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Continuous-Flow Photocatalytic Degradation of Glyphosate
and Aminomethylphosphonic Acid Under Simulated
Sunlight with TiO,-Coated Poly(vinylidene fluoride)

Membrane

Phuong B. Trinh, Siqi Liu, Nurul F. Himma, Béla Fiser, and Andrea |. Schdfer*

Degradation of glyphosate (GLY) and its primary metabolite, aminomethylphos-
phonic acid (AMPA) is investigated at environmentally relevant concentrations
using a poly(vinylidene fluoride) membrane with immobilized titanium dioxide
(PVDF-TiO,) in a continuous flow-through operation. The photocatalytic
degradation under the solar spectrum (AM1.5 g 350-1150 nm) is comparable
with that under UV Light (365 nm) at equivalent absorbed irradiance with
63-65% GLY and 21-25% AMPA removal. Hence, non-UV wavelengths do not
contribute to degradation. The limiting factors affecting degradation (irradi-
ance, flux, initial concentration, and pH) are investigated. The scavenger study
indicated eO,~ as the primary contributor to GLY/AMPA degradation, while
h}, played a significant role as well. One of the most possible degradation
pathways for GLY and AMPA in the photocatalytic membrane reactor is eluci-
dated using the G3MP2B3 composite method via bond dissociation enthalpy
(BDE) values. GLY degradation to AMPA and oxalic acid is identified as the
preferred pathway due to the weak C—N bond. Under optimized conditions
(highest irradiance of 98 mW cm~2, and lowest flux of 60 L m~2 h—1), 95%
GLY and 80% AMPA are removed by the PVDF-TiO, membrane. The potential
of photocatalytic membranes for the degradation of low molecular-weight,
charged micropollutants in continuous operations is highlighted.

1. Introduction
1.1. GLY and AMPA in the Water Environment

Glyphosate (N-(phosphonomethyl) glycine, GLY) was introduced
in the 1970s under the trade name Roundup by Monsanto, USA,

and has since become the most widely used
herbicide globally."?) Aminomethylphos-
phonic acid (AMPA), the primary metabo-
lite of GLY, is formed via C—N bond
cleavagel®l and is frequently detected in
surface waters alongside GLY.*] AMPA
exhibits similar toxicity to GLY and is
more thermodynamically stable.[%”] Expo-
sure to GLY has been linked to DNA dam-
age, cytotoxic effects, reduced male fertil-
ity, cancer, and endocrine disruption.®11]
Due to these severe health effects, more
than 177000 lawsuits have been filed
against Roundup, resulting in Monsanto
(now Bayer) paying nearly $16 billion for
settlements.['?] Schwientek et al. claimed
that aminopolyphosphonates in laundry de-
tergents were the main source of GLY in
European rivers, rather than agricultural
runoff, as was previously thought.[3] This
finding added up to the debate on whether
GLY should be banned in Europe.['*! De-
spite environmental and public health
concerns, the European Commission re-
newed the marketing authorization for
GLY until 2033, allowing its continued use in agriculture (cov-
ering 30% of the acreage for annual crops and 50% for peren-
nial tree crops).'>17) With the expanding usage of GLY, the in-
creasing concentration of GLY and AMPA can reach surface and
groundwaters via leaching.['¥! GLY and AMPA have been de-
tected in European surface waters at concentrations of up to 370
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and 200 pg L7, respectively,'*2!] while in Germany, GLY and

AMPA concentration at 1 ug L~! was reported in surface water.[??]
Such concentrations in water supplies require advanced treat-
ment technologies to meet the European Union (EU) drinking
water guidelines of 100 ng L™ for each herbicide and 500 ng L~!
for total herbicide concentration.!?3!

