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A B S T R A C T   

To enable the practical use of TiO2 for photocatalytic water treatment, it is important to understand how dis-
solved natural organic matter affects its photocatalytic activity and the mechanisms involved in generating 
reactive oxygen species (ROS). In this study, we systematically investigated the inhibitory effects of humic acids 
(HA) on 4-chlorophenol (4-CP) degradation using two common TiO2 crystalline phases (anatase and rutile) 
individually. HA strongly hindered the photocatalytic activity of anatase, with an Ra (the ratio of the first-order 
rate constant for 4-CP degradation in the absence vs. presence of 30 mg/L HA) of 2.30 (±0.13). This ratio was 
significantly higher than that of rutile (Rr = 1.21 ± 0.08), which was less susceptible to this inhibitory effect and 
even exhibited improved photocatalytic activity at HA concentrations below 20 mg/L. Similar trends were 
observed for various HA sources, corroborating the crystalline-phase-dependent effect of HA. Adsorption ex-
periments, Fourier transform infrared spectroscopy, and photoelectrochemical analyses suggested that the 
adsorption mechanisms and hole-scavenging effect of HA on the two TiO2 polymorphs did not differ. Impor-
tantly, scavenger, probe, and electron spin resonance experiments revealed that the difference in inhibitory 
effects of HA originate from the distinct ROS generation mechanisms for the two polymorphs. The oxygen 
reduction pathway for •OH generation over anatase was hindered by surface-adsorbed HA, while the water 
oxidation pathway for •OH generation over rutile was less affected. Furthermore, surface-adsorbed HA boosted 
O2

•− generation on rutile, increasing 4-CP degradation efficiency. This mechanistic insight into NOM-TiO2 in-
teractions informs materials selection and strategies for higher TiO2 photocatalytic performance in different 
water matrices.   

1. Introduction 

Photocatalytic oxidation has been extensively studied due to its 
significant potential as an environmentally friendly, cost-effective, and 
highly efficient approach to water purification without adding treat-
ment chemicals [1–3]. Accordingly, various photocatalysts have been 
designed and tested for the degradation of organic pollutants [4–6]. 
Titanium dioxide (TiO2), which is the most widely studied photo-
catalyst, currently appears to be the most feasible for practical use due to 
its natural abundance and relatively low cost. However, the presence of 
dissolved natural organic matter (NOM) in natural water sources and 

wastewater hinders the efficiency of TiO2 to enable the photocatalytic 
degradation of target organic pollutants [7]. In particular, humic acids 
(HA), a common form of NOM found in water, are known to significantly 
hinder the photocatalytic activity of TiO2 in various ways [8]. 

TiO2 tends to adsorb HA via electrostatic attraction, hydrophobic 
interactions, and ligand exchange with abundant functional groups 
found in HA (e.g. hydroxyl, phenolic, and carboxy groups) [9], and 
surface-bound HA can hinder the reactive oxygen species (ROS) gener-
ation and the target pollutant degradation [10]. Dissolved HA can also 
decrease overall efficiency via light attenuation [11] and ROS scav-
enging [12]. However, HA has the potential to increase the 
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photocatalytic performance of TiO2. In particular, the direct energy 
transfer of excited triplet-state HA [13], singlet oxygen generation [8], 
and ligand-to-metal charge transfer (LMCT) [14] can have a positive 
effect on the organic pollutant degradation. Due to its significance, 
numerous studies have investigated the effect of HA in TiO2-based 
photocatalysis systems designed to degrade various refractory organic 
pollutants [15–17]. Nevertheless, most previous studies have focused on 
examining the degradation efficiency of target pollutants after the 
introduction of HA, while the specific mechanisms by which HA affects 
the behavior of TiO2 and the ROS generation pathways have rarely been 
systematically studied. 

In TiO2-based photocatalysis oxidation, ROS play a crucial role as 
primary intermediates, directly influencing both the mechanisms and 
efficiency of organic pollutant degradation. Photoinduced electrons and 
holes on the surface of heterogeneous photocatalysts engage in redox 
reactions with adsorbed molecules such as H2O and O2, resulting in the 
primary ROS generation, including hydroxyl radicals (•OH), superoxide 
radicals (O2

•− ), and hydrogen peroxide (H2O2) [18]. The generation 
pathway for ROS varies based on the characteristics of TiO2, such as its 
morphology, optical and electronic structure, and surface properties 
[19,20]. Because strongly adsorbed HA can alter some of these attri-
butes, it can also affect the ROS generation pathways. For example, a 
higher concentration of H2O2 can be generated in situ via the direct 
reduction of O2 over HA-adsorbed P25 TiO2 compared with pristine 
TiO2 under visible light irradiation [14]. Given the complex effects HA 
can have on TiO2-based photocatalysis, we postulate that changes in 
ROS generation and the degradation efficiency of TiO2 for target pol-
lutants following HA adsorption are dependent on the specific charac-
teristics of TiO2. 

