. Therefore, the samples
were exposed to wavelengths between 320 and 800 nm, main-
ly including the UVA and visible bands. All the essays were
carried out with light intensity of 500 W/m2, which corre-
sponds to the 50% of the light intensity of the midday equa-
torial solar radiation (Yuranova et al. 2004). The maximum
temperature reached in the solar chamber was 35 °C, although
the samples did not exceed 30 °C. Reactions were carried out
with 100 ml of sample in sterile 250-ml quartz beakers with
continuous stirring. Photolysis treatments were carried out
with UVA-vis irradiation in the absence of TiO2.
Photocatalytic treatments were conducted in the presence of
UVA-vis irradiation and TiO2 catalyst (TiO2 Degussa P25 or
TiO2 Levenger). The effect of TiO2 dose (0.25–2 g/l TiO2) and
time (0–180 min) was studied. Bacterial analyses were con-
ducted immediately after the treatments. Moreover, the alka-
linity and the pH of the samples were measured initially and
after 60 min of irradiation in parallel experiments to avoid
microbiological contamination of the samples. Alkalinity
was determined by titration (Standard Method 2320 B), while
pH was measured with a pH-meter CRISON GLP 21. All the
experiments have been repeated at least twice, the represented
values are the average, and standard deviation is not shown
when its value is negligible.

Bacterial regrowth/survival experiments For regrowth or sur-
vival experiments, the samples (NaCl solution orWWE) were
exposed for different times to UVA-vis irradiation in the ab-
sence or presence of 1 g/l TiO2 (Degussa P25 or Levenger).
Afterward, the samples were stored in the dark for 48 h, and
bacterial concentration was periodically measured at 4 h, 24 h,
and 48 h.

Table 1 Physicochemical
characteristics of the water
samples. Average values

Parameter Sterile saline solution (NaCl solution) Synthetic WWTP effluent (WWE)

pH 6.2 7.8

Conductivity (μS/cm) 13,200 777

Turbidity (NTU) < 1 2

COD (mg O2/L) < 2 22

DOC (mg C/L) < 1 11

TSS (mg/L) < 1 5

Alkalinity (mg CaCO3/L) < 5 110

Hardness (mg CaCO3/L) < 5 250
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Caffeine photo-degradation

Water samples

Caffeine removal assays were conducted in two types of water
samples: ultrapure water and WWTPE. Ultrapure water was
obtained by using an Ecomatic (WaserLab) ultrafiltration sys-
tem. WWTPE was collected from a 35,000 inhabitants waste-
water plant located in the Ebro Basin in Spain.

Caffeine quantification

Caffeine (Panreac, pharma grade) quantification was carried
via molecular absorption of the samples by means of a spec-
trophotometer Helios UV-VIS ThermoSpectronic (.Delvadiya
et al. 2011) at a wavelength of 272.5 nm. The experimental
limit of detection (LOD) of this method was 0.3 mg/l, and its
limit of quantification (LOQ) was 1.1 mg/l.

Experimental procedure

The photolytic and photocatalytic experiments were conduct-
ed in the same operational conditions as the inactivation tests,
detailed in Sect. 2.2.3. The initial caffeine concentration was
45 mg/l, according to others research studies (Bernabeu et al.
2011, Prieto-Rodriguez et al. 2012, Rimoldi et al. 2017).
Photocatalytic treatments were conducted in the presence of
UVA-vis irradiation and TiO2 catalyst (TiO2 Degussa P25 or
TiO2 Levenger). Reactions were carried out with 100 ml of
sample in sterile 250-ml quartz beakers with continuous stir-
ring. Photolysis treatments were conducted with UVA-vis ir-
radiation in the absence of TiO2. The effect of TiO2 dose
(0.25–2 g/l TiO2) and time (0–180 min) was studied. All the
experiments have been repeated at least twice, the represented
values are the average, and standard deviation is not showed
when its value is negligible.