1.2. Limitations of Current GLY and AMPA Removal Technologies

Due to the small molecular weight of GLY (169 g mol™')
and AMPA (111 g mol™') and their complex physiochemi-
cal properties (strongly polar, hydrophilic, and non-volatile),
conventional water treatment technologies could not remove
GLY and AMPA effectively.?**] Coagulation and flocculation
achieve poor removal of <20%/?; while electrocoagulation
was reported to increase removal to 30-40%.%] Various ad-
sorbents, including activated carbon,!?®?1 biochar,?**!l multi-
walled carbon nanotubes,3?] resins,33] metal-organic frame-
works (MOFs),[3#3°] magnetite nanoparticles!*®! could effectively
remove 50-90% GLY and AMPA. Even for commercial materials,
the regeneration remains a challenge.l’”] Membrane technolo-
gies such as nanofiltration (NF) and reverse osmosis (RO) are
semi-permeable barriers that partially remove 70-90% GLY.[38-41]
However, these processes require high energy inputs (pressures
up to 25 bar),3%] pre-treatment,[“>*3] and require further concen-
trate treatment to eliminate micropollutants.[*!

Advanced oxidation processes (AOPs) have emerged as
promising alternatives with rapid degradation and non-selective
oxidation.[* Ozonation and ultrasonication could remove 45-
80% GLY from water at an initial concentration > 30 mg L=1.[4647]
Photo-Fenton!**->%l and electro-Fenton!*'*? have been applied for
GLY degradation in the presence of iron, with the removal of
40-80% from the initial concentration of 5-10 mg L~!. Tran
et al. used Ti/PbO, anode for GLY electrochemical degrada-
tion, which could remove > 90% from an initial concentration
of 16.9 mg L7153 However, some AOPs techniques can pro-
duce hazardous by-products, such as ozonation forming non-
biodegradable bromates.>* Furthermore, the stability of reac-
tive oxygen species (ROS) precursors can also limit the perfor-
mance of AOPs in micropollutant degradation.l>>*®! Among dif-
ferent AOPs, heterogeneous photocatalysis using light-activated
semiconductors provides advantages for degrading persistent
micropollutants, including high degradation efficiency, cost-
effectiveness, elimination of chemical additives, and reusable cat-
alyst systems,>’] even though up-scale to pilot operations has not
been implemented.

1.3. TiO, Photocatalytic Degradation of GLY and AMPA

Titanium dioxide (TiO,) has been extensively researched for pho-
tocatalytic degradation due to its physical and chemical stabil-
ity, low cost, and exceptional photocatalytic activity.’®%°1 Ow-
ing to the potential oxidizing capacity of generated ROS, TiO,-
mediated photocatalysis effectively degrades GLY, along with its
primary degradation intermediate AMPA.[*¢] Commercial Aerox-
ide© TiO,-P25 has been investigated for GLY degradation in
batch experiments, with the removal of > 90% from an initial
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concentration of 25 mg L~1.[%1] TiO, has also been coated onto
various materials, such as magnetic NiFe,0,,[°?] graphene,[®}] en-
hancing GLY removal from 65% to > 90%. However, most studies
on GLY photocatalytic degradation have used high feed concen-
trations (in mg/L),[>%] owing probably to analytical challenges.
However, environmentally relevant concentrations in the nano-
or microgram-per-litre range,[®%! tend to exhibit different re-
action kinetics and transport behaviors due to the typical mass
transfer limitations of micropollutants.[®’]

TiO, photocatalytic efficiency is limited by the rapid charge re-
combination of electron-hole pairs and its wide bandgap (3.0-
3.2 eVI®)) which restricts activity under visible light.”%71 As a
result, most TiO,-based photocatalysis studies on GLY degrada-
tion have been conducted under UVA irradiation,!”>7# which has
the maximum absorption wavelength (4,,.) #400 nm.[”>] How-
ever, the need to reduce carbon emissions from fossil fuel-based
electricity generation has driven the research under UV light to
photocatalysis powered by solar energy.”®”’] Although only 5%
of solar radiation reaching the Earth’s surface lies in the UV
spectrum,/’®7°1 TiO, photocatalysis remains viable under solar ir-
radiation, even though much less efficient, and has been shown
to effectively degrade pollutants in water.®%81] Amiri and An-
bia have used a carbon-doped TiO, /clinoptilolite nanocompos-
ite for GLY degradation under visible light, which can remove
84% GLY from an initial concentration of 30 mg L', and AMPA
was found in the degradation products in batch experiments.[2]
Therefore, GLY and AMPA degradation by TiO, under solar
light at environmentally relevant conditions remains an area of
interest.