The crystalline phase of TiO2 governs its properties [21], which in 
turn dictate its photocatalytic activity. The TiO2 polymorphs anatase 
and rutile have been widely utilized as photocatalysts, with numerous 
studies examining their synthesis methods [22], photocatalytic behavior 
[23], reactivity with specific molecules [24], and interaction with co- 
catalysts [25]. However, little is known about how the crystalline 
phase of TiO2 affects its susceptibility to inhibition by surface-adsorbed 
HA, and the resulting effects on different photocatalytic ROS generation 
pathways. 

In this study, we compare the inhibitory effects of HA on the 
degradation of the common water pollutant 4-chlorophenol (4-CP), 
using anatase and rutile TiO2 photocatalysts individually. 4-CP is re-
fractory organic pollutant, which is commonly discharged from many 
industries and agriculture [26]. Due to the high reactivity toward ROS 
[27], 4-CP was selected as target pollutant. Increasing the HA concen-
tration (1–30 mg L− 1) decreased the photocatalytic activity of anatase 
under UV illumination, while rutile was less susceptible to this negative 
effect and even exhibited improved photocatalytic activity when HA was 
present at concentrations below 20 mg L− 1. To determine the mecha-
nisms responsible for these different responses, the effect of HA on ROS 
generation by the two polymorphs was investigated. Results revealed 
that differences in the •OH generation pathways for two polymorphs 
were responsible for the crystalline-phase-dependent susceptibility to 
imbibition by HA. This study thus offers mechanistic insight into the 
interactions between NOM and TiO2, and informs materials selection for 
more efficient application of TiO2 in photocatalytic treatment of 
different water matrices. 

2. Materials and methods 

2.1. Materials 

TiO2 (P25, 99.5 %), 4-CP (C6H5ClO, 99 %), HA, benzoic acid (BA, 
C7H6O2, 99.5 %), and nitro blue tetrazolium (NBT, C40H30N10O6•2Cl, 
90 %) were purchased from Sigma-Aldrich. Suwanee River humic acid 
(SRHA, Standard III) was purchased from International Humic Sub-
stances Society. Aladdin humic acid (AHA) was purchased from Aladdin 

Industrial Corporation. Tert-butanol (TBA, C4H10O, 99 %), hydrogen 
peroxide (H2O2, 34.5 %), hydrofluoric acid (HF, 49 %), and ammonium 
hydroxide (NH4OH, 25 %) were purchased from Samchun Chemicals. In 
addition, p-hydroxybenzoic acid (p-HBA, C7H6O3, 99 %) was purchased 
from Junsei Chemical, while 5–5-dimethyl-1-pyrroline N-oxide (DMPO, 
C6H11NO, 97 %) was purchased from TCI Chemicals. Throughout all 
conducted experiments, ultrapure water with a resistivity of 18.2 
MΩ•cm was produced using a Millipore direct 3 UV water purification 
system. 

2.2. Preparation of TiO2 polymorphs 

Anatase and rutile TiO2 nanoparticles were prepared from the same 
P25 photocatalyst to ensure that, except for the crystalline phase, their 
physiochemical characteristics were similar (Fig. S1-3). Selective 
chemical etching methods using H2O2-NH3 or HF solutions were 
employed to obtain anatase and rutile nanoparticles, respectively 
[28,29]. For the preparation of anatase, 0.5 g of P25 was added to the 55 
mL of NH3-H2O2 solution (5 mL of 2.5 % NH4OH + 50 mL of 30 % H2O2). 
After stirring for 12 h, the separated anatase nanoparticles were washed 
using DI several times. For the preparation of rutile, 2.0 g of P25 was 
added to the 100 mL of 10 % HF solution. Then, the suspension was 
stirred for 24 h and the separated rutile nanoparticles were washed 
several times using DI until neutral pH. The transmission electron mi-
croscope (TEM) was used to examine the morphology and crystal phase 
of anatase, rutile, and P25 (Fig.S2). The prepared anatase and rutile 
nanoparticles displayed lattice spacings of 0.35 nm (corresponding to 
the (101) plane) (Fig. S2c) [30] and 0.32 nm (corresponding to the 
(110) plane) (Fig. S2f) [31], respectively, which were matched that of 
the anatase and rutile phases in P25 (Fig. S2i). The crystalline phase of 
the polymorphs was confirmed using X-ray diffractometer (XRD) and 
Raman spectra (Fig. S1a, b). The crystallite size of the anatase and rutile 
derived from the XRD analysis was 12.1 and 15.8 nm, respectively. 
Other analyses of the polymorphs, including the zeta potential, 
Brunauer-Emmett-Teller (BET) surface area, and field-emission scan-
ning electron microscopy (FE-SEM), were also conducted (Fig. S1c–f). 

