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A B S T R A C T   

Photocatalysis has been intensively investigated for the removal of pollutants but little attention was paid to the 
deactivation of photocatalysts during the long-term operation. Herein we used TiO2 as the model photocatalyst to 
investigate its durability in the presence of humic acid (HA), a ubiquitous constituent of real water. No sign of 
TiO2 deactivation was observed without HA, whereas significant deactivation occurred with HA. Interestingly, 
the adsorption of intact HA had only a minor contribution to the deactivation, and the major contributing factor 
was the adsorption of in-situ oxidized HA, which formed surface complexes with TiO2, blocked the active sites, 
and decreased the efficiency of photogenerated charge transfer. The regeneration of the deactivated TiO2 was 
also systematically investigated. The present study provides basic information that is required to understand and 
hinder the complex fouling phenomenon that can be serious in photocatalytic treatment of water containing 
natural organic matters.   

1. Introduction 

Photocatalysis for the removal of various environmental pollutants 
has been a popular research topic in recent decades. In the photo-
catalytic reaction, the photocatalyst absorbs incident photons of which 
energy is higher than its bandgap, and generates electrons (e–) and holes 
(h+) [1]. Although most of the charge carriers quickly recombine, a 
small fraction of them can migrate to the surface of the catalyst and 
transfer to adsorbed dioxygen and water molecules to form reactive 
species such as superoxide anion radicals (•O2

–) and hydroxyl radicals 
(•OH), which can degrade and mineralize most organic pollutants. With 
advantages like mild reaction conditions, simple equipment, less sec-
ondary pollution, and utilization of solar light as a sole external energy 
input, photocatalysis is a promising technique for pollution control [2]. 
Among various photocatalysts, TiO2 is the most popular because of its 
low cost, high activity, good stability and low toxicity [3,4]. However, in 
practical use, TiO2 can be deactivated easily [5,6], thus leading to a 
decrease in pollutant removal efficiency. The need to frequently replace 
the catalyst increases the cost, thereby limits its wide application. For 

example, Weon et al. reported the photocatalytic degradation efficiency 
of toluene with TiO2 nanotubes decreased from 100 % to 50 % after 200 
min [7]. Einaga et al. found that the TiO2 photocatalytic degradation of 
benzene decreased from 63 % to 9 % after 120 min [8]. Deactivation of 
TiO2 were also reported during the photocatalytic degradation of 
chlorine-containing volatile organic compounds (Cl-VOCs), ammonia, 
amines, sulfur-containing pollutants such as H2S and methyl mercaptan 
[9–14]. Mechanism studies have shown that the deactivation of the 
catalyst is related to the adsorption of refractory intermediates of 
pollutant degradation at the surface active sites, including carbonaceous 
polymeric substance, chloride, nitrate, sulfate, etc [14–19]. 

However, most research works on photocatalyst deactivation mainly 
deal with air-solid photocatalytic reaction systems, and those for water- 
solid photocatalytic systems have been rarely reported. This might be 
related with the fact that the photocatalyst deactivation in water is less 
serious when compared with the cases of gas-phase reactions, since the 
presence of water as a solvent dissolves out the products and in-
termediates of pollutants degradation from the photocatalyst surface 
[20]. However, an important issue we should notice is that most of 
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reported photocatalytic reactions in water till now have been conducted 
in pure water in the absence of any interfering substances. However, real 
water systems like surface water, groundwater and wastewater, the 
constituents are generally much more complicated and various species 
like inorganic ions, natural organic matters (NOMs), biological macro-
molecular components, and microorganisms are ubiquitous [21], which 
are likely to cause the deactivation of photocatalysts [22]. For instance, 
Crittenden et al. found that TiO2 did not show any deactivation within 
25 days of successive photocatalytic operation when used to purify the 
contaminated groundwater which was pretreated with ion exchange 
resin to remove the inorganic ions. However, when the raw groundwater 
was used, TiO2 was rapidly passivated after only 1 h [23], which dem-
onstrates that various complex components in water can cause the 
deactivation of photocatalyst. However, our understanding of the 
deactivation of photocatalysts in real water systems is currently very 
limited [24]. 

NOMs are common constituents of surface water, groundwater, 
wastewater and other water bodies, accounting for 40–80% of the total 
organic carbon contents in natural waters [25]. In the presence of NOMs, 
the efficiencies of photocatalytic degradation of target contaminants 
were reported to be significantly affected [1,26–28], possibly due to the 
following reasons: (i) NOMs adsorb on the surface of photocatalysts and 
block the active sites for target pollutants adsorption; (ii) NOMs scav-
enge the photo-generated reactive species; (iii) NOMs shield the incident 
light irradiation and reduce the light absorption by photocatalysts [29]. 
However, we notice that the previous studies were carried out within 
relatively short time periods of minutes to hours, and the durability of 
photocatalysts affected by NOMs for longer time (e.g., in repeated batch 
runs of the recycled photocatalysts) has rarely been investigated in 
detail. Compared with the instant and temporary impacts of NOMs on 
photocatalysts, the long-term and accumulative effects of NOMs are of 
more practical significance, e.g., to help prevent the deactivation either 
by eliminating the fouling factors or by developing anti-fouling cata-
lysts, as well as to explore regeneration methods of the deactivated 
photocatalysts. 