1.4. Photocatalytic Membrane Reactors

Photocatalytic membrane reactors consist of either a suspended
catalyst in suspension prior to a membrane or one that is immo-
bilized in a membrane. Suspension-based photocatalysis tech-
nologies face several challenges, including reduced light pene-
tration due to photocatalyst agglomeration, turbidity effects, cat-
alyst recovery, and mass transport of reactants and ROS.[8384]
Chen et al. determined that TiO, loading was a limiting fac-
tor for GLY degradation in batch, where more ROS was pro-
duced; however, further increase in TiO, loading could prevent
light penetration and might cause catalyst agglomeration.[”273]
Photocatalytic membrane reactors (PMRs) integrate photocatal-
ysis with membrane filtration in a single unit, typically by im-
mobilizing the catalyst into a membrane. This overcomes the
need for photocatalyst recovery and reduces catalyst agglomera-
tion of suspended systems.!®-7] For micropollutant degradation,
mass transfer is the main limitation of both batch and photocat-
alytic membrane reactors.[#’] This can be mitigated in a turbu-
lent flow operation®] and through diffusion-driven transport at
low membrane fluxes, while in small membrane pores, bound-
ary layer phenomena are minimized. Membrane photocatalysis
offers a high surface-to-volume ratio, improves contact between
pollutants and catalysts, which overcomes common drawbacks
of batch systems.[89% TiO, has been successfully integrated into
membranes to enhance the removal of micropollutants, such as
steroid hormones!®!l and pharmaceuticals,[*>?3] with reported re-
moval > 90%. TiO,-based photocatalytic membranes for GLY and
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AMPA degradation from water have not yet been reported, even
though mechanisms appear feasible.

1.5. Mechanisms of GLY and AMPA Photocatalysis Degradation
by TiO,

Photocatalysis involves the absorption of photons by TiO, which
leads to the excitation of electrons from the valence band to the
conduction band (ez,) and generates electron holes in the va-
lence band (h},).°*%! These charge carriers can directly degrade
pollutants adsorbed on the TiO, surface. Additionally, the pho-
toinduced charge species participate in redox reactions with oxy-
gen and water, resulting in the sequential production of ROS,
which degrade various persistent micropollutants.[*®! h can ox-
idize water molecules (H,O) or hydroxide ions (OH™) to create
hydroxyl radicals (¢OH), which are the primary species formed
and the dominant ROS. With a redox potential of E’ 0 =
+2.8 V19781 o OH facilitates the non-selective oxidation of diverse
organic pollutants. Meanwhile, e, can reduce oxygen molecules
to form superoxide radicals (¢O,~) which despite having a lower
reactivity than eOH, can be produced by oxygen reduction with
a redox potential of Ef);, o, = +0.94 V. The photodetach-
ment of electrons from O, results in the formation of singlet
oxygen (10,, Efoz jo; = +0.65 V1) 'which is the primary mech-
anism for its formation in TiO, photocatalysis.!1?!]

GLY and AMPA degradation involves the oxidation by ROS,
which can occur through two main pathways: i) C—N bond cleav-
age to produce AMPA and glyoxylic acid, and ii) C—P bond cleav-
age to produce sarcosine, which is then degraded to glycine.['®!
The latter pathway is preferred due to the formation of safer inter-
mediate products.[%#192103] However, the C—P bond in phospho-
nic acids is thermally stable and chemically resistant, which is as-
sociated with its high bond energy.'® The reaction rates of GLY
and AMPA with ROS follow the first-order kinetics (A + B — C),
depending on the concentrations of GLY/AMPA and the rate con-
stant (r = k - [ROS|[GLY))

(r=Fk-[ROS]-[GLY)) (1)

The degradation mechanisms of GLY and AMPA become more
complex in synthetic and real water matrices due to the presence
of ROS scavengers (e.g., CO,27, HCO,™), which compete with
GLY and AMPA for ROS reactions, thereby leading to incom-
plete degradation.[1%>1%] While the identification of metabolites
is extremely challenging, in particular in relevant concentrations,
computational chemistry allows to identify of most likely path-
ways.