TiO2 separation and reuse

In order to study TiO2 separation possibilities, decantation
experiments were carried out in ultrapure water, NaCl solu-
tion, and WWE. The WWE matrix simulates the effluent of a
real wastewater treatment plant. Samples containing 1-g TiO2/
l (TiO2Degussa P25 or TiO2 Levenger) were poured into 100-
ml graduated cylinders, and TiO2 was left settle. The evolution
of the turbidity of the clarified upper phase was measured with
a HANNA Instruments LP 2000 turbidimeter.

For each recovery experiment, four quartz reactors contain-
ing 100 ml of sample with 1-g TiO2/L (TiO2 Degussa P25 or
TiO2 Levenger) were used. The samples fortified with caffeine
and microorganisms were exposed to UVA-vis irradiation
(320–800 nm, 500 W/m2, 35 °C) with constant stirring.
Next, microbiological and caffeine analyses of one of the

reactors were carried out. After that, the remaining samples
were poured into 100-ml graduated cylinders for TiO2 simple
decantation. Once the phases were separated, the clarified
treated water was carefully removed, and 100 ml of untreated
sample were poured into each graduated cylinder, which al-
ready contained the used TiO2. Simple decantation and me-
chanical CFD were also compared. The CFD involves two
stirring steps: firstly, the coagulation was obtained by means
of a Jar-test SBS Floc tester (200 rpm during 4 min) and,
secondly, the flocculation (40 rpm during 15 min of stirring).
These photocatalysis and mechanical CFD steps were repeat-
ed for four cycles.

Results and discussion

Bacterial inactivation

Control experiments

Figure 3 illustrates bacterial inactivation in the NaCl solution
and in the WWE during the control assays. In general, stirring
and presence of 1 g/l TiO2 caused no decrease on bacterial
concentration after 180 min in the dark.

Inactivation of E. coli was only produced in the saline
solution with TiO2 Levenger (Fig. 3a), achieving more than
1.5 log units inactivation within 180 min. Several authors
have proved that the inactivation mechanism in photocatalysis
implies the adsorption of the bacteria on the TiO2 surface
(Gogniat et al. 2006, Rizzo 2009, Pablos et al. 2013).
Besides, in a NaCl-KCl solution, the Gram-negative bacteri-
um E. coli adsorbed into TiO2 might present alterations of its
membrane integrity even in the absence of light (Gogniat et al.
2006). However, the Gram-positive bacterium Enterococcus
sp. did not show inactivation in any of the control assays (Fig.
3b), meaning that there are some differences in the mode of
action of TiO2 depending on the type of cellular wall. Grieken
et al. (van Grieken et al. 2010) observed a similar tendency of
these bacteria in distilled water, showing the greater sensitivity
of E. coli toward stress factors, such as stirring or presence of
TiO2 particles. In the WWE, almost no inactivation of any of
the bacteria (< 0.3 log units) was observed in the controls after
180 min (Fig. 3c and d), which is in agreement with other
studies (Rincón and Pulgarin 2004a, 2004b, van Grieken
et al. 2010).

Photo-inactivation experiments

Figure 4 illustrates the photo-inactivation of E. coli and
Enterococcus sp. in the saline solution and in the WWE, after
60 min of exposure to solar-simulated light (UVA-vis) in the
absence or presence of different concentrations of TiO2 rang-
ing from 0.25 to 2.0 g/l. In general, no influence of the
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concentration or type of TiO2 was observed, except for
Enterococcus sp. in the saline solution (Fig. 4b). E. coli inac-
tivation was fast in that matrix (Fig. 4a), reaching the detection
limit within 60 min even with the lowest TiO2 dose tested
(0.25 g/l) and regardless of the type of TiO2.

