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Natural organic matter adsorption conditions
influence photocatalytic reaction pathways of
phosphate-treated titanium dioxide nanoparticles†
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Titanium dioxide (TiO2) nanoparticles have been widely studied for water treatment applications; however,

natural organic matter (NOM) is often reported to hamper the efficiency of the nanoparticles toward the

degradation of target pollutants. Phosphate treatment has been proposed as a potentially facile solution to

this problem, as phosphate competes for TiO2 surface sites to diminish the NOM adsorption. However, the

potential importance of the conditions of the NOM exposure and the residual NOM remaining after

phosphate treatment have not been fully explored. Here, we investigate the reactivity of phosphate-treated

TiO2 nanoparticles with NOM coatings adsorbed from two background water chemistries, deionized water

(TiO2–NOMDIW) and moderately hard water (TiO2–NOMMHW). Thorough characterization by size exclusion

chromatography revealed that the adsorbed NOM was only partially displaced after phosphate treatment,

with a higher adsorbed mass and wider variety of NOM species persisting on TiO2–NOMMHW compared to

TiO2–NOMDIW. Although the remaining adsorbed NOM did not significantly influence the degradation rate

of phenol as a model pollutant, remarkably distinct effects were observed in the degradation of catechol as

an oxidative byproduct of phenol, with TiO2–NOMMHW hindering catechol degradation and TiO2–NOMDIW

accelerating catechol degradation. The suppressed reactivity for TiO2–NOMMHW was attributed to

hindrance of the physical adsorption of catechol to the TiO2 surface by the NOMMHW layer as well as

changes in the reactive oxygen species profile as measured by electron paramagnetic resonance (EPR)

spectroscopy, whereas the enhanced reactivity for TiO2–NOMDIW was attributed to higher hole formation,

suggesting participation of the NOMDIW layer in electron transfer processes. This research highlights the

critical importance of the NOM surface coating in directing the mechanisms for pollutant degradation in

photocatalytic nano-enabled water treatment applications.

Introduction

Titanium dioxide (TiO2) nanoparticles (NPs) have widely been
evaluated as photocatalysts for water treatment for their
potential to degrade recalcitrant pollutants via the generation
of reactive oxygen species (ROS) upon ultraviolet (UV)
irradiation.1 However, the reaction efficiency can be
hampered in realistic use conditions, as both background
electrolytes and natural organic matter (NOM) in the water
can scavenge ROS, form secondary radical species, attenuate
light radiation or adsorb to the NP to compete with the
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Environmental significance

Titanium dioxide (TiO2) nanoparticles are of interest for photocatalytic water treatment, but natural organic matter (NOM) often inhibits their reactivity.
Although phosphate treatment has been proposed to mitigate NOM fouling, this study identifies that differences in NOM adsorption from different water
chemistries – deionized water (DIW) and moderately hard water (MHW) – persist even after phosphate treatment. Furthermore, the different NOM layers
impart divergent influences on the nanoparticle reactivity: more extensive NOM adsorption from MHW inhibits reactivity by occupying adsorptive sites and
modifying the reactive oxygen species profile, whereas a thinner NOM layer adsorbed from DIW promotes reactivity through enhanced hole generation.
These mechanistic findings are broadly useful to understand the critical role of surface chemistry on the photocatalytic reactivity of nanomaterials.
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contaminant of interest for active sites at the NP surface.2–12

Alternatively, NOM can induce enhanced reactivity or
photosensitization through excitation to triplet state
NOM.2,13–16 Kang et al. distinguished that photoreactivity was
enhanced in the presence of low concentrations of NOM but
suppressed in high concentrations of NOM.6 To counter
losses in efficiency, phosphate modification of TiO2 has been
proposed. The adsorption of phosphate can confer colloidal
stability through electrostatic repulsion.3 Furthermore,
although prior reports vary as to whether the phosphate itself
promotes17,18 or inhibits3 ROS generation, Long et al.
identified a major benefit of phosphate to mitigate the
inhibitory effect of humic acid (HA) through competitive
adsorption or displacement of HA from the TiO2 surface.18

Under certain conditions (high pH, low HA concentration), a
slight enhancement of phenol degradation was also observed
and was credited to the changes in the conformation and
binding mode of HA by phosphate, leading to increased
electron transfer and reduced hole scavenging.18

Given the importance of the properties of the adsorbed
NOM layer in promoting or diminishing the efficiency of the
TiO2 NPs in water treatment, a more thorough investigation
is warranted into whether the NOM adsorption conditions
impact the potential for phosphate treatment to restore the
reactivity of NOM-fouled NPs. NOM adsorption onto TiO2 is
well known to depend not only on the type of NOM (e.g.,
fulvic versus humic fractions) and its concentration but on
the water chemistry, pH, presence of background electrolytes,
and ionic strength.19,20 In particular, the presence of Ca2+

can induce higher adsorption of NOM by cationic bridging to
the TiO2 surface or entanglement of the NOM.21,22 Adsorptive
fractionation of NOM on TiO2 can also occur, with higher
molecular weight species from Suwannee River NOM
adsorbed in moderately hard water.23 Higher molecular
weight NOM species with higher aromaticity have been
reported to have the greatest influence on the inhibition of
TiO2 NP photoreactivity.7 However, it is currently unknown
whether the initial adsorption conditions of the NOM, and
the subsequent differences in the adsorbed mass and
adsorptive fractionation of the NOM, will have persistent
effects on the photoreactivity of the TiO2 NPs, or whether any
differences are eliminated upon subsequent phosphate
treatment that could displace the adsorbed NOM.