Therefore, in this study we employed the classical UV/TiO2 system to 
investigate the long-term impacts of NOMs on the deactivation of pho-
tocatalysts. 2,4,6-trichlorophenol (TCP) was employed as a target 
pollutant because it is a common aquatic pollutant widely generated in 
industrial processes producing dye, pesticide, plastics, etc. [30], and has 
raised concern from the public because of its high bioaccumulation and 
carcinogenicity [31,32]. Moreover, TCP has relatively simple molecular 
structure and been widely used as a model substrate to indicate the 
photocatalytic performance of TiO2 in different systems for comparison 
[33,34]. Humic acid (HA) is used as a representative substance of NOMs 
[35]. The deactivation of TiO2 was systematically carried out by recy-
cling the batch experiments in the absence and presence of HA. The 
deactivation mechanism was investigated by studying the adsorption of 
HA, the transformation of HA, and the characterization of the bulk and 
surface properties of the deactivated TiO2. Finally, the deactivated TiO2 
was regenerated using different methods. 

2. Experimental section 

2.1. Materials 

Evonik aeroxide P25 was used as the TiO2 photocatalyst. 2,4,6-tri-
chlorophenol (TCP) (98 %) and humic acid (HA) (98.2 %) were pur-
chased from J&K Scientific (Beijing, China). Methanol was purchased 
from ANPEL Laboratory Technology Co. Ltd. (Shanghai, China). Ultra-
pure water with a resistivity of 18.2 MΩ cm was obtained from an in-
strument Unique-R20, and all of the materials were used as received 
without further purification. 

2.2. Characterizations 

The X-ray diffraction (XRD) patterns of the samples were obtained to 
characterize the crystal structures of the catalysts using a D/MAX 
diffractometer (Cu-Kα radiation). Ultraviolet–visible (UV–vis) diffuse 
reflectance spectra (DRS) were recorded on a UV–vis spectrophotometer 
(Cary 300) equipped with an integrating sphere attachment within a 
range of 200–800 nm and with BaSO4 employed as the internal reflec-
tance standard. X-ray photoelectron spectroscopy (XPS) analysis was 
performed using a Thermo Fisher Scientific Escalab 250Xi spectrometer 
that employed monochromatic Al Kα radiation (beam spot size of 650 
μm) as the X-ray source and a hemispherical analyzer. The vacuum in 
the analysis chamber was < 5.0 × 10− 10 mbar, and the voltage and 
current were 15 kV and 15 mA, respectively. All the binding energies 
were calibrated against the C 1s peak of the surface adventitious carbon 
at 284.8 eV. The Fourier transformed-infrared spectroscopy (FT-IR) 
analysis was performed on a NICOLET iS10 FT-IR spectrophotometer at 
a resolution of 4 cm− 1 within the range of 400–4000 cm− 1. The samples 
were analyzed using a fluorescence spectrophotometer with a xenon 
lamp excitation source (F-4600, Hitachi), the three-dimensional exci-
tation emission matrix fluorescence spectroscopy (EEM) was obtained at 
excitation wavelengths from 200 to 600 nm in 5 nm increments, and 
emission from 250 to 800 nm in 5 nm increments, with a scan rate of 
2400 nm min− 1. The Brunauer–Emmett–Teller (BET) specific surface 
areas and pore size distribution were measured through N2 adsorption 
and desorption isotherms with a Micromeritics ASAP 2020 M apparatus. 

Photocurrent tests were carried out using a CHI660E electrochemical 
workstation in a conventional three-electrode system, which were 
immersed into the solution of 0.5 M Na2SO4 (50 mL, pH = 6.5). The ITO/ 
TiO2 electrodes served as the working electrode, which was prepared on 
indium-tin oxide (ITO) conductor glass, and 2 mg sample powder was 
ultrasonicated in 1 mL anhydrous ethanol to form the dispersed solution. 
The dispersion (50 μL) was then drop-casted onto the ITO glass electrode 
with a coated area of ca. 1 cm2. Pt foil and the Ag/AgCl electrode were 
used as the counter electrode and the reference electrode, respectively. 
A 300-W Xe lamp was used as an irradiation light source. 