However, Enterococcus sp. disinfection in the saline solu-
tion presented several differences (Fig. 4b): the highest bacte-
rial inactivation was obtained with TiO2 Degussa P25, and in
addition, increasing doses of Levenger TiO2 produced higher
removal of bacteria. Probably, similar trends might have been
observed for E. coli inactivation if treatment time had been
shorter. The lower efficiency of the TiO2 Levenger might be
attributed to the presence of inorganic compounds (CaSO4·
H2O and ZnCO3), which increased the pH (~7) and the alka-
linity of the saline solution, whereas with TiO2 Degussa P25,
the pH slightly dropped (~5.5), and alkalinity was 0 mg/l
CaCO3 (Fig. 5). Despite the fact that variations of pH within
that values might not have a huge impact on bacterial inacti-
vation, the presence of even low concentrations of SO4

2− and
HCO3

− can noticeably reduce the effectiveness of the process
(Rincón and Pulgarin 2004a, 2004b). The *OH scavenge by
HCO3

− is well-known (Parsons 2004), and besides, increasing
alkalinity produces agglomeration of TiO2 particles, thus

decreasing availability of photo-generated holes for ROS pro-
duction (Jefferson et al. 2016). Moreover, SO4

2− can be easily
adsorbed on TiO2 surface, therefore inhibiting bacterial inac-
tivation (Rincón and Pulgarin 2004a, 2004b). When the dose
of Levenger TiO2 was augmented, there was probably a com-
petition between the larger availability of TiO2 particles with
its consequent production of ROS and the increasing inhibi-
tion effect of the anions.

In the WWE there was no effect of the type of TiO2 on
bacteria inactivation, and despite the slightly improvement
with 1 g/l, the effect of the TiO2 dose with the studied con-
centrations did not seem to be significant (Fig. 4c and d). Both
TiO2 have a similar ratio anatase/rutile, and so, it is reasonable
that their photocatalytic activities are very alike.

Concerning the water matrix, it can be observed that disin-
fection efficiency was remarkably lower in the WWE (~1 log
unit inactivation) (Fig. 4c and d) than in the saline solution (~7
log units inactivation) (Fig. 4a and b) for both TiO2 and bac-
teria; consequently, it can be deduced that the water matrix has
a huge influence on bacterial inactivation. Gogniat et al.
(2006) point out that the adsorption of bacteria onto TiO2

particles, which is a key step for disinfection by
photocatalysis, is influenced by the water composition and

Fig. 3 Control experiments in the dark: (a) Escherichia coli inactivation in NaCl solution, (b) Enterococcus sp. inactivation in NaCl solution, (c)
Escherichia coli inactivation in WWE, and (d) Enterococcus sp. inactivation in WWE
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that in a NaCl-KCl solution this bound is very likely to hap-
pen. The WWE simulates the effluent of a real wastewater
treatment plant, meaning that organic and inorganic sub-
stances, along with a consortium of microorganisms, were
present in the sample. The higher the presence of these com-
pounds, the lower the probability of interaction between the
targeted bacteria and the photo-generated ROS is. Organic
compounds compete with the bacteria for the adsorbing sites
on the TiO2 surface and can even block them (Drosos et al.
2015), thus enhancing the reaction of ROS with organic mat-
ter rather than with bacteria. Although some reactive interme-
diates (R*) could be formed during the organic degradation
(Rincón and Pulgarin 2004a, 2004b), their oxidative power
would be lower than those of hydroxyl radical. Moreover, as
previously mentioned, inorganic ions affect the sensibility of
bacteria toward TiO2. Some of those anions, such as SO4

2−

and HCO3
−, which are probably present in the WWE sample,

can have a detrimental effect on the TiO2 photocatalysis, while
others might produce the inverse reaction. For instance, the
Cl− anion, which is in high concentration in the saline solu-
tion, might react with *OH-initiating chain reactions involving
the formation of other free radicals such as HOCl*- (Saran

et al. 1999, Diao et al. 2004). Finally, the presence of other
microorganisms reduced the probability of light or *OH to
reach the targeted bacteria.