2.3. Characterization 

The morphologies of TiO2 polymorphs were examined on TEM (JEM- 
3010, JEOL). The crystalline phase of the TiO2 polymorphs was analyzed 
using X-ray diffraction (XRD, D/max-2500 V, Rigaku) and a high- 
resolution Raman spectrometer (excitation wavelength = 325 nm, 
LabRam HR Evolution, Horiba). The surface functional groups of HA and 
TiO2 were analyzed by Fourier-transform infrared spectroscopy (FT-IR, 
Nicolet is50, Thermo). The surface electrical charge of HA and TiO2 was 
analyzed using a zeta potential analyzer (ELSZ-2000ZS, Otsuka Elec-
tronics). The BET surface area of TiO2 samples was analyzed using an 
adsorption analyzer (ASAP 2020, Micrometrics), while the morphol-
ogies of the prepared TiO2 samples were observed using FE-SEM (JSM- 
7900F, JEOL). Excitation-emission matrix (EEM) of HA was analyzed 
using photoluminescence spectrometer (FS5, Edinburgh Instruments). 
The generated ROS were determined using electron spin resonance 
(ESR, EMXplus-9.5/12/P/L system, Bruker) with DMPO as a trapping 
agent. Details of the experimental ESR procedure are provided in Text 
S1. The photocurrent of the TiO2 samples was analyzed using a photo-
electrochemical system. The photocurrent was recorded using potenti-
ometer (SP-200, Biologics). The reference and working electrodes were 
Ag/AgCl, and Pt wire, respectively. The experimental procedure is 
described in Text S2. 

2.4. Photocatalytic experiments 

The quartz reactor (total volume of 70 mL) was used to carry out the 
photocatalytic reaction, which was placed in the middle of a black 
acrylic box outfitted with six UV-A lamps (λmax = 365 nm, TL 4 W BLB, 
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Philips). The light intensity inside the quartz reactor using ferrioxalate 
actinometry was determined to be 3.93 × 10− 9 Einstein cm− 2 s− 1 [32]. 
The emission spectra of UV-A lamp inside and outside of the quartz 
reactor is provided in Fig. S4. To investigate the effect of HA on the 
pollutant removal efficiency of the two polymorphs, an HA stock solu-
tion was spiked into a TiO2 suspension (0.2 g L− 1) containing 4-CP (5 mg 
L− 1). To reach the adsorption–desorption equilibrium, 50 mL of the 
solution was magnetically stirred in the dark for 30 min. The initial pH 
of the solution was adjusted to 6.5 (±0.2) for all experiments. During 
UV-A irradiation, 1 mL aliquots were taken using a PTFE syringe filter, 
and the 4-CP concentration was measured immediately using high- 
performance liquid chromatography (YL 9120) equipped with a UV/ 
vis detector. The separation of the mobile phase, composed of acetoni-
trile and 0.1 % formic acid in a ratio of 40:60, was conducted using a C18 
column (4.6 mm × 150 mm × 5 μm) at a flow rate of 1 mL/min. The 
stability of anatase and rutile was tested in same photocatalytic exper-
iment conditions. After reuse of photocatalyst, the solution was centri-
fuged and 4-CP concentration in the supernatant was measured. Then, 
the recovered photocatalysts were used for subsequent photocatalytic 
experiment. The same concentration of HA (20 mg L− 1) was added for 
each cycle. The stability test was conducted in 3 cycles. The 4-CP 
degradation product was analyzed using liquid chromatography-mass 
spectrometer. The electrospray ionization source was operated in 
negative mode. The analysis was conducted under following settings: 
spray voltage: 3 kV, vaporizer temperature: 400 ◦C, capillary tempera-
ture: 250 ◦C. In addition, the degradation of nitro blue tetrazolium 
(NBT) was recorded by substituting 4-CP with NBT. The initial con-
centration of NBT was 50 μM and the concentration was determined 
using a UV spectrophotometer (UV-1800, SHIMADZU) at 260 nm. The 
first-order rate constant for 4-CP degradation (k) was determined as the 
slope of a linear regression of 4-CP concentration versus time data. The 
inhibitory effect of HA on the photocatalytic activity of polymorphs was 
represented by the R value, which is the ratio between the reaction rate 

constant for 4-CP degradation with and without HA (kw/o HA/kw/HA). 
The error for the R value was determined using the error propagation 
method described in Text S3. 