A further research gap remains from prior studies on
phosphate-treated TiO2 NPs that only monitored degradation
of the “parent” contaminant (e.g., phenol), but did not
evaluate the formation or degradation of reaction byproducts
that may have different reaction pathways. For example,
phenol oxidizes to form primarily two initial isomers:
hydroquinone (HQ) and catechol. Although phenol has been
reported to show primarily hydroxyl radical mediated
degradation,17,24 catechol has been reported to participate in
hole mediated pathways,17 and in general, the generation or
degradation of byproducts can differ based on their
selectivity to specific types of ROS.25 Therefore, it is currently
unclear whether the influences of phosphate and NOM on

phenol degradation can be generalized to other compounds,
including phenol byproducts.

The objective of this paper is to investigate the
mechanisms by which different NOM coatings influence the
photoreactivity of TiO2 NPs by probing the photodegradation
of phenol and its two immediate byproducts, catechol and
hydroquinone. Bare TiO2 NPs are compared to those coated
with NOM in deionized water (DIW) and moderately hard
water (MHW), with all NPs subsequently undergoing
phosphate treatment. The adsorbed layers were thoroughly
characterized during both the NOM adsorption and
phosphate treatment processes using size exclusion
chromatography (SEC) for adsorbed mass and molecular
weight fraction, as well as in situ Fourier transform infrared
(FTIR) spectroscopy for the functional moieties. The myriad
potential mechanisms for differences in the photoreactivity
were then evaluated, including the influence of the surface
coatings on the physical adsorption of the contaminants to
the NP surface, as well as the production of holes and
different types of ROS, including hydroxyl radical (OH˙) and
singlet oxygen (1O2), as measured in further experiments
using probe compounds and electron paramagnetic
resonance (EPR) spectroscopy. Overall, this research provides
an improved mechanistic understanding of the importance
of the NOM adsorbed layer properties on the reactivity and
reaction pathways expressed by phosphate-treated TiO2 NPs.

Materials and methods
Chemical reagents

Phenol (99.5%, Acros Organic, NJ, USA), hydroquinone (99%,
Alfa Aesar, Ward Hill, MA, USA) and catechol (99%, Alfa Aesar,
Ward Hill, MA, USA) were used as target compounds. Titanium
dioxide (TiO2) NPs (Standard Reference Material 1898) were
obtained from the National Institute of Standards and
Technology (NIST) (Gaithersburg, MD, USA). The TiO2 NPs are
composed of 76% anatase with primary particle size of 19 ± 2
nm and 24% rutile with primary particle size of 37 ± 6 nm.26

Suwannee River NOM (Cat. No. 2R101N) was procured from
the International Humic Substances Society (Saint Paul, MN,
USA); the bulk elemental and functional group composition are
provided in the ESI,† and the molar mass distribution was
measured herein. Stock solutions of NOM were prepared at 1 g
L−1 in deionized water and adjusted to pH ≈ 7 using 1 M and
0.1 M NaOH. Calcium chloride (CaCl2) (>97%, anhydrous, ACS
grade, Sigma-Aldrich, St. Louis, MO, USA) and sodium
bicarbonate (NaHCO3) (>99.7%, ACS grade, Sigma-Aldrich, St.
Louis, MO, USA) were used to prepare the moderately hard
water matrix, and potassium phosphate monobasic anhydrous
(KH2PO4) (ACS grade, Amresco, Solon, OH, USA) and sodium
phosphate dibasic heptahydrate (Na2HPO4·7H2O) (ACS grade,
Amresco, Solon, OH, USA) for the phosphate buffer. 0.1 M or 1
M HCl (ACS reagent, Sigma-Aldrich) or NaOH (Sigma-Aldrich)
were used for pH adjustment.

Potassium iodide (KI) (99.9%, Alfa Aesar, Ward Hill, MA,
USA) and furfuryl alcohol (FFA) (98%, Sigma Aldrich, St.
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Louis, MO, USA) were used as probe compounds for holes
and 1O2, respectively.3,27,28 Iodine (0.025 N) and starch
indicator (1% (w/v)) (both from VWR International, Radnor,
PA, USA) were used for calibration and as an indicator,
respectively, to evaluate KI oxidation. For EPR measurements,
5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO,
≥99%, Enzo Life Science, Farmingdale, NY, USA) was used as
a spin trap. For LC measurements, acetic acid (glacial,
Macron Fine Chemicals, Radnor, PA, USA) and LC-MS grade
water and methanol (OmniSolv, MilliporeSigma, Burlington,
MA, USA) were used to prepare the mobile phase.

Preparation of NP stock suspensions

TiO2 stock suspensions (2 g L−1) were freshly prepared for
each individual experiment in 15 mL of DIW using an
adapted dispersion protocol:26 3 mL of DIW was added to 30
mg TiO2 powder, bath sonicated for 30 seconds to form a
slurry (Branson CPX1800H, Danbury, CT, USA), followed by
the addition of 4.5 mL DIW and probe sonicated for 15 min
at an 80% pulse cycle (8 s on, 2 s off) (Fisherbrand Model
120 Sonic Dismembrator, Fisher Scientific, Hampton, NH,
USA), and finally dilution with 7.5 mL to the desired
concentration and volume. The multiple stages of wetting,
sonication, and dilution were identified in preliminary
experiments to yield reproducible dispersions, where the
hydrodynamic size of the NP stocks was verified on each
stock preparation using dynamic light scattering (DLS)
(Zetasizer Nano ZS, Malvern Instruments, Malvern, United
Kingdom) upon diluting the NPs to 0.1 g L−1 in 1 mM NaCl.
The measured z-average and volume-weighted average
diameters were 162 ± 7 nm and 119 ± 7 nm, respectively, for
20 independent batches.