2.3. Photocatalytic experiments 

Typically, 1 g/L TiO2 and 200 μM TCP with different concentrations 
of humic acid was used for the photocatalytic test. The concentration of 
TCP was within the range of reported TCP concentrations in the indus-
trial wastewater, and the dose of TiO2 was selected according to those 
frequently adopted by the literature, also taking into consideration the 
mass loss of photocatalyst during recycling. The mixed solution was 
transferred into a 40 mL cylindrical quartz reactor with a diameter of 3 
cm, which was mounted in a multi-channel photocatalysis platform 
(PCX50A, Beijing Perfectlight Co. Ltd.), as shown in Fig. S1. The LED UV 
lamp with the wavelength centered at around 365 nm was used as the 
cold-light source for photocatalytic reactions (Fig. S2). The light in-
tensity at the surface of the reaction system was measured to be around 
90 mW/cm2. The internal ventilation system maintained the reacting 
solution at room temperature during the photocatalytic reaction, and 
the solution was magnetically stirred at 300 rpm. Samples were taken at 
predetermined time intervals and filtered, and the filtrate was analyzed 
for the concentration of TCP by using a high-performance liquid chro-
matography system (HPLC, Agilent 1260). 

For recycling experiments of TiO2, the suspension after 60 min of 
photocatalytic reaction was centrifuged at 10,000 rpm for 10 min, and 
the supernatant solution was carefully removed to minimize the loss of 
TiO2. Then, a fresh solution of 200 μM TCP with a given concentration 
HA was added and mixed thoroughly with the recycled TiO2 to start the 
next photocatalysis run. The catalysts after multi-cycle runs were 
collected and washed with pure water, then dried in a vacuum oven at 
60 ◦C overnight for further characterization. To investigate the impact of 
TiO2 loss during recycling on photocatalytic TCP removal, the mass of 
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residual TiO2 was monitored after 10, 20, 30 and 60 photocatalytic 
cycles as the control, moreover, different TiO2 dose was tested for the 
photocatalytic TCP removal efficiency to evaluate the impact of TiO2 
mass loss. 

2.4. Regeneration of deactivated TiO2 photocatalysts 

Three methods were conducted to regenerate the deactivated TiO2 
samples, i.e., ultrasonic washing with alkaline solution, UV regeneration 
and calcination, respectively. For alkaline washing, 0.04 g deactivated 
catalyst was dispersed in water, the pH of which was adjusted with 0.1 M 
NaOH, and then sonicated for different duration to remove the deposited 
carbon. The catalyst was collected and washed with water before TCP 
degradation test. UV regeneration was carried out with a multi-band 
mercury lamp to irradiate the deactivated TiO2 in pure water at 
different light intensity and duration. The emission spectrum of the lamp 
is shown in Fig. S3. In the calcination regeneration procedure, 0.04 g 
deactivated catalyst was calcined in a Muffle furnace under ambient 
atmosphere, with the temperature and calcination time optimized. To 
characterize the activity of the regenerated TiO2, they were dispersed in 
200 μM fresh TCP solution for photocatalytic degradation experiments, 
and the removal rate of TCP was compared with the fresh TiO2 to 
evaluate the regeneration efficiencies of the 3 methods. 

3. Results and discussion 

3.1. The effect of humic acid on the photocatalysis of TiO2 

To evaluate the impact of NOMs on the durability of TiO2 during 
photocatalytic water treatment, HA was adopted as a model NOM in this 
study. HA apparently promoted the photolysis of TCP in the UV/HA 
control system (Fig. 1a), due to the well-known role of HA as a photo-
sensitizer to produce reactive oxygen species (ROS) like singlet oxygen 
(1O2) for TCP removal [36,37]. In the dark control (TiO2/HA system), no 
removal of TCP was observed, suggesting that the presence of HA does 
not induce the adsorption of TCP on TiO2 (Fig. 1b). In the UV/TiO2/HA 
system, low concentration (5 mg/L) of HA promoted the degradation of 
TCP, whereas higher [HA] inhibited TCP degradation (Fig. 1c). At low 
concentrations, HA could act as a photosensitizer (similar to dyes) in the 
photocatalysis system, i.e., the HA molecules adsorbed on the surface of 
TiO2 are photoexcited and subsequently inject electrons to the CB of 
TiO2, leading to the ROS generation and pollutant removal [38,39]. The 
negative effect observed at higher HA concentrations may be due to the 
light shielding effect of HA and the competitive consumption of ROS by 
HA itself. To confirm this, the photocatalytic degradation of HA in the 
TiO2 suspension was investigated by measuring the UV absorbance at 
254 nm [40]. In the absence of TiO2, only less than 10 % of HA is 