1.6. Computational Chemistry Calculations of GLY and AMPA

Analysis of likely electron transfer pathways in micropollutant
molecules and free radical attack mechanisms is critical to ad-
dress environmental persistence and potential formation of haz-
ardous by-products.[®!] Understanding the fate of GLY and AMPA
in degradation is environmentally essential, as incomplete trans-
formation may result in the release of stable, harmful residues
into aquatic ecosystems, posing risks to biodiversity and human
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health.[1% In complex photocatalysis systems, the coexistence of
multiple ROS may lead to different degradation pathways, some
of which could produce more toxic intermediates than the parent
compounds (i.e., methylphosphonic acid or nitrosamines).[®!:1%7]
Quantum chemical calculations has proven to be a powerful tool
to obtain deeper insight into reaction mechanisms, as well as of-
fer a very valuable complement to experimental studies.[1%10]
Sadatsharifi et al. used density functional theory (DFT) to inves-
tigate the possible breakdown pathway of GLY by photodegrada-
tion in different environments, which was influenced by the type
of radical species and pH.!"'%! The photodegradation of GLY by
manganese oxide and UV light showed that the favour degrada-
tion pathway depended on the ratio of photocatalyst and GLY.I'!!]
The degradation of GLY and AMPA was influenced by the sol-
vents, where solvent interactions affected stability.'!? Limita-
tions of previous research lie in the detailed knowledge about
the reaction pathways, especially for the evolution of intermedi-
ates, because of the difficulties in experimental investigation of
the complex intermediate structure.

There are several computational chemistry tools available, in-
cluding various density functional theory and ab initio methods,
but to get accurate thermochemical properties, proper method
selection is inevitable by considering the features of the studied
system.l'3] As the degradation process of the molecules, GLY
and AMPA, considered in this project includes the formation
of radical species, bond dissociation enthalpies have to be de-
termined to describe fragmentation pathways. Therefore, the se-
lected method has to be able to handle radical species and pro-
vide accurate thermochemical properties. One of the most suit-
able computational tools is the G3MP2B3 composite quantum
chemistry method, which has been proven to be applicable for
such systems numerous times.[''#115] G3MP2B3 belongs to the
family of Gaussian-3 (G3) theory methods. It was developed to
be efficient in terms of computational cost without compromis-
ing accuracy.''®117] The G3MP2B3 protocol includes geometry
optimisations and frequency calculations at the B3LYP/6-31G(d)
level of theory (B3).11%17] Additional single-point energy calcu-
lations are also carried out on the optimized structures within
the G3MP2B3 protocol, to finetune the accuracy of the deter-
mined energies. These include QCISD (Quadratic Configuration
Interaction with Singles and Doubles) and MP2 (second order
Moller-Plesset perturbation theory) calculations.16117] All in all,
the DFT-based geometry (B3) and the additional single-point cal-
culations (QCISD and MP2) with the proper protocol in place
provide an accurate and reliable computational tool to determine
the thermochemical properties.

This research investigates the removal of GLY and AMPA
in water at the environmentally relevant concentration using a
photocatalytic membrane in a flow-through configuration. The
degradation performance of a PVDF-TiO, membrane under sim-
ulated sunlight is compared to that under UV light, with an eval-
uation of limiting factors in GLY/AMPA photocatalytic degrada-
tion. Additionally, the interplay between ROS dynamics and ma-
trix effects is explored to determine the degradation pathways of
GLY and AMPA by determining the corresponding bond disso-
ciation enthalpy values using the G3MP2B3 composite method,
which uses the Gaussian-3 theory (G3) as a high-level ab ini-
tio method to calculate molecular energies, where the Mgller-
Plesset perturbation theory (MP) is a method used to improve the
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Figure 1. GLY (A) and AMPA (B) permeate concentration versus cumulated permeate volume under solar simulator and UV light (PVDF and PVDF-TiO,,
¢f (GLY/AMPA) = Tpg L™, J,= 600 Lm=2 h~", | (AM1.5 g 350-1150 nm) = 50 mW cm~2, / (365 nm) = 2.1 mW cm™2, pH 8.1 £ 0.2, 23 + 1°C).

accuracy of ab initio calculations and the geometries and zero-
point vibrational energies are calculated using the B3LYP density
functional theory (DFT).