Preparation and phosphate treatment of NOM-coated and
bare TiO2 NPs

The stock NP suspensions were used to prepare NOM-coated
TiO2 NPs (0.5 g L−1 NPs and 0.2 g L−1 NOM) in two different
water matrices – deionized water (DIW) and a simplified
moderately hard water (MHW) comprised of 0.85 mM CaCl2
and 1.2 mM NaHCO3. The measured pH was ≈7 in DIW and
≈7.5 in MHW during the adsorption (after diluting the TiO2

stock suspension and mixing with the pH-adjusted NOM
stock), i.e., the pH was near the isoelectric point of 7 for the
bare TiO2.

26 All TiO2 suspensions (bare and coated) were
rotated end-over-end at 25 rpm for approximately 20 hours to
equilibrate, then centrifuged at 9000 rpm (9418g) for 15 min
(Sorvall Legend XTR, Thermo Scientific, Waltham, MA, USA),
and the supernatant was removed for total organic carbon
(TOC) and SEC analysis of the unadsorbed NOM. The NPs
were then washed twice into 10 mM phosphate buffer (pH 8,
1.4 mM KH2PO4 and 8.6 mM Na2HPO4) by adding phosphate
buffer equal to the volume of supernatant collected, followed
by centrifugation and collection of supernatants from each
wash for SEC analysis. The NPs were resuspended in
phosphate buffer by bath sonication for 1 to 2 min.

Hydrodynamic sizes of the uncoated and NOM-coated TiO2

suspensions were measured after phosphate treatment and
further dilution to 0.1 g L−1 and verified to be similar to that
of the stock suspension (see Results and discussion). The
zeta potentials were also measured by electrophoretic light
scattering (method and results in the ESI†).

To prepare uncoated (bare) TiO2 NPs, the NP preparation
was designed to be as comparable to the NOM coating
conditions as possible while avoiding any extensive
agglomeration that could influence the reactivity. For the DIW
condition, the NP stock was diluted to 0.5 g L−1 in DIW at the
“natural” pH of the suspension (pH 5 after dilution). Note
that the uncoated TiO2 NPs could not be prepared at pH 7 as
in the NOM coating procedure, because the uncoated NPs
rapidly agglomerate at their isoelectric point of ≈7.26

Similarly, an uncoated control could not be prepared in the
complete MHW matrix because Ca2+ induces rapid formation
of agglomerates. However, to investigate the potential
influence of HCO3

− adsorption from the MHW, phenol
degradation studies were also conducted on bicarbonate-
exposed TiO2 NPs prepared in 1.2 mM NaHCO3. In order to
achieve relatively unagglomerated suspensions in this
background, the 2 g L−1 stock was prepared by slurrying the
TiO2 powder in 0.15 mL of alkaline solution (1 mM NaOH)
instead of DIW, then continuing with the same preparation
reported above, such that the NPs were not taken through the
isoelectric point upon being added to the NaHCO3 solution
(final pH ≈ 9). All uncoated NPs (DIW or bicarbonate matrix)
were then taken through the same 20 h rotation,
centrifugation, and phosphate washing steps, resulting in all
NPs (coated and uncoated) in the same background water
chemistry (10 mM phosphate, pH 8) for the photoreactivity
studies. The uncoated NPs were also probe sonicated for 15
min to redisperse agglomerates after centrifuging.

Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy

ATR-FTIR spectroscopy was used to probe the functional
groups and interactions between TiO2 and inorganic ions in
the different media (DIW vs. MHW), NOM and the salts in
DIW vs. MHW, and the NOM adsorbing to the TiO2 NPs in
DIW vs. MHW before and after displacement by phosphate.
All measurements were collected on a Nicolet iS50 FTIR
spectrometer, (ThermoFisher Scientific, Waltham, MA, USA)
on a diamond/ZnSe single reflection ATR crystal (PIKE
Technologies, Fitchburg, WI, USA). Spectra were collected
from 4000 to 800 cm−1 with a resolution of 2 cm−1 and
averaged over 200 scans. The NOM samples without TiO2

were collected as supernatants from centrifuged samples as
prepared for the photoreaction experiments and processed as
described in the ESI.† For the TiO2 samples, changes in the
surface chemistry of the TiO2 in the presence of the various
water chemistry were monitored by in situ ATR-FTIR
spectroscopy. First, 6 μL of TiO2 stock suspension (2 g L−1 in
DIW) was dried onto the ATR crystal. Four separate in situ
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experiments were conducted to expose the TiO2 to the
different conditions: (1) DIW followed by (→) phosphate
buffer (pH 8) to identify adsorbed phosphate; (2) DIW →

MHW → phosphate buffer to identify adsorbed bicarbonate
and displacement by phosphate; and (3) DIW → NOM in
DIW → phosphate and (4) MHW → NOM in MHW →

phosphate buffer to evaluate NOM adsorption and
displacement by phosphate. For experiments 1 and 2, 40 μL
of the salt solutions were pipetted over the TiO2 NPs, spectra
were collected every 10 minutes for 30 minutes total, then
the overlying solution was pipetted away to replace with the
following solution and spectra collected similarly. For
experiments 3 and 4, after taking spectra in the background
electrolyte as noted, 60 μL of NOM in the background
solution was applied, and the NOM adsorption spectra were
collected every 10 minutes for 60 minutes; finally, desorption
was monitored after two phosphate washes with spectra
collected every 10 minutes for 20 minutes in each wash. To
process the data, the background spectrum for subtraction
was selected from a prior step to evaluate the influence of
each change in water chemistry.