Fig. 1. The time profiles of 2,4,6-TCP removal in (a) UV/HA (b) TiO2/HA and (c) UV/TiO2/HA systems. The time profiles of HA removal (monitored by measuring 
absorbance at 254 nm (A254) in (d) UV/HA, (e) TiO2/HA, and (f) UV/TiO2/HA systems. Experimental conditions: [TCP]0 = 200 μM, [TiO2]0 = 1 g/L, [HA]0 as 
indicated in the symbol legend. 
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degraded at [HA] of 5 mg/L and no significant photolysis of HA is 
observed at higher [HA], suggesting the direct photolysis of HA only 
contributed slightly to its removal (Fig. 1d). When TiO2 was added in the 
dark, HA was efficiently adsorbed on TiO2 within 1 h, indicating the 
high affinity of HA to TiO2 surface, which would facilitate the degra-
dation of HA in the subsequent photocatalytic process (Fig. 1e). As ex-
pected, HA concentrations decreased steadily in the UV/TiO2/HA 
system, and notably, the rate of HA removal was even faster in the 
photocatalytic process than those in the dark adsorption, especially in 
the presence of high concentration HA (Fig. 1f), suggesting that HA was 
removed by the photocatalytic degradation process, rather than by 
adsorption. Herein, HA degradation could be attributed to both the 
electron transfer process and the ROS-induced oxidation processes. 
Although it is difficult to figure out the exact contribution of the two 
routes, the TCP degradation profile in Fig. 1c suggested the ROS scav-
enging effect of HA outweighed its role as a photosensitizer at [HA] > 20 
mg/L. Therefore, we concluded that the HA degradation in the photo-
catalytic process was mainly attributed to the ROS attack, especially at 
high HA concentrations. 

3.2. The deactivation of TiO2 photocatalyst in the presence of humic acid 

We first investigated the reusability of TiO2 for the photocatalytic 
removal of TCP in pure water without HA. The direct photolysis of TCP 
under UV irradiation was less than 5 %, and its adsorption on TiO2 was 
also insignificant, but the photocatalytic degradation process removed 
100 % of TCP in 60 min. The TiO2 was then separated and resuspended 
in a fresh TCP solution to initiate the subsequent photocatalytic cycle. 
Such process was repeated 60 times (60 min long each run). We found 
that the photocatalytic performance of the recycled TiO2 was main-
tained through the cycles, with more than 95 % of TCP removed at the 
60th run using the recycled TiO2. This indicated the good durability of 
TiO2 for photocatalytic removal of organic pollutants in pure water 
(Fig. 2). 

The long-term impact of HA on the durability of TiO2 during the 
photocatalytic water treatment was further investigated by using the 
recycling batch experiments. Photocatalytic degradation of TCP was 
performed in the presence of different concentrations of HA for 60 min, 
then TiO2 particles was recovered by centrifugation and resuspended in 
a fresh solution of TCP and HA for the next cycle of photocatalysis run. 
The photocatalytic performance of the TiO2 catalyst was characterized 
by monitoring the degradation profile of TCP at the 1st, 10th, 20th and 
30th runs. Although there was no sign of TiO2 deactivation in the 
absence of HA even after 60 cycles (Fig. 2), the presence of 5 mg/L HA 
induced the gradual deactivation of TiO2 after 10 cycles (Fig. 3a), and 
the deactivation was more severe with higher HA concentrations 

(Fig. 3b–d). Table S1 indicates clearly that the pseudo first-order rate 
constant of TCP degradation was little changed after 30 cycles in the 
absence of HA, whereas it exhibited a marked reduction after 30 cycles 
in the presence of 5 mg/L HA. Higher concentrations of HA further 
accelerated the deactivation of TiO2: the rate constant in the presence of 
20 mg/L HA decreased from 0.0525 min− 1 to 0.0195 min− 1 after 10 
cycles and further to 0.0052 min− 1 after 30 cycles. According to the 
literature, the concentration range of dissolved organic matter (DOM) in 
natural water is 0.3–30 mg/L [37], but 5 mg/L of HA required too many 
reaction cycles to observe the sign of TiO2 deactivation, which induced 
longer experimental time and higher catalyst loss. Therefore, HA of 20 
mg/L was chosen for further study in this work. 

3.3. Mechanism of TiO2 deactivation 

The TiO2 samples recovered after different cycles of photocatalysis in 
the presence of 20 mg/L HA were characterized by XRD, but no signif-
icant difference in the XRD patterns was observed with repeating the 
photocatalysis cycles (Fig. 4a). Similarly, for the recycled TiO2 in the 
presence of different HA concentrations, the XRD pattern did not change 
much except that a sharp new peak appeared at 2θ = 26◦ in the presence 
of 100 mg/L HA (Fig. 4b). However, this peak should be attributed to the 
adsorbed HA according to the fact that a similar XRD peak is observed at 
this angle for the pure HA sample (Fig. S4). These results suggested that 
the presence of HA did not induce any significant change of the bulk 
composition or crystallinity of TiO2 during the repeated photocatalysis 
of TCP degradation, therefore, the deactivation of TiO2 would be related 
with the change of surface properties. 