HA adsorption was recorded in the same quartz reactor without 4-CP 
and UV-A irradiation. The amount of HA adsorbed onto the surface of 
the two polymorphs was determined by measuring the concentration of 
HA using a UV spectrophotometer at 254 nm. The H2O2 concentration 
generated during photocatalysis was measured using iodine titration 
[33]. All of the photocatalytic experiments were conducted in triplicate 
(n = 3) and the standard deviation from the mean was represented as 
error bars. The statistical significance of differences between experi-
mental results was assessed using a two-tailed t-test at the 95 % confi-
dence level. 

3. Results and discussion 

3.1. HA has a more pronounced inhibitory effect on anatase than on rutile 

4-CP degradation patterns were characterized in the presence and 
absence of HA, and R values for anatase (Ra) and rutile (Rr) were 
determined for various HA concentrations, from 1 to 30 mg L− 1 (Fig. 1a, 
b). HA showed notable inhibitory effect on 4-CP degradation using 
anatase, and Ra increased from 1.10 ± 0.13 to 2.30 ± 0.13 as HA con-
centrations increased from 1 to 30 mg L− 1. In contrast, rutile was less 
susceptible to this inhibitory effect and even exhibited improved pho-
tocatalytic activity at the lower tested HA concentrations. Specifically, 
the highest 4-CP degradation rate was observed with 5 mg L− 1 HA (Rr =

0.88 ± 0.05), and Rr was lower than 1 for rutile at an HA concentration 
range of 1–20 mg L− 1. Apparently, the positive effect of HA on the 
photocatalytic activity of rutile outweighed its negative effect. Because 
4-CP was not directly degraded by UV irradiation in the presence of HA 
alone (Fig. S5), the positive effect of HA on 4-CP degradation by rutile 
can be attributed to the effect of HA adsorbed on the rutile surface, 

Fig. 1. HA significantly decreases the photocatalytic degradation efficiency of 4-CP with anatase, but not with rutile. The first-order degradation rate constant for 4- 
CP and R values for (a) anatase and (b) rutile are presented. (c) Time profiles of 4-CP degradation kinetics show that rutile has higher photocatalytic degradation 
efficiency in the presence of HA (30 mg/L). (d) A similar trend in 4-CP degradation efficiency in the presence of other HA sources confirms the crystalline-phase- 
dependent inhibitory effect of HA (5 mg/L) on the photocatalytic activity of TiO2 (experimental conditions: [4-CP]0 = 5 mg/L, pH = 6.5 ± 0.2, photocatalyst dose: 
0.2 g/L). 
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which can alter ROS generation (as discussed in Section 3.3). Further-
more, the inhibitory effect of 30 mg L− 1 HA was significantly lower than 
that for anatase (Rr was 1.21 ± 0.08, versus 2.30 ± 0.13 for Ra) (p <
0.05). 

Fig. 1c and S6 present the time profiles and first-order kinetic curves 
for 4-CP degradation over anatase and rutile in the presence of HA (30 
mg/L). The removal of 4-CP via adsorption onto the photocatalyst both 
with and without HA was negligible, implying that the degradation of 4- 
CP mainly occurred in the bulk solution [34]. Without HA, anatase 
exhibited a higher 4-CP degradation rate (2.40 ± 0.09 × 10− 2 min− 1) 
than rutile (1.90 ± 0.07 × 10− 2 min− 1) due to its inherently superior 
photocatalytic activity, which is consistent with previous studies 
[35–37]. However, when 30 mg/L of HA was present, the 4-CP degra-
dation rate for anatase drastically decreased, while that of rutile only 
slightly decreased. As a result, rutile exhibited a higher 4-CP degrada-
tion rate (1.58 ± 0.08 × 10− 2 min− 1) than anatase (1.06 ± 0.04 × 10− 2 

min− 1) with 30 mg/L HA. This indicates that HA differs in its inhibitory 
effects depending on the TiO2 crystalline phase. In comparison with the 
separated anatase and rutile, P25 showed much higher photocatalytic 
activities in the absence of HA (Fig. S7), which can be attributed to the 
charge transfer between interconnected anatase and rutile [38]. How-
ever, P25 (80 % anatase) showed the lower 4-CP degradation rate (1.55 
± 0.26 × 10− 2 min− 1) than rutile in the presence of 30 mg/L HA with the 
highest R value (8.18 ± 1.18), which probably attributed to its high 
anatase content. 