Figure 6 represents the bacterial inactivation curves of
E. coli and Enterococcus sp. during the photolytic (light
alone) and photocatalytic (light + 1 g TiO2/l) treatments in
the saline solution and in the WWE. It can be observed that,
in every case, disinfection increased with treatment time and
that, in general, the UV-vis/TiO2 process produced faster and
higher inactivation than light alone. During the photocatalytic
treatment in the saline solution, total inactivation (− 7 log
units) was achieved within 15 min and 60 min, for E. coli
and Enterococcus sp., respectively. However, in the WWE
~4.5 log units of E. coli and ~2.5 log units of Enterococcus
sp. were removed when irradiating TiO2 for 180 min.
Figure 6a and b show some differences between the inactiva-
tion efficiency of the studied titanium dioxides. In the saline
solution, TiO2 Degussa P25 produced faster bacterial disin-
fection than Levenger TiO2. As previously discussed, the an-
ions (SO4

2− and HCO3
−) introduced by the TiO2 Levenger

would have a detrimental effect on the catalyst efficiency,
especially in the saline solution. On the contrary, both

Fig. 4 Photocatalytic inactivation of E. coli and Enterococcus sp. in the
presence of different TiO2 concentrations after 60 min treatment: (a)
E. coli inactivation in NaCl solution, (b) Enterococcus sp. inactivation

in NaCl solution, (c) E. coli inactivation in WWE, and (d) Enterococcus
sp. inactivation in WWE
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catalysts exhibited the same inactivation in the WWE.
Probably, in this matrix the addition of carbonates did not
affect the process that much because there was already a high
alkalinity (~150 mg/l CaCO3).

It can be also noticed that the inactivation of each bacteri-
um (E. coli or Enterococcus sp.) in the photolytic process
followed a similar trend in the saline solution and in the
WWE. On the contrary, in the photocatalytic process, disin-
fection efficiency differed greatly in eachmatrix. These results
suggest that during the photolytic experiments, the mecha-
nism of inactivation is mainly controlled by internal mecha-
nisms inside the cell, such as intracellular (photo-)Fenton
(Giannakis et al. 2016a, 2016b). However, the photocatalytic
process is dominated by extracellular processes which pro-
duce lipid peroxidation of the cell membrane by ROS attack,
initiating chain reactions and causing oxidative stress and
DNA degradation, which eventually leads to cell death
(Maness et al. 1999). Therefore, the environment surrounding
the cell, i.e., the water matrix, has more influence on the inac-
tivation efficiency in the photocatalytic treatments than in the
photolytic ones.

Figure 6 shows a higher sensitivity of E. coli toward the
treatments than Enterococcus sp. The different composition of

their cellular wall (Willey et al. 2009) might cause this differ-
ence of behavior. Gram-negative bacteria, such as E. coli,
have an outer membrane which is composed of lipids and
polysaccharides susceptible of being oxidized by ROS.
Nevertheless, the outer part of an Enterococcus sp. membrane
consists of a thick layer of peptidoglycan, a peptide-cross-
linked polysaccharide matrix, which might impart higher re-
sistance to the cell (Dalrymple et al. 2010).

Bacterial regrowth/survival experiments

Figure 7 illustrates the bacterial regrowth or survival in the
dark after the photo-treatments. Figure 7a shows the E. coli
postirradiation events in saline solution. No regrowth of
E. coli was observed in this matrix after applying the photo-
catalytic treatment even during a short period of 15 min.
Nevertheless, E. coli behavior after the photolytic treatment
differed depending on the irradiation exposure time. For short
periods of treatment (i.e., 15 min), a small regrowth could be
observed within 48 h, while for longer exposure (i.e., 60 min),
the E. coli population slightly diminished. Enterococcus sp.
survival in NaCl is showed in Fig. 7b. This Gram-positive
bacterium was completely removed in the presence of 1 g/l

Fig. 5 pH and alkalinity values at time = 0 min and after 60 min irradiation in the presence of different TiO2 concentrations: (a) pH in NaCl solution, (b)
alkalinity in NaCl solution, (c) pH in WWE, and (d) alkalinity in WWE
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TiO2 within 60 min, and it survived no longer than 4 h when
treated for 15 min with TiO2 Degussa or Levenger. Unlike
E. coli, Enterococcus sp. population stayed nearly constant
for 48 h in the dark even when previously photo-treated for
60 min with UVA-vis light.