The gradual deactivation of the irradiated suspended TiO2 particles 
in the presence of HA might be caused by several paths. A possible trivial 
cause of the apparent deactivation of TiO2 is the gradual loss of TiO2 
mass as the recovery by centrifugation and resuspension of TiO2 was 
repeated during the multicycle test. However, considering the fact that 
the photocatalytic degradation of TCP showed negligible decrease in the 
absence of HA otherwise under the same experimental condition, the 
possible contribution of the TiO2 mass loss to the apparent deactivation 
can be ruled out. To further confirm this, we conducted the control tests 
of TCP photocatalytic removal by using different doses of TiO2, namely 
1, 0.75, 0.5 and 0.25 g/L, but the removal efficiency of TCP was little 
reduced when lowering the TiO2 content from 1 to 0.25 g/L. This in-
dicates that 1 g/L TiO2 is high enough for a potential catalyst loss (if any) 
not to influence the photocatalytic degradation of TCP during recycling 
experiments (Fig. S5). The mass loss of TiO2 was also monitored during 
the recycling experiments. In the absence of HA, TiO2 concentration 
decreased to 0.474 g/L after 60 cycles, with the mass loss of 52.63 %, but 
the TCP degradation only slightly decreased (Fig. 2). In presence of HA, 
TiO2 concentration decreased to ca. 0.920, 0.840 and 0.778 g/L after 10, 
20 and 30 cycles, corresponding to mass loss of 8 %, 16 % and 22 %, 
respectively, but the TCP removal rate was reduced by 31 %, 53 %, and 
72 %. These results conclude that the contribution of TiO2 mass loss to 
the retardation of photocatalytic TCP removal should be negligible. 

3.3.1. Effect of adsorbed HA 
A plausible cause of the deactivation of TiO2 is the adsorption of HA 

on TiO2 surface, which would lower the photocatalytic performance via 
shielding irradiation light, blocking the adsorption of target contami-
nants on the catalyst surface, and the competitive consumption of the 
photo-generated reactive species. On the basis of the observed adsorp-
tion behavior of HA on TiO2 (Fig. 1e), the long-term adsorption behavior 
of HA on TiO2 was tested under the dark condition for 30 h. At [HA] = 5 
mg/L, A254 decreased quickly to almost 0 within 0.5 h without exhib-
iting further increase. At higher [HA], A254 decreased quickly within the 
initial 1 h and the adsorption of HA could be saturated within 5 h. 
Although some fluctuation was observed due to the heterogeneity of HA 
molecules and the decreased solubility at higher [HA], a trend of equi-
librium was reached across the duration of 30 h (Fig. S6). Then, the TiO2 

Fig. 2. The photocatalytic activities of TiO2 for the degradation of TCP in pure 
water (without HA) during the multi-cycle test. Experimental conditions: 
[TCP]0 = 200 μM, [TiO2]0 = 1 g/L. 
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after 30 h of HA pre-adsorption were collected and used for photo-
catalytic TCP removal. As expected, the photocatalytic performance of 
the HA-adsorbed TiO2 was lower than fresh TiO2, and the higher pre- 
adsorbed HA concentration resulted in the lower TCP degradation effi-
ciency (Fig. S7). Therefore, the adsorbed HA should contribute to the 
deactivation of TiO2 during long-term cycling. Nonetheless, when 
compared with the recycling photocatalysis experiments, the extent of 
deactivation caused by HA adsorption alone was far less. For example, in 
the presence of 20 mg/L HA, the adsorption of HA caused 20 % decrease 
of the pseudo first-order rate constant of TCP removal, much lower than 
that (91.5 %) caused by 30 cycles of photocatalysis in the presence of the 
same concentration HA (Tables S1 and S2). These results indicate that 
the adsorption of HA should be a minor factor of the TiO2 deactivation, 
the major cause of which remains unidentified. 

3.3.2. Role of surface deposited species 
We subsequently characterized the surface property of the deacti-

vated TiO2 (after 30 photocatalytic cycles with 20 mg/L of HA) by using 
SEM and EDS elementary mapping technique (Fig. S8). EDS analysis 
indicates that the surface of the deactivated TiO2 mainly composed of Ti, 
O, C and N, accounting for 30.7 %, 58.2 %, 7.7 % and 3.1 % by atomic 
percentage, respectively (Fig. S8c), with the spatial distribution of C and 
N in good accordance with Ti and O. Large quantity of carbon and ni-
trogen content is ascribed to the adsorbed HA molecules or their 
transformation byproducts. 

We then carefully examined the XPS spectra of the TiO2 before and 
after deactivation. The intensities of the Ti 2p bands centered at 458.4 
and 464 eV (assigned to Ti-O) decreased gradually during recycling with 
HA (Fig. 5a), and a similar trend was observed with the O 1s band at 
529.6 eV (lattice O, Fig. 5b), possibly due to the shielding of surface Ti 
and O atoms by the adsorbed organic matter after repeated use. More-
over, it is noteworthy that the Ti 2p and O 1s bands of the TiO2 samples 
shifted toward higher binding energy (B.E.) after deactivation in the 
presence of HA (Fig. 5a and b). To better show the B.E. shift of Ti 2p and 
O 1s bands during the recycled photocatalysis, the B.E. shift values were 

Fig. 3. The gradual deactivation of TiO2 which 
was monitored during the repeated cycles of 
photocatalytic degradation of TCP in the pres-
ence of varying concentration of HA, namely (a) 
5 mg/L, (b) 20 mg/L, (c) 50 mg/L and (d) 100 
mg/L. [HA]0 was maintained constant at the 
beginning of each run, except at 1st, 10th, 20th, 
and 30th runs, and the photocatalytic degra-
dation of TCP at 1st, 10th, 20th, and 30th runs 
was performed in pure water without HA to 
estimate only the degree of deactivation of TiO2 
without the photosensitization effect of HA. 
Experimental conditions: [TCP]0 = 200 μM, 
[TiO2]0 = 1 g/L.   