To further corroborate the crystalline-phase-dependent inhibitory 
effects of HA, the 4-CP degradation rate in the presence of other HA 
sources (SRHA and AHA) was evaluated (Fig. 1d). Consistent with the 
HA results, a stronger inhibitory effect was observed for anatase with 
SRHA or AHA (5 mg L− 1), hence rutile exhibited a significantly higher 4- 
CP degradation rate. In particular, AHA increased the photocatalytic 

activity of rutile compared to HA-free control tests. Overall, the similar 
trends observed for the HA isolates from different sources despite the 
differences in their properties (e.g., functional groups and EEM spectra) 
(Fig. S8). Additionally, higher resistance to inhibitory effect of fulvic 
acid was observed for rutile (Fig. S9), which corroborate that the 
inhibitory effect of HA strongly depends on the crystalline phase of TiO2. 

3.2. Adsorbed HA enhances photocatalytic reduction pathway for both 
polymorphs 

To confirm that the adsorbed HA played a role in the inhibition of 4- 
CP degradation, other potential factors were ruled out. XRD diffraction 
peaks for the anatase and rutile phase did not disappear after HA 
adsorption, and no new peaks were detected (Fig. S1a), indicating that 
the HA did not change the crystal structure of TiO2. Given the low light 
absorption of HA in the UV-A range (Fig. S10) [39], the light screening 
of HA was unlikely to be a major factor in its inhibitory effect. Therefore, 
the HA adsorption on the surface of photocatalyst was determined to be 
the most plausible reason for the different inhibitory effects of HA on the 
two polymorphs. 

The adsorption kinetics of HA (30 mg/L) for the two polymorphs 
were investigated using an identical setup to that for the photocatalysis 
experiment but without light irradiation (Fig. 2a). The rapid adsorption 
of HA onto both polymorphs, reaching equilibrium within 30 min, was 
in accordance with previous findings [39,40]. The estimated amount of 
HA adsorbed onto anatase (29.0 ± 0.2 mg g− 1) after 30 min was about 
1.4 times higher than that onto rutile (21.1 ± 1.9 mg g− 1). The equi-
librium adsorption isotherms for the two polymorphs revealed a similar 
trend (Fig. 2b). The adsorption isotherm curves rapidly reached a 
plateau and closely followed the Langmuir isotherm model [41]. These 
results indicate similar HA adsorption mechanisms for the two 

Fig. 2. Anatase and rutile show the same adsorption mechanisms (ligand exchange for HA: (a) HA adsorption kinetics ([HA]0 = 30 mg/L) and (b) isotherms and (c) 
the FT-IR spectra for the pristine and HA-adsorbed polymorphs. The hole-scavenging effect of the donated electrons from the surface-adsorbed HA is reflected in (d) 
photocurrent analysis (experimental conditions: [4-CP]0 = 5 mg/L, pH = 6.5 ± 0.2, photocatalyst dose: 0.2 L− 1). 
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polymorphs; hence, the higher amount of HA adsorbed on the surface of 
anatase can be mainly attributed to its higher specific surface area 
(anatase = 52.2 m2/g and rutile = 31.6 m2/g; Fig. S1c). 

At near-neutral pH, the electrostatic attraction between the two 
polymorphs and HA is weak (Fig. S1d). Thus, another primary interac-
tion mechanism was assumed to be in operation, which was investigated 
via FT-IR analysis (Fig. 2c). Compared to the pristine samples, new 
spectrum peaks at around 1704 (stretching of C––O), 1621 (asymmetric 
stretching of COO), 1454 (coupled C─O stretching), 1385 (in-plane 
bending vibration of OH), 1250 (C─OH of phenolic OH), and 1100 cm− 1 

(aromatic C─H deformation) were identified for both anatase and rutile 

after HA adsorption [39,42]. This indicates that the HA was adsorbed 
onto the two polymorphs through ligand exchange [9]. We also inves-
tigated the effect of surface-adsorbed HA on the behavior of photoin-
duced charge carriers by monitoring the photocurrent (Fig. 2d). The 
morphological appearance of anatase and rutile coated on FTO glass 
(thickness of ≈310 nm) did not exhibit any discernible difference from 
powder samples (Fig. S11). Compared to the pristine samples, the 
steady-state photocurrent of the two polymorphs increased after HA 
stock solution injection, indicating that more electrons were transferred 
into the external circuit due to the suppressed charge recombination of 
TiO2. This indicate that HA scavenged the VB holes of TiO2, inhibiting 