Total organic carbon (TOC) and size exclusion
chromatography (SEC) analysis

The adsorbed mass of NOM was evaluated by solution
depletion, in which the unadsorbed concentration in the
supernatants from the adsorption procedure are subtracted
from the initial concentration to compute the adsorbed
concentration. Supernatants from the two subsequent
phosphate washes were also collected to evaluate
displacement of the NOM by the phosphate. The masses of
all supernatants were weighed and utilized to correct for
NOM in the remaining volume of supernatant from the prior
wash, on the results measured in the subsequent wash.

Both batch TOC measurements and SEC analyses were
conducted. TOC was measured on a Shimadzu TOC-L analyzer
with 50 μL sample injection followed by addition of sulfuric
acid for inorganic carbon removal, oxidation of the organic
carbon on a Pt catalyst at 680 °C, sparging with air (zero gas
with <1 ppm total hydrocarbon content, <6 ppm water, <1
ppm CO2, and 20 to 22% oxygen, Matheson Tri-Gas, Irving, TX,
USA), and quantification on a non-dispersive infrared detector.
SEC analyses were performed on an Agilent 1290 Infinity liquid
chromatography (LC) system (Agilent Technologies, Santa
Clara, CA, USA) equipped with a Superdex 75 10/300 GL SEC
column (GE Healthcare, Chicago, IL, USA), Agilent 1260 Infinity
UV-vis diode array detector, and OptiLab T-rEX differential
refractive index (dRI) detector (Wyatt Technologies, Santa
Barbara, CA, USA). The mobile phase was 4 mM phosphate
buffer (pH 7) with 25 mM NaCl (ref. 23 and 29–31) at 0.5 mL
min−1 flow rate, the sample injection volume was 100 μL, and
the UV detector was set to monitor the 280 nm wavelength for
aromatic compounds or compounds with >3 conjugated
double bonds. The data analysis to evaluate adsorption and
displacement are described in the ESI.†

Phenol photodegradation experiments

The photocatalytic degradation of phenol was evaluated at
two starting concentrations (50 mg L−1 and 20 mg L−1) by the
various TiO2 NPs (0.1 g L−1) in the 10 mM phosphate buffer;
NP-free controls were also irradiated for evaluation.
Irradiation was carried out on 10 mL of sample in quartz vials
using a UV reactor (Rayonet RMR-600, Southern New England
Ultraviolet Co., Branford, CT, USA) with eight fluorescent UV
lamps with wavelength centered at 350 nm and total
irradiance of 5.0 ± 0.2 mW cm−2 measured in the UVA/UVB
range (UV513AB light meter, GeneralTools, New York, NY,
USA), in an annular rotator with 8 vial positions and a cooling
fan. In every experiment, four dark (foil-wrapped) vials were
placed alternately with four UV-irradiated vials in the reactor
as “dark controls” to evaluate any thermal degradation or
other losses of phenol. Samples were collected at set intervals
over a total duration of 300 min. Prior to sample collection,
the vial was inverted three times to homogenize. The pH of all
samples was measured before and after the experiments. The
collected samples were centrifuged at 13 000 rpm (11 337g) for
15 min to pellet the NPs (Eppendorf MiniSpin Plus, Enfield,
CT, USA), and the supernatant was filtered through 0.22 μm
PTFE syringe filters (4 mm diameter, MicroSolv Technology,
Leland, NC, USA) to remove any remnant NPs. The samples
were analyzed for phenol and the degradation byproducts by
LC analysis as follows.

Quantification of phenol and degradation byproducts by
liquid chromatography (LC)

All samples were quantified for phenol and its two
immediate byproducts (catechol and hydroquinone) by LC
analysis. These byproducts were selected for quantitative
analysis based on their initial identification by LC-
quadrupole time-of-flight (QTOF) mass spectrometry (ESI†
Table S1) and the availability of commercial material to
prepare calibration standards for quantification. The LC
analysis was conducted on an Agilent 1260 Infinity II system
equipped with an Agilent Zorbax Eclipse Plus RRHD C18

column (2.1 × 50 mm, 1.8 μm). The sample injection volume
was 5 μL and flow rate was 0.3 mL min−1. The mobile phase
solvents were (A) 0.01% acetic acid in LC-MS grade water and
(B) methanol, and compounds were separated using a
gradient elution from 95% A (5% B) to 85% A (15% B) over
10 minutes. Subsequently, the composition was ramped to
5% A (95% B) over 2 min and held for 3 min to flush, then
ramped back to 95% A (5% B) over 2 min and held for 6 min
to re-equilibrate at the initial composition. All compounds
were quantified by the UV peak area at 272 nm as the peak
wavelength for phenol.

Quantification of the phenol, catechol, and hydroquinone
adsorption onto the TiO2 NPs

The adsorption of phenol, catechol, and hydroquinone to the
various phosphate-treated TiO2 NPs was measured to evaluate
any differences in available adsorption sites for the different
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surface chemistry. Because the adsorbed masses of the three
compounds were low, the phosphate-washed TiO2 NPs were
concentrated by resuspending the 15 mL of initial
suspension (0.5 g L−1 NPs) to only 2 mL after the last wash
(3.75 g L−1 NPs). Then, phenol, catechol, or hydroquinone
were spiked into the NPs at 5 mg L−1. Samples were allowed
to rotate for 3 hours, and the supernatant after centrifugation
was filtered and analyzed by LC as above.