Fig. 4. The XRD pattern of (a) the TiO2 collected after different cycles of 
photocatalysis in the presence of 20 mg/L HA, and (b) the TiO2 collected after 
30 cycles of photocatalysis in the presence of different concentrations of HA. 
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calculated and listed in Table S3 (The B.E. values in fresh TiO2 were used 
as the reference and its B.E. shift was 0 eV). In the HA dark adsorbed 
TiO2 sample, the B.E. of Ti 2p and O 1s slightly shifted, whereas all the 
peaks including Ti 2p3/2, Ti 2p1/2, lattice oxygen and the adsorbed ox-
ygen shifted toward larger B.E. values after the recycled photocatalytic 
experiments, and the B.E. shift increased with the number of recycles. 
This might be due to the formation of surface complexes between the 
adsorbed HA and TiO2. However, since we did not observe such B.E. 
shift or the intensity decrease in the control samples (TiO2 after 60 cy-
cles w/o HA and TiO2 after dark HA adsorption), the B.E. shift in the HA- 
deactivated TiO2 should be attributed to the adsorption of oxidized HA 
byproducts. They could form surface complexes with the lattice Ti and O 
atoms on TiO2 surface, e.g., the carboxyl groups were reported to have 
strong affinity to TiO2 nanoparticles, and could form bidentate 

complexes with the surface Ti atoms [38,41,42]. The surface complexing 
ligands withdraw the electron density from the surface Ti and O atoms, 
inducing the positive B.E. shift of Ti 2p and O 1s. Obviously, HA mole-
cules would undergo oxidative transformation in the photocatalytic re-
action, generating more oxygen-containing groups and facilitating the 
chemisorption of HA byproducts on TiO2 [43,44]. To confirm, the C 1s 
spectra of the TiO2 samples after HA dark adsorption and photocatalytic 
recycling was deconvoluted according to the methods for humic sub-
stance reported by the literature [45–49]. Results showed that the 
proportion of C–C/C–H (284.8 eV) decreased after photocatalytic 
recycling, with the simultaneous increase of the oxygen-containing 
groups, including C–O (286.2 eV), C––O (287.8 eV) and 
O––C–OH/O––C–OR (289.0 eV) (Fig. 5c and Table S4). These results 
corroborate the coverage of TiO2 surface by oxidized HA, which might 
be recalcitrant to further photocatalytic degradation and lead to the 
deactivation of TiO2. 

It was reported that deposited heteroatoms such as Cl and N species 
(e.g., Cl− , nitrate and ammonia) are responsible for the deactivation of 
TiO2 during the photocatalytic removal of volatile organic compounds 
[14], so we tried to characterize Cl and N elements in the used TiO2 with 
XPS analysis. When the photocatalytic degradation of TCP was recycled 
in absence of HAs, only a very weak Cl 2p signal was detected between B. 
E. value of 196–199 eV in the TiO2 after 60 cycles (Figs. S9a and b), and 
no Cl 2p signal was observed in the XPS of TiO2 after 30 cycles in 
presence of HA (Fig. S9c), suggesting that Cl impurity was not respon-
sible for the deactivation of TiO2. In addition, weak N 1s signals were 
detected in the TiO2 samples after both HA dark adsorption and recycled 
photocatalysis with HA (Fig. S10a), but regarding our experiments were 
conducted in water and the high solubility of nitrate and ammonia. The 
detected N 1s signals were probably not assigned to the inorganic ni-
trogen species, but stem from the organic nitrogen contained in HA 
molecules, as supported by the similar N 1s spectra between fresh HA 
(Fig. S10b) and the deactivated TiO2 samples. 