Fig. 3. HA notably reduces the contribution of •OH to 4-CP degradation, as illustrated by the effect of •OH-scavenging by TBA on 4-CP degradation in the presence of 
(a) 0, (b) 5, and (c) 20 mg/L HA. Panel (d) compares the degradation rate constant after the addition of TBA in the absence or presence of HA (20 mg/L). Probe tests 
using (e) BA and (f) NBT illustrate the lower •OH generation and higher O2

•− generation in the presence of HA, respectively (experimental conditions: [4-CP]0 = 5 mg/ 
L, [TBA] = 100 mM [BA]0 = 0.4 mM, [NBT]0 = 50 μM, pH = 6.5 ± 0.2, photocatalyst dose = 0.2 L− 1). 
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the electron-hole recombination [39]. The adsorbed HA had electron- 
donating components (e.g., phenolic groups) [43] that likely enabled 
photocatalytic reduction over the two polymorphs. Overall, due to the 
similar adsorption and photocurrent trends for the two polymorphs, the 
reasons for the different inhibitory effects on their photocatalytic per-
formance due to surface-adsorbed HA required further investigation. 

3.3. HA suppresses •OH generation while promoting O2
•− generation 

The transfer of electrons from adsorbed HA to TiO2 during the 
photocatalytic reactions can alter the pathways for oxidative and 
reductive ROS production. •OH is an important ROS in TiO2-based 
photocatalytic treatment due to its high oxidation potential [44]. Thus, 
we used TBA as a scavenger of •OH (k = 6.0 × 108 M− 1 s− 1) [12] to 
investigate the contribution of •OH to 4-CP degradation under varying 
concentrations of HA. In the absence of HA, the 4-CP degradation rates 
of the two polymorphs were notably lower when TBA was added, indi-
cating that •OH is the primary ROS for the photocatalytic degradation of 
4-CP (Fig. 3a). The degradation product of m/z = 143 (4-chlrorocatechol 
or 4-chlororesorcinol), which is attributed to the reaction between 4-CP 
and •OH [45] was detected after photocatalytic reaction (Fig. S12). The 
inhibitory effect of TBA on both polymorphs was less pronounced when 
5 mg L− 1 HA was present (Fig. 3b). Increasing the initial concentration 
of HA to 20 mg L− 1 resulted in a negligible effect of TBA with anatase 
(likely due to a lower •OH concentration), and only slight inhibition with 
rutile (Fig. 3c, d), indicating that the contribution of •OH to 4-CP 
degradation decreased with increasing HA levels. Note that the gap in 
4-CP degradation efficiency with and without TBA widened as the 
photocatalytic reaction progressed when initial HA concentration was 5 
mg L− 1. As shown in Section 3.2, the amount of adsorbed HA was 
comparable for an HA concentration range of 5–30 mg L− 1, but the 
initial HA concentration had a distinct effect in the TBA scavenger tests. 
During photocatalysis, the valence band holes of TiO2 oxidize adsorbed 
HA, which means no additional electron donors are available as the 
reaction proceeds when the initial concentration of HA is insufficient (5 
mg L− 1). Consequently, when all of the HA was consumed, the ROS 
generation mechanism was similar to the case when HA was not 
absorbed. However, when sufficient HA was added (20 mg L− 1), HA 
continued to scavenge the TiO2 holes (Fig. S13a), allowing the same 
reaction mechanism to be maintained until the end of the reaction. 
When comparing the EEM spectra before and after the reaction, the 
reduction in the maximum peak at 250/440 nm (Fig. S13b, c), which is 
associated with humic-like substances [46], serves as confirmation that 
the photocatalytic reaction leads to the oxidation of HA. The fouling of 
HA oxidation product on the TiO2 surface reduces the photocatalytic 
performance [47], hence we further performed the cyclic tests 
(Fig. S14). After first cycle, the 4-CP degradation efficiency was notably 
decreased, indicating the oxidation of HA. As a result, the increase in Ra 
with increasing HA concentration despite a comparable amount of HA 
adsorption was due to the continuous hole scavenging at high initial HA 
concentrations. 