Identification and evaluation of holes and ROS production

The phosphate-treated TiO2 NPs were evaluated for holes or
1O2 generation by conducting photodegradation experiments
as above with probe compounds (KI for holes, and furfuryl
alcohol (FFA) for 1O2) instead of phenol. The KI assay was
performed using 5 mM KI with samples collected after 0, 15,
30, 45 and 60 min of UV exposure. The I2 oxidation product
was quantified using the starch-iodine assay by mixing 0.5 mL
of sample with 0.75 mL of starch solution in a 2 mL centrifuge
tube and removing the NPs by centrifugation. The sample was
stored under ice pack and analyzed within one hour after
centrifugation. 0.7 mL of supernatant was transferred to a
quartz cuvette and the absorbance at 585 nm was measured
using UV-2600 spectrophotometer (Shimadzu, Columbia, MD,
USA). The generation of singlet oxygen was analyzed by
quantifying FFA (15 mM initial concentration) over 60 min of
UV irradiation using the same LC gradient as in the phenol
degradation experiment and quantifying the FFA against
external calibration standards using the UV signal at 230 nm.

All phosphate-washed NPs were prepared for EPR analysis
by coating as above and concentrating to 3.75 g L−1 by
resuspending the pelleted TiO2 NPs in a lower volume of 10
mM phosphate at the end of the last wash step. Then, the TiO2

NPs were diluted to 1 g L−1 in 10 mM phosphate and spiked
with 5 mM BMPO for EPR measurements. The samples were
placed on a stir plate and irradiated by top-down UV exposure
using a Spectroline MiniMax lamp holder (Spectronics Corp.,
Westbury, NY, USA) equipped with the same 4 W UV lamp as in
the phenol photoreaction experiments, positioned ≈2.8 cm
above the sample (measured irradiance of ≈4.67 mW cm−2).
After 10 min exposure, samples were transferred into Kimble
micro capillary pipets (50 μL, DWK Lifer Sciences, Mainz,
Germany) and sealed with Critoseal (Leica Microsystems,
Wetzlar, Germany) for EPR measurements. Room temperature
EPR measurements were conducted using a Bruker EMX
X-band EPR spectrometer (Billerica, MA, USA). Typical
parameters used were: frequency, 9.32 GHz; modulation
frequency, 100 kHz; modulation amplitude, 0.1–0.3 G;
microwave power, 20 mW; time constant, 327.7 ms.

Results and discussion
Characterization of TiO2 NPs with NOM coatings and after
phosphate treatment

All TiO2 stock suspensions and phosphate-treated TiO2 NPs –

either uncoated (denoted “TiO2–no NOM”) or with NOM
coatings adsorbed from DIW or MHW (denoted “TiO2–

NOMDIW” and “TiO2–NOMMHW”, respectively) – were
evaluated by DLS for their hydrodynamic size and
polydispersity index (PDI) (ESI† Fig. S1a and b). All of the
phosphate-treated NPs showed good redispersibility relative
to the original stock suspension with mean PDI < 0.2. The
pH and zeta potentials before and after phosphate washes
are also provided in ESI† Fig. S1c. Acidic residues on the
TiO2 material from the manufacturing process26 resulted in a
stock dispersion pH of 5, which is lower than the isoelectric
point of ≈7, and hence a positive surface charge for the bare
TiO2 NPs in DIW (before phosphate treatment). On the other
hand, the TiO2 NPs with NOM coating (pH 7 to 7.5) gained a
negative surface charge attributable to the deprotonated
carboxyl groups of the adsorbed NOM. In MHW, cations
(particularly Ca2+) can provide charge screening or
neutralization, resulting in a less negative charge.32 After
washing into 10 mM phosphate buffer (pH 8), all NPs showed
similarly strong negative surface charge (ζ < −40 mV),
indicative of phosphate adsorption. It is noted that bare TiO2

NPs in MHW (pH 8.5) had ζ near zero, resulting in the
formation of large NP agglomerates. Thus, we did not
proceed with further testing of uncoated NPs in MHW for the
degradation studies, as a difference in NP agglomeration
state could influence the generation of ROS.33

ATR-FTIR was used to assess interactions between the
MHW ions, NOM, and TiO2 NPs (ESI† Fig. S2–S4). A strong
phosphate peak at wavenumber ν = 1077 cm−1 was observed
in all samples that received phosphate treatment. The
possibilities for adsorption of HCO3

− from MHW and
precipitation of calcium phosphate species when transferring
from MHW to phosphate buffer were also assessed. The FTIR
spectra showed no observable formation of calcium
phosphate (hydroxyapatite) peaks34 (ESI† Fig. S2), which was
also confirmed by XRD analysis (ESI† Fig. S5). Bicarbonate
adsorption from MHW was observed but was then displaced
upon phosphate exposure (ESI† Fig. S2). For the NOM,
characteristic absorption bands representing the asymmetric
and symmetric stretch of the deprotonated COO− groups were
observed in the ν ≈ 1580 cm−1 and 1400 cm−1 regions,
respectively, with the peak spacing between these two bands,
Δν, indicative of the binding modes.35–38 To evaluate binding
mode, comparison against the “ionic” peak spacing, Δνionic,
is required, where Δνionic was measured on NOM alone dry
deposited from DIW (ESI† Fig. S3a). The NOM adsorbed to
TiO2 in DIW showed a larger peak spacing than Δνionic
consistent with bidentate bridging35 onto the TiO2 surface. In
MHW, a smaller peak spacing was observed which is
indicative of bidentate chelating;36 however, the control NOM
sample in MHW without TiO2 also showed similar peak
spacing, suggesting the chelating is likely attributable to
NOM–Ca2+ interactions in solution and not necessarily the
TiO2 surface interaction. Prior studies have similarly reported
that Ca2+ can induce both aggregation of the deprotonated
NOM and/or bridge the negatively charged NOM to
TiO2.