In the WWE, the concentration of E. coli submitted to TiO2

photocatalysis decreased after 4 h of dark storage (Fig. 7c).
Then, slow regrowth took placewithin the next 48 h for bacteria
previously treated for 30 min, while for 60-min photo-treated
cells a small reduction of the concentration was observed. A
similar tendency of E. coli survival was observed in the absence
of TiO2 in this matrix. Enterococcus sp. concentration inWWE
(Fig. 7d) remained almost invariable within 48 h when photo-
treated, by photolysis or photocatalysis, for 30 min. Several
conclusions can be extracted from Fig. 7. For instance, both
types of TiO2 led to similar survival opportunities; consequent-
ly, cellular damage caused by them must have been the same.
Moreover, except for E. coli inWWE, the disinfection power of
TiO2 was higher than that of light alone, reducing the potential
risk of regrowth. This risk also diminished as treatment time
increased, because the longer the exposure to photolysis or
photocatalysis, the higher the light dose received will be
(Giannakis et al. 2015), and therefore, the oxidation of organic

matter constituting the microorganisms will increase
(Dalrymple et al. 2010). The matrix composition had an enor-
mous influence as well, not only on bacterial disinfection effi-
ciency but also on bacterial survival afterward, favoring it in the
WWE sample rather than in the saline solution. Despite several
DNA repair mechanisms (Sinha and Hader 2002) and protec-
tive mechanisms against oxidative stress, such as enzymatic
defense (Hoerter et al. 2005), can take place, exposure to
TiO2 in NaCl caused intensive ROS attack which led to dam-
aged cells unable to heal the injuries. However, in the WWE
bacteria concentration experienced little variation after the TiO2

treatment. This matrix was more complex and contained organ-
ic matter which might have reacted with the photo-generated
ROS, thus reducing the probability of *OH-bacteria interaction.
In addition, availability of nutrients in the WWE benefits bac-
terial survival, while salinity of the NaCl solution can have a
detrimental effect on photo-treated cells recovery (Giannakis
et al. 2014). Previous studies have also proved that the increase
of the matrix complexity (e.g., distilled water vs. simulated
treated wastewater) leads to the reduction in efficiency of the
applied OAP on bacterial inactivation (Rodríguez-Chueca et al.
2012; Rodríguez-Chueca et al. 2014b). Finally, E. coli present-
ed more sensitivity than Enterococcus sp. to the treatments, but

Fig. 6 Bacterial inactivation in the absence and presence of 1 g/l TiO2 Degussa P25 or TiO2 Levenger (a) E. coli inactivation in NaCl solution, (b)
Enterococcus sp. inactivation in NaCl solution, (c) E. coli inactivation in WWE, and (d) Enterococcus sp. inactivation in WWE
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survival patterns were similar for both bacteria, showing little
regrowth after short exposures and slight decay in population
when photo-treated longer.

Caffeine degradation

Photo-degradation experiments

After verifying that there is not any observable effect of pho-
tolysis, photo-degradation experiments were conducted.
Figure 8 illustrates the photo-degradation of caffeine in the
ultrapure water solution and in the WWTPE, after 120 min
of exposure to solar-simulated light (UVA-vis) in the absence

or present of different concentration of TiO2 ranging from 0.5
to 2 g/l. The results show little influence of the type of TiO2:
caffeine photo-degradation results are similar of both cata-
lysts. Similar results were obtained in terms of caffeine
photo-degradation (Vaiano et al. 2018), using TiO2 nanotubes
(Athanasekou et al. 2018), and slightly inferior of the photo-
degradation obtained using of ZnO-ZaAl2O4 as catalyst
(Elhalil et al. 2017).