ESR analysis and probe testing using BA were subsequently con-
ducted to investigate the effect of surface HA on •OH generation. In the 
ESR analysis, the intensity of the typical DMPO-OH signal for anatase 
was significantly weaker after HA adsorption, while that of rutile only 
slightly decreased (Fig. S15a). Consistent with this, the concentration of 
pHBA, which is generated in the reaction between BA and •OH, was 
notably lower with anatase after HA adsorption (Fig. 3e). Given that HA 
had the same effect on the behavior of the charge carriers in the two 
polymorphs, the difference between them in terms of •OH generation 
after HA adsorption may originate from different •OH generation 
pathway, which is discussed in Section 3.4. Although •OH generation 
over rutile slightly decreased, it exhibited enhanced photocatalytic ac-
tivity when the HA concentration was lower than 20 mg L− 1 (Fig. 1b), 
suggesting that other types of ROS participate in the reaction. 

Fig. 3f shows the relative concentration of the O2
•− probe NBT during 

photocatalysis. The decay of NBT in the presence of the two polymorphs 
increased after the adsorption of HA (5 mg L− 1), indicating higher O2

•−

generation [48]. Adsorbed HA consumes the holes of TiO2 and inhibits 
electron–hole pair recombination [49], hence more electrons migrate 
from the bulk to the photocatalyst surface to participate in the O2 
reduction reaction, producing more O2

•− (O2 + ecb → O2
•− ). The higher 

generation of O2
•− after HA adsorption was confirmed using ESR analysis 

(Fig. S15b). It should be noted that the NBT decay over rutile was 
notably higher than over anatase after HA adsorption even though the 4- 
CP degradation rates with anatase (2.04 ± 0.04 × 10− 2 min− 1) and 
rutile (2.16 ± 0.08 × 10− 2 min− 1) were comparable under the same 
experimental conditions. The surface structure of rutile can create more 
favorable conditions for the stabilization of O2

•− due to its much higher 
oxygen vacancy density [50–52], thus enhancing the participation of 
O2

•− in reaction. As a result, the notable increase in O2
•− production offset 

the slightly lower •OH production, leading to an increase in overall 4-CP 
degradation using rutile. 

3.4. HA inhibits H2O2 adsorption on anatase 

As shown in Section 3.3, the lower •OH generation after HA 
adsorption was directly related to a higher Ra. To clarify the reasons for 
the higher inhibitory effect of HA on anatase compared to rutile, the •OH 
generation pathway was investigated. •OH generation when using TiO2 
in an aqueous environment generally includes an oxidative path 
(oxidation of water by valence band holes) and a reductive path (multi- 
step reduction of O2 by conduction band electrons) [51]. Anatase and 
rutile differ in their mechanistic behavior during ROS generation, 
including variation in the lifetime of conduction band electrons [18] and 
the affinity toward reactant molecules (e.g⋅H2O2) [53], because they 
have different electronic and surface characteristics. 

To gain a clearer understanding of the •OH generation pathways for 
the two polymorphs, chromate (Cr(VI)) was introduced as an alternative 
electron acceptor during the photocatalytic degradation of 4-CP 
(Fig. 4a). The addition of Cr(VI) resulted in the significant inhibition 
of 4-CP degradation with anatase (p < 0.05) [44], whereas only a slight 
increase was observed for rutile. This indicates that the two polymorphs 
differed in their dominant pathway for •OH generation, with anatase 
primarily using O2 reduction, while rutile predominantly oxidized H2O, 
which is consistent with previous studies [44,54]. With anatase, Cr(VI) 
reacted with the electrons, hindering the oxygen reduction reaction. To 
further confirm this, scavenger test using p-BQ (O2

•− scavenger) [55] and 
KI (hole scavenger) [56] was conducted (Fig. S16) in the absence and 
presence of HA (20 mg L− 1). When p-BQ was added, 4-CP degradation 
was notably inhibited but the addition of KI showed only slight decrease 
in 4-CP degradation compared to control, indicating that oxygen 
reduction reaction was the major pathway for ROS generation over 
anatase. In contrast, the reaction between the electrons and Cr(VI) 
reduced electron–hole pair recombination in rutile, increasing the 
number of holes available for •OH generation via water oxidation. The 
adsorption of HA enhanced the participation of the conduction band 
electrons by reducing electron–hole recombination. Thus, the produc-
tion of O2

•− over the two polymorphs increased, as confirmed by the NBT 
decay and ESR results. As a result, the greater production of O2

•− over 
rutile after HA adsorption offset the lower generation of •OH. However, 
for anatase, the higher production of O2

•− after HA adsorption did not 
lead to greater •OH generation even though the reductive pathway was 
dominant for •OH generation (O2 → O2