22,39,40 After phosphate treatment, significant desorption
was observed for both NOM layers (ESI† Fig. S4).
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To quantify and identify the initial adsorbed species and
those displaced by phosphate, the supernatants collected from
the batch samples from the initial NOM adsorption and
subsequent two washes in phosphate buffer were further
analyzed. Solution depletion analysis (i.e., subtracting the
remaining from the initial NOM) of batch TOC measurements
yielded initial adsorbed masses of 50 mg g−1 (0.92 mg m−2)
and 11 mg g−1 (0.20 mg m−2) in MHW and DIW, respectively.
The higher NOM adsorption in MHW is attributed to the
calcium ions in MHW, which can induce bridging of NOM to
the TiO2 surface.21,22 For a more detailed analysis of which
species from the NOM mixture adsorbed initially and desorbed
in the phosphate washes, SEC measurements were performed.
The raw SEC-UV-dRI chromatograms of the unadsorbed or
desorbed NOM in the supernatants are shown in ESI† Fig. S6.
The initial adsorbed NOM fraction was obtained by taking
difference chromatograms of the initial NOM and unadsorbed
NOM after depletion onto the TiO2 NPs (Fig. 1). The initial
NOM adsorbed in MHW and DIW was estimated to be 73 ±
4 mg g−1 (1.34 ± 0.07 mg m−2) and 23 ± 4 mg g−1 (0.42 ± 0.08
mg m−2) respectively, based on UV detection (n = 4 replicate
experiments) (details in the ESI† eqn (S1)). The higher
adsorbed mass estimate compared to TOC analysis is likely
attributable to adsorptive fractionation, where more aromatic
(UV-absorbing) species are depleted disproportionately to
other species.23,41 As SEC provides the molecular weight
distribution with larger species eluting prior to smaller
compounds, Fig. 1 further shows the adsorption of a wide
range of NOM molecular weights in MHW, whereas most of
the adsorbed NOM in DIW was from the moderate molecular
weight fraction. Although SEC-dRI analysis was also conducted
(ESI† Fig. S6b), the lower signal and coelution with solvent
peaks precluded quantification of the total adsorbed mass.

Desorption into the phosphate washes was evaluated directly
in the supernatant of the wash steps (ESI† Fig. S6), and the

remaining adsorbed NOM was computed by difference (details
in the ESI† eqn (S2) and eqn (S3)). NOM desorption by
phosphate buffer reduced the adsorbed NOM concentration to
44 ± 2 mg g−1 (i.e., 60 ± 6% of the initial layer remaining) and 8 ±
2 mg g−1 (i.e., 38 ± 15% of the initial layer remaining) in MHW
and DIW, respectively (n = 3 replicate experiments). Phosphate
washes resulted in desorption of primarily the moderate
molecular weight fractions from both the NOMDIW and the
NOMMHW layers (Fig. 1). Overall, it can be concluded that
different adsorbed masses and species of NOM species were
adsorbed in DIW and MHW, and that these differences persisted
even after partial displacement of the NOM by phosphate.

Influence of remaining NOM coating layers on phenol
degradation and byproduct formation

The reactivity of the NOM-coated TiO2 NPs is hypothesized to
potentially be influenced by the total adsorbed mass of NOM,
as well as its composition and conformation. The
photocatalytic degradation and byproduct formation for 20
mg L−1 phenol (Fig. 2) and 50 mg L−1 phenol (Fig. 3) were
compared using TiO2–no NOM, TiO2–NOMDIW, and TiO2–

NOMMHW in 10 mM phosphate buffer. It is noted that in
photodegradation experiments without phosphate treatment,
the TiO2 NPs without NOM agglomerate substantially over
the course of the 300 min photodegradation experiments
(z-average hydrodynamic diameter ≫1 μm by DLS) because of
charge neutralization or screening, either directly by Ca2+ in
the case of the MHW background or because of phenol
byproduct formation (likely organic acids)42–46 that can
adsorb and neutralize the positive TiO2 NP surface charge in
DI water (below the isoelectric point of the NPs). Hence, only
phosphate-treated NPs are compared where no significant
changes in pH or DLS size of the NPs were observed after 300
min of irradiation in the phosphate buffer.

Fig. 1 NOM species adsorbed to the TiO2 NPs from DIW or MHW, before and after phosphate washes, as identified by difference chromatogram
analysis of SEC-UV data. The estimated molar mass of NOM across the elution time was determined by SEC with multi-angle light scattering
(MALS) on a 3 g L−1 NOM sample (method details in the ESI†).
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For phenol itself, no significant differences were observed
in the rate of degradation between any of the cases (Fig. 2a
and 3a). Further investigations of the response of the two
immediate oxidation byproducts of phenol – hydroquinone
and catechol – were conducted to more comprehensively
evaluate differences in reactivity. Here we focus on these early
stage byproducts that were identifiable and quantifiable in
the LC analysis (example chromatogram and QTOF mass
spectra in ESI† Fig. S7a and b); note that further byproducts
can also form as the reaction proceeds24,42–49 but could not
be quantified here if external standards were not
commercially available. However, the overall mineralization
efficiency was measured by TOC removal after 300 min of
irradiation was less than 13% for the different TiO2 NPs
(ESI† Fig. S8). Considering that the contribution of carbon
from the remaining adsorbed NOM was 0.31 ± 0.07 mg C per
L and 1.74 ± 0.09 mg C per L for TiO2–NOMDIW and TiO2–

NOMMHW, respectively, compared to the added phenol
contribution of 38.3 mg C per L, the TOC is primarily from
phenol and its byproducts formed in the mineralization
process. A mole balance for the three measured phenolic
compounds (ESI† Fig. S9) accounted for <60% of the
measured TOC at the end of the 300 min experiments,
indicating that a significant amount of other byproducts are
also present in the samples. Dark controls for the NPs with
phenol and NP-free controls (irradiated mixtures of phenol,

catechol, or hydroquinone and 5 mg L−1 of NOM) showed no
significant losses of phenol and no significant production of
the byproducts of interest over the 300 min experiment.