2. Results and Discussion

To evaluate the photocatalytic degradation performance, the re-
moval of GLY and AMPA was examined under both UV and solar
light. The limiting factors affecting photodegradation were then
systematically investigated. The photodegradation pathway was
analyzed using the G3MP2B3 composite computational chem-
istry method, which was employed to determine all unique BDE
values. Finally, an optimized experiment was conducted where
limiting factors were reduced to determine whether GLY and
AMPA removal is able to meet EU regulatory requirements in
principle. The standard experimental conditions are shown in
Table S1 (Supporting Information), and the operating parame-
ters are presented in Figures S1-S12 (Supporting Information).

2.1. Photocatalytic Degradation with Simulated Solar Light and
UV Light

The removal efficiency of GLY and AMPA through photolysis and
photocatalysis was assessed by comparing degradation perfor-
mance under simulated solar light (350—1150 nm, 50 mW cm2)
and UV light (365 nm, 2.1 mW cm™?) to determine the feasibil-
ity of using solar irradiation for effective removal (Figure 1). The
irradiance was adjusted to reflect the UV light in the simulated
solar light. By integrating the solar irradiance in the wavelength
< 400 nm, UV irradiance accounts for 4.2% of the simulated so-
lar irradiance (Figure S13, Supporting Information). Hence, the
solar irradiance at 50 mW c¢m=2 is equivalent to UV irradiance
at 2.1 mW cm~2. GLY and AMPA were prepared in a mixture as
GLY and AMPA typically coexist in the environment at a concen-
tration of 1 ug L' each, as observed in Germany.[??]

In the absence of TiO,, no significant degradation of GLY or
AMPA was observed when comparing UV and simulated solar
light at the chosen irradiance values (Figure 1). The permeate
concentrations of GLY and AMPA were 0.9-1 + 0.1 pug L~! when
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the pristine membrane was used for filtration (Figure 1), indi-
cating that no measurable photolysis took place. Papagiannaki et
al. reported that GLY photolysis occurred under UV light (wave-
length 254 nm, irradiance ~23 ] cm~2) in batch experiments and
achieved 90% degradation in water.''®] However, in this study,
photolysis was not observed in dynamic filtration, possibly due to
the high flux or low hydraulic residence time (Figure S14, Sup-
porting Information), which reduced the contact time between
GLY/AMPA, and UV light. A similar phenomenon was observed
in a dark-phase experiment, where the permeate concentrations
were 1 + 0.1 ug L7, indicating no adsorption of GLY or AMPA
onto the PVDF-TiO, membrane (Figure S15, Supporting Infor-
mation). Since photolysis and membrane adsorption did not con-
tribute to GLY and AMPA removal, photocatalytic degradation by
the PVDF-TiO, membrane can be investigated.

GLY and AMPA degradation was observed under both UV and
simulated solar light with the PVDF-TiO, membrane. Under UV
light (I35 pn = 2.1 mW cm™2), the permeate concentration de-
creased from 1 + 0.1 ug L™! (feed solution) to 0.4 + 0.06 ug L~! for
GLY and 0.8 + 0.1 pg L' for AMPA (Figure 1). This photodegra-
dation was anticipated, as TiO,-based photocatalysis for GLY
degradation is well-established under UV irradiation.”>7* Un-
der simulated solar light, the permeate concentration decreased
from 1 + 0.1 pg L' to 0.4 + 0.06 pg L' for GLY and 0.8 +
0.1 pg L7 for AMPA (Figure 1), this comparable reduction ob-
served under simulated solar light suggests that non-UV solar
spectra does not contribute to degradation. This conclusion was
further supported by filtration experiments conducted at differ-
ent wavelengths (Figure S16, Supporting Information).

Removal and rate of disappearance (r;) for GLY and AMPA
under 350-1150 nm were comparable to those observed under
365 nm. Specifically, GLY removal was 65 + 6% under 350—
1150 nm and 63 = 6% under 365 nm, while AMPA removal was
25 + 6% and 20 + 7 %, respectively. The corresponding r;/ val-
ues were (6-7) = 1 - 10" mol m=2 ~!s7! for GLY and 3 + 0.5 -
10" molm=2 ~'s~! for AMPA. Meanwhile, at wavelengths of 400
1150 nm (non-UV range), both removal and r; values were neg-
ligible, confirming that non-UV wavelengths did not contribute
to GLY and AMPA degradation.