•− → H2O2 → •OH). 
To identify the rate-determining step in the •OH generation process, 

we compared the H2O2 concentration generated in situ over anatase 
with and without HA (Fig. 4b, S17). Compared to the pristine sample, 
the accumulation of H2O2 notably increased in the presence of HA, 
suggesting that the inhibition of the dissociation of H2O2 to •OH was 
likely to be the major cause for the lower •OH generation. To confirm 
this, excess H2O2 was added to the suspension in the dark to evaluate the 
effect of HA on the interaction between H2O2 and anatase (Fig. 4c). In 
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the presence of HA, H2O2 adsorption onto anatase was hindered due to 
the blockage of the surface adsorption sites. Additionally, with 
increasing HA concentration, adsorbed amount of H2O2 decreased 
(Fig. 4d). These results suggest that H2O2 generated in situ during UV 
irradiation is more likely to desorb from the anatase surface, and cannot 

be reduced further by the conduction band electrons, decreasing •OH 
generation. As a result, due to the enhanced O2

•− generation and lower 
H2O2 dissociation, more H2O2 was present in the solution. However, 
H2O2 cannot efficiently oxidize 4-CP due to its relatively low oxidation 
potential compared to ROS (Fig. S18), consequently decreasing the 4-CP 

Fig. 4. Different •OH generation mechanisms for anatase and rutile are revealed by (a) the addition of Cr(VI) as an electron acceptor (photocatalyst dose = 0.2 g/L), 
which captures conduction-band electrons that would otherwise initiate •OH production via the oxygen reduction (i.e., via superoxide and H2O2 formation). (b) The 
higher accumulation of H2O2 (photocatalyst dose = 0.2 g/L, [HA]0 = 20 mg/L), (c) lower H2O2 adsorption (photocatalyst dose = 1.0 g/L, [HA]0 = 30 mg/L), and (d) 
decreased H2O2 adsorption with increasing HA concentration indicate that the reaction between H2O2 and anatase is the rate-determining step for •OH generation 
(experimental conditions: [4-CP]0 = 5 mg/L, [Cr(VI)]0 = 1 mM, pH = 6.5 ± 0.2). 

Fig. 5. HA alters ROS generation in a different manner between anatase and rutile.  
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degradation efficiency of anatase. The addition of HA also increased the 
H2O2 production over rutile, but the H2O2 adsorption capacity of rutile 
was negligible (Fig. S19), which validates that the water oxidation is the 
major pathway for •OH generation over rutile. The differential effect of 
HA on ROS generation pathways over anatase versus rutile are illus-
trated in Fig. 5. 

4. Conclusions 

Interactions between photocatalysts and NOM are common and 
influential in photocatalytic water treatment. Here, we show that the 
crystalline phase of TiO2 is a critical determinant of susceptibility to 
performance inhibition by surface-adsorbed HA, by affecting photo-
catalytic ROS generation pathways. Specifically, we demonstrated that 
surface-adsorbed HA was the main driver of the observed changes in 
ROS generation patterns and 4-CP degradation efficiency. Despite 
similar HA adsorption mechanisms and charge transfer for anatase and 
rutile, changes to the ROS generation pathways for these two poly-
morphs led to differences in their overall photocatalytic activity. The O2 
reduction pathway for •OH generation by anatase was inhibited due to 
the competitive adsorption by H2O2 and HA. In contrast, rutile mainly 
generated •OH via H2O oxidation, which is less affected by surface- 
adsorbed HA. Interestingly, photocatalytic 4-CP degradation with 
rutile was enhanced by HA adsorption (when added at lower concen-
trations than 20 mg/L) due to of significantly higher O2

•− production. 
While anatase is generally considered more advantageous than rutile 

for the photocatalytic oxidation of organic compounds, the differential 
effect of NOM on these two TiO2 phases has been overlooked. We 
demonstrated that the strong inhibition of anatase by HA resulted in 
lower photocatalytic activity compared with less-susceptible rutile for 
the degradation of a target organic pollutant. However, this does not 
mean that rutile is the best choice for treating real water with NOM, 
because of its lower intrinsic photocatalytic oxidation activity. 
Furthermore, HA adsorption may lead to a remarkable increase in H2O2 
generation of with anatase, which could enhance the effectiveness of 
hybrid systems (e.g., Fenton/UV/TiO2) [57] and microbial inactivation 
[14]. Consequently, further research is needed to explore strategies that 
mitigate the inhibitory effects of HA to TiO2 and improve photocatalytic 
treatment. Meanwhile, this work provides valuable mechanistic insight 
about the interaction of HA with two different, common crystalline 
phases of TiO2, which can inform photocatalytic materials selection and 
help enable more efficient application of TiO2 in different water treat-
ment scenarios. 
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