Similar to phenol, there was no difference in the formation
or degradation of hydroquinone with the different NOM layers
(Fig. 2b and 3b). On the contrary, the degradation profile of
catechol was not only distinct in the different NOM-coated
TiO2 NPs, but the two coatings induced opposite effects on the
reactivity: TiO2–NOMDIW showed enhanced catechol
degradation, whereas TiO2–NOMMHW showed suppressed
catechol degradation (Fig. 2c and 3c). To explore and eliminate
the possible role of bicarbonate ions in the TiO2–NOMMHW

samples, studies were also conducted using TiO2 NPs exposed
to NaHCO3 before phosphate treatment. Prior studies have
reported contradictory results on the effects of bicarbonate.
Bicarbonate can enhance degradation,50 e.g. via increased hole
generation particularly at low concentrations,3 or by scavenging
electrons to enhance hole longevity, leading to overall higher
hydroxyl radical formation.51 However, other studies
contradictorily reported that bicarbonate can scavenge holes52

and quench hydroxyl radicals3,5 to form bicarbonate radicals
and thus have an inhibitory effect on the TiO2 reactivity. In the
present study, the degradation of phenol, as well as the
formation and/or degradation of hydroquinone and catechol,
using TiO2 exposed to bicarbonate was similar to bare TiO2,
suggesting that bicarbonate ions did not significantly influence

Fig. 2 Degradation of 20 mg L−1 phenol (a), and formation and/or degradation of hydroquinone (b) and catechol (c) using 100 mg L−1 of TiO2–no
NOM, TiO2–NOMDIW, or TiO2–NOMMHW (all in 10 mM phosphate buffer). No phenol losses were observed in dark controls after 300 min (not
shown). Error bars represent standard deviation across triplicate experiments.

Fig. 3 Degradation of 50 mg L−1 phenol (a), and formation and/or degradation of hydroquinone (b) and catechol (c) using 100 mg L−1 of TiO2–no
NOM, TiO2–NOMDIW, or TiO2–NOMMHW (all in 10 mM phosphate buffer). No phenol losses were observed in dark controls after 300 min (not
shown). Error bars represent standard deviation across triplicate experiments.
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the rate of degradation here (ESI† Fig. S10), which is consistent
with the fact that phosphate treatment displaces the
bicarbonate (ESI† Fig. S2). Hence, the key differences observed
for TiO2–NOMMHW are attributable to the NOM coating (not
the MHW exposure).

Overall, the results for phenol loss are consistent with
those reported by Long et al.18 that phosphate can mitigate
the inhibitory effect of NOM. However, the distinctive effects
of the two NOM layers on catechol degradation suggest that
(1) catechol reacts by a different degradation pathway and/or
interacts differently with the adsorbed NOM than phenol or
hydroquinone, and (2) differences in the NOM layer
properties can persist and influence the NP reactivity even
after phosphate treatment.

Differences in catechol degradation are mediated by physical
blocking and differences in ROS speciation for NOMMHW

layers and enhanced hole reactivity for NOMDIW layers

We hypothesized that catechol may be undergoing specific
surface reactions (as opposed to reaction with more highly
reactive ROS such as hydroxyl radical) and hence be more
significantly influenced by differences in the NOM surface
coatings. Indeed, prior studies have reported that catechol
can degrade through oxidation by holes whereas phenol and
hydroquinone degradation are hydroxyl radical mediated.17,53

To further evaluate this hypothesis, we first studied the
degradation using 20 mg L−1 catechol alone (i.e., not as a
byproduct of phenol oxidation). Unlike the catechol produced
in the phenol degradation experiments, no significant
differences were observed for pure catechol between the bare
or coated TiO2 NPs (ESI† Fig. S11). This result could be
attributable to the lack of competition with phenol and other
byproducts for ROS and/or surface sorption sites, and hence
exacerbated differences among the TiO2 NPs with different
NOM coatings in the phenol reaction experiments. Adsorption
studies of each contaminant (phenol, hydroquinone, and
catechol) to the TiO2 NPs without light exposure were thus
conducted to investigate potential differences in the physical
interaction with surface sites with the different NOM coatings.

Further experiments to probe for holes and various types of
ROS were also performed without phenol to directly evaluate
the reaction modes of the TiO2 NPs themselves, without
interference from phenol or its byproducts.

Adsorptive interactions. It has been well-established that
the adsorptive interaction is critical for direct oxidation by
holes17 or surface-localized ROS species. Hence, the
adsorption of phenol, hydroquinone, and catechol on the
different TiO2 NPs was evaluated (Fig. 4). Comparing the
three compounds in general across all the bare and coated
NPs, there was no measurable adsorption of phenol, in
agreement with prior studies indicating the absence of
phenol adsorption to TiO2 surface because of a lack of
stereochemical configuration that favors adsorption.54

Rather, catechol showed the highest degree of adsorption
compared to phenol and hydroquinone (Fig. 4). These results
are also in agreement with previous studies showing an effect
of the position of the hydroxylation on adsorption to TiO2:
the ortho hydroxyl position (catechol) was found to favor
adsorption through surface chelate coordination, while the
para position (hydroquinone) showed lower adsorption.17,55