Furthermore, this photo-degradation difference between both
catalysts tends to decrease when the catalyst dose increases. The
TiO2 Levenger lower efficiency might be attributed to the pres-
ence of inorganic compounds (CaSO4·H2O and ZnCO3), which
tend to increase the pH and alkalinity.
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Fig. 7 Bacterial regrowth after photolytic and photocatalytic treatments with 1 g/l TiO2 in (a) E. coli in NaCl solution, (b) Enterococcus sp. in NaCl
solution, (c) E. coli in WWE, and (d) Enterococcus sp. in WWE
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Regardless the type of catalyst, Fig. 8a and b show that the
matrix affects to the catalytic photo-degradation process, the
same trend is observed in both types of catalyst: the percent-
age of caffeine degradation is higher in ultrapure water than in
WWTPE, as occurred in terms of photo-disinfection. This
might be associated to the different initial pH of the twomatrix
(pHultrapure water = 5.64, pHWWTPE = 7.43) and to the presence
of organic matter in the latter too. It has been also demonstrat-
ed that the maximum photocatalytic activity is obtained at
pH = 5 for Degussa P25 (Arfanis et al. 2017).

TiO2 separation and reuse

TiO2 separation

This experiment intends to perform a simple technique for
water clarification and TiO2 recovery that might allow its pos-
terior reuse. Evolution of turbidity was measured as a repre-
sentative parameter of the TiO2 separation. Figure 9 shows
minor differences between the two catalysts. Simple decanta-
tion of TiO2 Levenger was slightly faster than TiO2 Degussa
P25 in the saline solution, while the opposite tendency oc-
curred in the WWE. Nanoparticles aggregation is more favor-
able as the zeta potential approaches the point of zero charge,
which is related to the pH of the solution (Hsiung et al. 2016).
Considering the pH of each sample (Fig. 5a and c), the pH of
zero point charge for the studied catalysts must be around
pH 7; therefore, the closer the pH is to this value, the faster
the decantation will be. Applying a previousmechanical CFD,
both catalysts show similar results, and TiO2 Levenger decan-
tation after the mechanical treatment was again slightly faster
than TiO2 Degussa P25 in the saline solution and in the
WWE.

Figure 9 also shows two different stages in every case: fast
decantation and slow decantation. For the simple decantation
treatment, TiO2 decantation was faster during 60 min: the
turbidity decreases 95% in the two water samples, and a high
fraction of the turbidity was reduced. After that initial period,
the remaining TiO2 particles settled rather slowly reaching a
turbidity decrease of 97.5% after 24 h of decantation. Similar
results were obtained by induced accelerated sedimentation of
TiO2, so it proposed a microfiltration process as final TiO2
separation stage.

By comparison, after applying the mechanical coagulation
(4 min) and flocculation (15 min), the first stage (faster decan-
tation) achieves a turbidity decrease of more than 95% in only
10 min in contrast with the 60 min required in the simple
decantation, while the second stage (slow decantation) reaches
the practically total recovery in 2 h (99.7% of catalyst recov-
ery) instead of the 24 h required in the simple decantation.

TiO2 reuse for bacterial inactivation

Figure 10 illustrates bacterial inactivation per gram of TiO2

(Log(Nt/N0)/g TiO2) during four cycles of TiO2 reuse. In NaCl
(Fig. 9a), maximum efficiency (~7 log units removal/g TiO2)
was achieved with both catalysts during the four cycles.
Besides, bacterial adsorption on the reused TiO2 and its po-
tential contamination were discarded by placing ~0.5 g of
used TiO2 in 100-ml peptone water at room temperature in
the dark and checking bacterial absence after 24 h.

In WWE (Fig. 10b), inactivation remained almost invari-
able for the four cycles, although in some cases, there was a
small loss of TiO2 efficiency. When organic matter is present
in the water, it can be adsorbed onto the TiO2 surface, espe-
cially small- and medium-size fractions (Drosos et al. 2015).

Fig. 8 Photocatalytic degradation of caffeine in the presence of different TiO2 Degussa P25 or TiO2 Levenger concentrations (120 min irradiation): (a)
ultrapure water solution and (b) WWTPE
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Despite the fact that part of the organic matter can be degraded
by the photo-generated ROS (Wiszniowski et al. 2004, Yang
and Lee 2006), some of it might accumulate during the cycles,
thus reducing the probability of electrons, hole sites, and ROS
to react with bacteria.