Under both UV and solar light, the permeate concentration of
GLY was consistently lower than that of AMPA, with values of 0.4
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Figure 2. Permeate concentration (c,) versus cumulated permeate volume with individual GLY (A) and individual AMPA (B) (PVDF-TiO,, ¢f (GLY/AMPA)
=1pgL™",J,=600L m=2h~" | (AM1.5 g 350-1150 nm) = 50 mW cm~2, pH 8.1+ 0.2, and 23 + 1°C).

+ 0.06 ug L for GLY and 0.8 + 0.1 ug L' for AMPA (Figure 1).
The photodegradation of AMPA was insignificant, which was
also found in previous research on AMPA degradation [48.119] Fyr-
thermore, the r; value for GLY (6 + 1 - 10" mol m™2 s™') was
about twice that of AMPA (3 +£ 0.5 - 10'° mol m~2 ~1s71) (Figure
S16, Supporting Information). The higher degradation rates for
GLY and AMPA could be attributed to either i) the greater sta-
bility of AMPA compared to GLY,'?% or ii) AMPA generation as
an intermediate product during GLY degradation, which will be
examined in subsequent sections.

2.2. Individual GLY and AMPA Degradation

To investigate whether AMPA forms as a degradation product
of GLY degradation, the photocatalytic degradation of GLY and
AMPA was examined individually under simulated solar light
(AM1.5G, 350-1150 nm, irradiance = 50 mW cm~2) (Figure 2).

During individual photodegradation experiments, the perme-
ate concentration of GLY remained lower than that of AMPA, in-
dicating a higher degradation for GLY than AMPA by the PVDF-
TiO, membrane under solar light (Figure 2). AMPA did not show
a significant increase in concentration during the experiment. In
fact, AMPA is known to be more persistent than GLY,'2! which
results a lower and slower degradation compared to GLY (as can
also be seen in Figure 1; Figure S16, Supporting Information).
Furthermore, the degradation of GLY and AMPA by the TiO,
catalyst has been reported to be influenced by adsorption onto
the TiO, surface.'?”] While adsorption was not measurable in
the light phase, GLY and AMPA, as well as their photodegra-
dation products, may adsorb onto TiO, and the membrane sur-
face via hydrogen bonding, van der Waals interactions, and sur-
face complexation with the phosphonate, amine, and carboxylate
functional groups.['?2123] GLY has been reported to have a higher
affinity for TiO, than AMPA due to the stronger functional group
interactions!'?*l and higher molecular weight.[] It is also possi-
ble that the degradation rate of GLY and AMPA is different, which
means both the adsorption and degradation interplay, leading to
higher apparent removal of GLY.

In the individual photodegradation of GLY (Figure 2A), there
was no significant difference in GLY permeate concentration be-
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tween the mixture (0.4 + 0.1 ug L', Figure 1A) and the individ-
ual experiment (0.3 + 0.1 pg L1, Figure 2A), indicating that the
presence of AMPA did not affect GLY degradation. In the indi-
vidual photodegradation of AMPA, the permeate concentration
(0.7 + 0.1 ug L1, Figure 2B) was insignificantly lower than in the
mixture (0.8 + 0.1 pug L™}, Figure 1B). A contribution of compe-
tition between GLY and AMPA for degradation sites,'?°] or the
formation of AMPA during GLY degradation!'?! could thus not
be determined. In Figure 2A, AMPA was detected in the perme-
ate at a concentration of 0.1 + 0.02 pg L~! during GLY degrada-
tion, indicating a marginally higher permeate concentration of
AMPA in the mixture than in the individual photodegradation
experiment. The formation of AMPA in GLY photodegradation
by TiO, has been reported in batch experiments, where AMPA
was identified as a reaction intermediate.[®!) The degradation of
the GLY to AMPA pathway is indeed kinetically preferred,!'%) in-
creasing the possibility of AMPA formation even though no clear
evidence is identifiable in these low hydraulic residence time
experiments.