Comparing the different TiO2 surface chemistries, TiO2–

NOMMHW showed the lowest catechol and hydroquinone
adsorption between the different TiO2 NPs (with a
significant difference at >95% confidence compared to
TiO2–no NOM, p = 0.012 and 0.017 for catechol and
hydroquinone, respectively), which could be attributed to the
higher adsorbed mass of NOM and hence thicker or less
patchy NOM layer, resulting in more limited available
surface sites for adsorption and reaction of the catechol at
the TiO2 surface, and hence the longer persistence of
catechol for TiO2–NOMMHW in the phenol degradation
studies (Fig. 2c and 3c). However, no significant difference
in catechol adsorption was observed between TiO2–no NOM
and TiO2–NOMDIW (p = 0.61) that could explain the
enhanced reactivity of TiO2–NOMDIW toward catechol.
Hence, to more fully evaluate the mechanisms influencing
differences in catechol degradation between the TiO2 NPs,
further investigations on ROS generation and hole
generation were conducted.

Fig. 4 Adsorbed mass of catechol (a) and hydroquinone (b) onto TiO2–no NOM, TiO2–NOMDIW, and TiO2–NOMMHW from 5 mg L−1 initial
concentrations of the catechol and hydroquinone in 10 mM phosphate buffer. Error bars represent standard deviation across triplicate
experiments.
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Generation of reactive oxygen species. Singlet oxygen
generation by the TiO2–no NOM, TiO2–NOMDIW and TiO2–

NOMMHW was evaluated using furfuryl alcohol as a probe
compound; no significant difference was observed across any
of the NPs (ESI† Fig. S12). However, distinctive results were
obtained by EPR spectroscopy using BMPO to trap transient
radical species56,57 generated during 10 min of UV irradiation
(Fig. 5). In the reactions with TiO2–no NOM and TiO2–

NOMDIW, the trapped radical species were predominately
hydroxyl radical (Fig. 5a and b). The BMPO–OH adduct
existed in an equilibrium of two conformers, with the same g
value but slightly different hyperfine splittings (ESI† Fig.
S13), giving rise to the overall symmetric EPR lineshape
(Fig. 5a and b). On the other hand, in the reaction with TiO2–

NOMMHW, the EPR lineshape of the BMPO-radical adduct(s)
was asymmetric indicating that different radical species were
trapped (Fig. 5c). Significantly lower radical species were
trapped in the reaction with TiO2–NOMMHW (Fig. 5c).
Therefore, in addition to the lower physical adsorption of
catechol to the TiO2–NOMMHW, different types of radical
species generated at lower level may contribute to the slower
degradation of catechol by TiO2–NOMMHW. However, similar
amounts of radical were trapped in the reactions with TiO2–

no NOM and TiO2–NOMDIW (Fig. 5a and b), and hence the
enhanced reactivity of TiO2–NOMDIW could not be explained
by ROS as probed here.

Hole generation. Holes can induce the oxidation of
pollutants by direct electron transfer at the NP surface.17 The
holes were quantified by a starch-iodine assay to quantify
iodine produced from the reaction of 5 mM KI. Notably,
TiO2–NOMDIW showed enhanced hole generation compared
to TiO2–No NOM and TiO2–NOMMHW (Fig. 6). Prior studies
reported that positively charged NOM radicals can be
produced by electron transfer between electron donating and
accepting moieties within NOM or photoionization of NOM
that results in loss of electrons14,15 and hence act as
additional holes. Therefore, an enhancement in direct hole
oxidation of catechol can explain the increased catechol

degradation using TiO2–NOMDIW. However, no increase or
decrease in hole generation was observed in TiO2–NOMMHW

relative to TiO2–No NOM. Because the TiO2–NOMMHW coating
was comprised of high and low molecular weight species, in
addition to the moderate molecular weight species observed
in NOMDIW, it is possible that either the specific
conformation of the NOMMHW layer is not conducive to
enhanced electron transfer, or any enhanced formation of
holes or positively-charged radicals is countered by
scavenging from the additional NOM species adsorbed in
TiO2–NOMMHW.

Conclusions and implications

This study identified that the detailed properties of adsorbed
NOM coatings, including differences in adsorptive
fractionation from a single type of NOM (e.g., Suwannee River
NOM) in different water chemistry (DIW and MHW), can
have persistent influences on the reactivity of TiO2 NPs even
after partial displacement of the NOM by phosphate.
Although phenol degradation was not impacted by the
residual NOM after phosphate treatment of the bare or NOM-
coated particles, the degradation of its catechol byproduct
was either enhanced or suppressed, depending on the NOM
adsorption condition. These findings imply that evaluation of
only a single “model” probe compound such as phenol may
preclude a full understanding of the photocatalytic reactivity,
whereas byproduct analysis provides additional insights into
a wider range of reaction pathways. Furthermore, this study
demonstrated that a mechanistic explanation for differences
in the photoreactivity of NOM-coated nanoparticles required
consideration of not only the ROS species generated, but also
direct surface interactions with the NPs, both physical
adsorption of catechol, and direct electron transfer
interactions such as hole formation. These considerations
can be important in the application of photoreactive
nanoparticles, as the overall hazard profile of the treated
water will require an understanding not only of the removal

Fig. 5 EPR spectra of BMPO-radical adduct(s) formed in the UV
irradiation reactions with TiO2–no NOM (a); TiO2–NOMDIW (b); and
TiO2–NOMMHW (c).

Fig. 6 Quantification of holes generated upon irradiation of the TiO2

NPs in 10 mM phosphate. Error bars represent standard deviation
across four replicate experiments.
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of the original pollutants but also the types and persistence
of byproducts formed.
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