TiO2 reuse for caffeine photo-degradation

Figure 11 illustrates caffeine of catalytic photo-degradation
after 120 min of reaction using each catalyst in a concentration
of 1-g TiO2/l in ultrapure water. The results show that there are
significant differences between the catalysts. TiO2 Degussa
P25 presents a loss of efficiency: in the second cycle photo-
degradation of caffeine decreases 24.6% and after four cycles
28.5% in regard to the photo-degradation resulting of the first
use. Meanwhile TiO2 Levenger keeps its efficiency practically
constant during four cycles, showing a decrease of 2.3% in the
fourth use regarding the first cycle.

The results are similar for WTTPE, and TiO2 Degussa P25
shows a loss of efficiency of 9% after the first cycle, what
means less than a half of reduction conducted in ultrapure
water. This can be attributed to the fact that the initial caffeine
degradation is lower due to the presence of scavengers such as
organic matter and the different pH and alkalinity of the water
matrix. However, TiO2 Levenger keeps its caffeine photo-
degradation efficiency almost constant after four cycles. The
same trend was reported in terms of TiO2 reusability for deg-
radation of fluoroquinolones.

Conclusions

Photocatalysis led to greater disinfection and caffeine degra-
dation efficiency than light alone, since ROS formation is
favored in the presence of TiO2. Inactivation and photo-
degradation results were similar for both TiO2 types; there-
fore, their photocatalytic activity is very alike, which is in

Fig. 9 Turbidity evolution during the decantation experiments with 1 g/l TiO2 in (a) NaCl solution and (b) WWE

Fig. 10 Bacterial inactivation after several cycles of TiO2 reuse: (a) NaCl solution (30 min irradiation) and (b) WWE (60-min irradiation)
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accordance with their comparable ratios anatase/rutile. Small
differences found in the behavior of these catalysts might be
attributed to the presence of inorganic compounds in TiO2

Levenger, which increase alkalinity and sulfate content and
might reduce ROS-bacteria interaction, especially in matrices
with low alkalinity, such as the saline solution. Doses ranging
from 0.25 to 2 g/l TiO2 produced similar reduction of bacteria
population in the WWE.

Water composition had a significant effect on the photocat-
alytic process. The photo-degradation of caffeine and photo-
disinfection reached in the ultrapure or saline solution are
always superior to the photo-degradation and photo-
disinfection conducted in WWTPE. However, when applying
UVA-vis irradiation, the inactivation tendency was the same
in both water matrices, reflecting the fact that, in photolysis,
cell attack is mainly caused by an internal process, whereas in
photocatalysis, bacterial inactivation starts with external ROS
attack.

The efficiency of the processes differed depending on the
type of the targeted bacteria as well, being E. coli (Gram-
negative) more sensitive toward the treatments than
Enterococcus sp. (Gram-positive), especially when applying
photolysis. The thick layer of peptidoglycan confers resistance
to Enterococcus sp. cells, while the membrane of E. coli is
more likely to be oxidized by ROS. Nevertheless, both bacte-
ria showed similar survival trends after the photo-treatments.
In order to ensure that no regrowth takes place, cell exposure
has to be long enough to cause irreparable damage.
Concerning the catalyst separation, TiO2 simple decantation
allowed the recovery of 95% of the catalyst in 1 hour, whereas
for the 97.5% of recovery, 1 day was required. In contrast, the
applied mechanical CFD allows the recovery of 95% of both
catalyst in 10 min and 99.7% in 2 hours.

Finally, reuse of the recovered TiO2 for bacterial inactiva-
tion was successfully implemented during four cycles, with

negligible loss of the catalyst efficiency in NaCl and slight
reduction of photo-activity in WWE. Nevertheless, respect
to the caffeine photo-degradation, TiO2 Degussa P25 losses
28.5% of its efficiency after four cycles in ultrapure water
solution, while TiO2 Levenger only loses 2.3% in regard to
the efficiency of the first cycle; the same trend was observed in
WTTPE.
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