As we showed that the adsorption of HA alone accounted for a minor 
part of the deactivation, the adsorption of oxidized HA on TiO2 may be 
responsible for its deactivation. To characterize the transformation of 
HA, we examined the FT-IR spectra of different TiO2 samples (Fig. 6). 
The FT-IR spectrum of the original HA was similar with that reported in 
the literature [48,49], and the major absorbance bands and their as-
signments are summarized in Table S5. After adsorption on TiO2, the 
details of HA spectrum below 1200 cm− 1 were shielded by the strong 
absorption of TiO2, and notably, new peaks emerged at 3850, 2620 and 
1860 cm− 1, possibly caused by the formation of surface complex be-
tween TiO2 and the HA moieties like –OH and –COOH, but the exact 
assignment of these IR peaks is not clear at this moment. The TiO2 after 
60 cycles of photocatalytic removal of TCP without HA showed two 
sharp peaks at 1230 and 1160 cm− 1. The peak at 1160 cm− 1 is the 
characteristic of the CH2 vibration in (CH2)n-(COOH)2, and the band at 
1230 cm− 1 is attributed to the hydroquinone (1,2-HQ or 1,4-HQ) ac-
cording to the literature [50]. These results indicated that TCP under-
went oxidation processes, resulting in the cleavage of the aromatic rings 
and the formation of carboxylic groups, which facilitated their adsorp-
tion on the TiO2 through the surface coordination pathways. However, 
in the presence of HA, the intensity of the peaks at 1230 and 1160 cm− 1 

(regarded as the indicators of TCP byproducts adsorbed on the TiO2) 
decreased with recycling times, accompanied by the increasing peaks at 
3850, 2620 and 1860 cm− 1 (the characteristics of HA adsorbed on TiO2), 
which indicated that the oxidized HA showed higher adsorption affinity 
to the surface of TiO2 than the TCP byproducts, therefore causing the 
deactivation of TiO2 for photocatalytic TCP removal. 

N2 adsorption-desorption isotherm was then measured to determine 
the effect of HA byproducts adsorption on the pore structure and surface 
area of TiO2. All samples exhibited type-IV isotherms with hysteresis 
loops, indicating the existence of mesoporous structure of the P25 TiO2 
(Fig. S11). The SBET, pore volume and average pore size of fresh TiO2 
were 55.2 m2 g− 1, 0.4 cm3 g− 1 and 14.8 nm, respectively. After 60 cycles 

Fig. 5. The X-ray photoelectron spectra (XPS) of (a) Ti 2p, (b) O 1s, and (c) C 1s 
bands for the TiO2 sample reacted with HA. 
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without HA, the SBET, pore volume and average pore size decreased to 
48.4 m2 g− 1, 0.4 cm3 g− 1 and 14.4 nm, respectively. These parameters 
showed slight decrease after HA dark adsorption, but reduced to 48.3 m2 

g− 1, 0.3 cm3 g− 1 and 14.0 nm when cycled for 30 runs in presence of HA 
(Table S6), suggesting that the adsorbed HA byproducts blocked some 
pores of the TiO2, which could also contribute to the deactivation of 
TiO2. The diffuse reflectance spectra (DRS) of the deactivated TiO2 were 
also measured. The light absorption of the TiO2 samples in the visible- 
light region (> 400 nm) increased with repeating the photocatalytic 
cycles in the presence of HA (Fig. 7a), which was also apparent from the 
dark color of TiO2 samples (see the photo images in Fig. 7a). The 
increased absorbance in the visible region should be attributed to the 
adsorbed HA content which is believed to form surface complex with 
TiO2. On the other hand, the photocurrent response obtained with the 
photocatalyst-coated electrode was markedly reduced with the recycled 
TiO2-HA samples, whereas the photocurrent of the recycled TiO2 
without HA showed no sign of decline (Fig. 7b). Therefore, the 
decreased photocurrent should be caused by the adsorbed HA, which 
shields the incident light and scavenges the photogenerated charges on 
the surface of TiO2. 

The deactivated TiO2 was further characterized by using the TGA 
technique, and the results indicated that the mass loss was not signifi-
cant for the fresh TiO2 up to the temperature of 800 ◦C, although some 
transformation of the crystal phase of TiO2 should take place within this 
temperature range [51]. However, the HA-induced deactivated TiO2 
samples showed obvious mass loss between 400 ◦C–600 ◦C, and the mass 
loss increased with more recycled samples (Fig. 7c). This suggests that 
more oxidized HA adsorbs on TiO2 with increasing the photocatalysis 
cycles, and subsequently occupies more surface sites with causing 
gradual deactivation of TiO2. Interestingly, although the mass losses (>6 

%) of the TiO2 after 60 cycles without HA (with TCP alone) was com-
parable with that of the deactivated TiO2 after 10 cycles with HA, no 
sign of deactivation was observed without HA. This indicates that the 
deactivation level is not directly correlated with the mass of carbona-
ceous deposits on TiO2, whereas the chemical species of the deposited 
carbon matters. 

We further washed the deactivated TiO2 with alkaline solution to 
collect the oxidized byproducts of HA that were chemisorbed on the 
photocatalyst surface for better characterization. However, after the 
elute was freeze-dried, the amount of the recovered solute was too small 
for FTIR test. Instead, we analyzed the elute solution with EEM. The 
elute from HA dark adsorbed TiO2 sample showed the typical fluores-
cent peak of humic substance at excitation (Ex)/emission (Em) of 260 

Fig. 6. The FI-IR spectra of the control samples including fresh TiO2, original 
HA and the HA-adsorbed TiO2, and the TiO2 collected after photocatalytic 
recycling experiments. Experimental conditions: [TiO2]0 = 1 g/L, [TCP]0 = 200 
μM, [HA]0 = 20 mg/L. 

Fig. 7. (a) The UV–vis diffuse reflectance spectra (DRS) of fresh and deacti-
vated TiO2. (b) The photocurrent-time profiles of the fresh and deactivated TiO2 
electrode under UV light irradiation (c) The thermal gravimetric analysis (TGA) 
patterns of the fresh and deactivated TiO2, TGA was conducted under air at-
mosphere. On the top of this chart showed the photographs of different 
TiO2 samples. 
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nm/460 nm [52,53], and notably, the fluorescent intensity of the elute 
decreased gradually with repeating the photocatalytic cycles although 
fresh HA was supplemented for each photocatalytic cycle (Fig. 8). This 
suggests the fluorophores such as the aromatic rings and the Π conju-
gated structures of the adsorbed HA on TiO2 surface were steadily des-
tructed by the photocatalytic process, producing non-fluorescent 
byproducts. These results provide a solid proof to our hypothesis that the 
deactivation of TiO2 is not induced by the adsorbed HA molecules, but 
their oxidized byproducts. 

3.4. Catalyst regeneration strategy 

The regeneration of the deactivated photocatalyst is important in 
real water treatment applications, from the viewpoint of cost control 
[54]. In this study, we demonstrated that the adsorption of NOMs (HA) 
and their transformation byproducts is an important cause of deactiva-
tion of TiO2, therefore, it is essential to remove these adsorbed sub-
stances for the regeneration of TiO2. Herein, we tested several methods 
to recover the photocatalytic activity of the HA-deactivated TiO2 
(Fig. 9). Since the solubility of the humic-like substance is generally 
higher at higher pH, we used alkaline solution (pH adjusted with NaOH) 
to wash the deactivated TiO2 with the aid of sonication, and the washed 
TiO2 was tested for the photocatalytic degradation of TCP. The pseudo 
first-order rate constants of TCP degradation were obtained to evaluate 
the efficiencies of the regeneration method (Table S7). As expected, the 
activity of the TiO2 was recovered to ca. 84 % of the fresh TiO2 at the 
optimal regeneration condition of pH 10.5–11 and ultrasonication of 50 
min (Fig. 9a and b). The deactivated TiO2 was also regenerated by 
mercury lamp illumination, the parameters including the power of the 
light source and the illuminating time were optimized, and the photo-
catalytic activity could be recovered to ca. 45 % of the fresh TiO2 at the 
optimal conditions of 700 W (53.8 mW/cm2) and 6 h (Fig. 9c and d). 

Thermal treatment was employed as well to regenerate the deactivated 
catalysts since the carbonaceous deposits could be combusted at high 
temperature under oxygen atmosphere. Herein, after thermal treatment 
at 500 ◦C under air for 30 min, the photocatalytic activity of the deac-
tivated TiO2 could be restored to ca. 78 % of the fresh TiO2 (Fig. 9e and 
f). Compared with alkaline washing and calcination, UV-illumination 
method was less effective and time-consuming for the regeneration of 
the deactivated photocatalyst, therefore is not preferred. 

4. Conclusion 

The fouling of photocatalyst in real water treatments seriously limits 
its practicality, which needs in-depth investigation and understanding of 
the fouling mechanism induced by natural water constituents like 
NOMs. We found that TiO2 is resistant to deactivation during the 
repeated cycles of photocatalytic degradation of TCP in pure water, but 
undergoes gradual deactivation when HA is present in the aqueous 
suspension of photocatalyst. The adsorption of original HA molecules on 
the surface of TiO2 is found to be only a minor cause of the deactivation, 
and the major contributing factor appears to be the adsorption of HA 
degradation byproducts during photocatalysis. These byproducts form 
strongly-bound surface complexes with the TiO2 surface, which subse-
quently block the active sites of the photocatalyst with inducing the 
deactivation of TiO2. On the other hand, the TiO2 photocatalyst that was 
recovered and reused in the absence of HA exhibited little sign of 
deactivation for the photocatalytic degradation of TCP. The critical 
factor that induces the catalyst deactivation seems to be closely related 
with the chemical speciation of the deposited carbonaceous substances, 
which is supported by various characterization results of the deactivated 
TiO2. It seems that the photocatalytic transformation of HA induces the 
formation of surface-binding byproducts that deactivate the photo-
catalyst. The deactivated TiO2 can be effectively regenerated by alkaline 

Fig. 8. EEM spectra of the desorbed HA matters from different TiO2 samples using alkaline washing. (a) TiO2 after HA dark adsorption, and (b, c, d) TiO2 after 
different photocatalytic recycling experiments as indicated on the graph panels. 
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washing or thermal treatment. This work provides the detailed infor-
mation of photocatalyst deactivation process in the presence of natural 
organic matters in water, which has been rarely investigated despite the 
extensive studies on photocatalytic water treatment. 
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