To gain deeper insight into the mechanism of GLY and AMPA
degradation by the PVDF-TiO, membrane under simulated solar
light, the rate-limiting steps were investigated under varying op-
erating conditions, including irradiance, flux, and water quality
(initial herbicide concentration and pH).

2.3. Photocatalytic Degradation of GLY/AMPA Enhancement by
Irradiance

Light intensity determines the number of photons available for
the photocatalyst surface, which would affect the reactive oxygen
species (ROS) generation. To evaluate photon availability as a lim-
iting factor for GLY and AMPA degradation, photocatalytic exper-
iments were conducted under varying irradiance intensity for UV
(0.4-4.1 mW cm~2) and simulated solar light (10-98 mW cm~2)
(Figure 3).

Under UV light, GLY removal increased from 48 + 6 to 68 + 8%
as UV irradiance increased from 0.4 to 4.1 mW cm~? (Figure 3A),
for AMPA, removal increased marginally from 10 + 3 to 26 + 7%,
with significant error. The rate of disappearance (r;') increased
from5+1to7+ 110" mol m=2 s7! for GLY and from 1 + 1
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Figure 3. Removal and rate of disappearance (r ') of GLY and AMPA at varied irradiance of UV light (A, B), solar simulator (C, D), and UV channel in the
solar simulator (E, F) (PVDF-TiO, ¢ (GLY/AMPA) =Tugl™",J,=600Lm=2h~" pH8.1+0.2,and 23 + 1°C). Intensity of light in the UV wavelengths
induced by the solar irradiator (C and D) is equivalent to the intensity of UV light |nduced by the LED (A and B). Dotted lines are guides for the eye.

to4 +1-10' mol m~? s7! for AMPA (Figure 3B). The slight in-
crease in GLY and AMPA degradation contradicts previous work
on steroid hormone degradation by the same PVDF-TiO, mem-
brane, where steroid hormone removal increased significantly
from 10 to 74 + 7% when increasing the UV irradiance from
0.5 to 5 mW cm™2.['?] However, it is noted that the error bars
between different irradiance of UV overlap, which hindered the
effect of varying irradiance on the photodegradation of GLY and
AMPA.

Under solar light, GLY removal increased significantly from
23 + 6% to 79 + 4% as solar irradiance increased from 10
to 70 mW cm~2, then plateaued at 79-85% for irradiance >
70 mW cm~ (Figure 3C). The rlf' of GLY increased from 2 +
0.3 - 10" mol m™2 s7! to 8 + 2 - 10!° mol m~2 s7! for the ir-
radiance range from 10 to 70 mW cm~2, stabilizing at 8 + 2 -

Adv. Funct. Mater. 2025, e11431 e11431 (6 of 16)

10" mol m~ s~ for irradiance > 70 mW cm~2 (Figure 3D). The
significant increaseinr, atlower irradiance indicates an increase
of electron-hole formation rate, which consequently increases the
ROS production and enhances the removal of GLY under solar
light.[128] Therefore, ROS generation is limited by photon avail-
ability. However, at higher irradiance (>70 mW cm™2), r;' was sta-
ble at 8 + 2 - 10" mol m~? s~ which was attributed to electron-
hole recombination, which makes r/ independent of light
irradiance.l'?®]

Meanwhile, AMPA degradation commenced later, at an irradi-
ance of 35 mW cm™2, with removal increasing from 25 + 6% to
62 + 8% as irradiance rose from 50 to 98 mW cm~? (Figure 3C).
Below 35 mW cm™2, no degradation was observed, with r;' of
AMPA remaining < 10'° mol m~? s~!. This indicates that i) pho-
ton flux was insufficient to generate enough ROS for effective

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIERID 3(edl|dde 8Ly Aq peusenob ae Sspiie O ‘8sn J0 SaInJ 10} ARIq1T 8UIUO A8]1M UO (SUONIPUCO-PUB-SW.B) W00 A8 1M AR1q 1 Ut |UO//Sdy) SUonIpUoD pue swie | 8y 8es *[520z/2T/70] uo Akeiqiauljuo A(1Mm ‘9160jouyoe 1 Ind Imisu| jeynssie A TEFTTSZ0Z WiPe/Z00T 0T/10p/uoo A 1M Aiq 1 puljuo psoueApe//Sdny Woiy pepeojumoq ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

'ANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

100 T T T T T T 25
A|l @ GLY A AMPA B
80 E 420 ~
0
o o~
O\O ~
~ 60 i\ E -15§
(“ ,/ O
8 ’// \g’
NSNS |
4 i 2
| % i 2 P%ii - [

0
0 1ooo 2000 3000
Flux (L/m2.h)

1 1 O
1000 2000 3000 4000
Flux (L/mZ2.h)
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AMPA degradation; ii) AMPA was less photodegradable than
GLY. These findings reinforce the previous statement following
Figure 2 that GLY is more degradable than AMPA. The slight
difference in the removal and rate of disappearance of GLY and
AMPA between UV and solar was contributed by the difference
in light characteristics between the UV lamp and solar simulator
(Figure 3E,F).

Since mass transfer is likely to be a limiting factor in the pho-
todegradation of GLY and AMPA by the PVDF-TiO, membrane,
due to the low herbicide concentrations, flux and initial concen-
tration were further investigated.

2.4. Mass Transfer and Hydraulic Residence Time

Water flux determines the hydraulic residence time of microp-
ollutants in contact with ROS and influences the molar flux of
GLY and AMPA. To identify the threshold for a contact-time-
independent region in GLY/AMPA removal, filtration experi-
ments were conducted across a flux range of 60-3000 L m~2 h~!
(Figure 4). This flux range corresponds to a hydraulic residence
time decrease from 4.5 to 0.09 s and a molar flux increase (that in-
dicates the amount of herbicide brought to the membrane) from
10'°t0 49 - 10! mol m=2 s7! for GLY and 10 to 75 - 10'° mol m~?
s! for AMPA (Figure S14, Supporting Information).

Both GLY and AMPA removal decreased as flux increased from
60 to 1500 L m~2 h7!, then stabilized at a flux > 2000 L m~2 h™!
(Figure 4A), which was associated with a reduction in hydraulic
residence time from 4.5 to 0.09 s. GLY removal decreased from
75 + 5% to 10 + 9% as flux increased from 60 to 1500 L m™
h=! (with hydraulic residence time decreased from 4.5 to 0.2 s).
At flux < 2000 L m™? h™!, GLY r; increased from 10'° to 10 + 3
- 10 mol m~2 s7!, corresponding to an increase in molar flux
from 10% to 25 - 10'° mol m~2 s~! for GLY (Figure S14, Support-
ing Information). In essence, at a higher flux, less time is avail-
able to degrade more herbicide, which results in a concurrent re-
duction in removal and an increase in the rate of disappearance.

Similarly, AMPA removal decreased from 82 + 4% to 7 + 6%
as flux increased from 60 to 1500 L m~2 h~! (with hydraulic res-
idence time decreasing from 4.5 to 0.2 s). AMPA rtf/ increased
from 10 to 4 + 1 - 10" mol m=2 s~! at flux < 1500 Lm=2 h™!,

Adv. Funct. Mater. 2025, e11431 e11431 (7 of 16)

associated with a rise in molar flux from 10% to 38 - 10'° mol m~2
s7! for AMPA. The decrease in removal and the increase in the
rate of disappearance rg' of GLY and AMPA suggested that photo-
catalytic reaction kinetics were not limited by the surface reaction
rate but rather by mass transfer and molar flux to the membrane
surface. The increase in r; of GLY with flux was more significant
compared to AMPA at flux < 1500 L m~2 h7!, likely due to the
higher diffusivity of AMPA (9 - 1071° m? s7! at 23 °C) compared
to GLY (7 - 1071 m? s7! at 23 °C),'*! allowing more AMPA to
pass through the membrane.

At flux > 2000 L m~2 h! (hydraulic residence time < 0.2 s),
GLY and AMPA removal stabilized at 10-15 + 9% and 5-7 + 4 %,
respectively. GLY r; increased from 10'° to 10 + 3 - 10'* mol m~2

1 while AMPA ri" increased to 12 + 4 - 10° mol m=2 s~ at
a flux of 3000 L m~2 h~!. At low hydraulic residence times (<
0.2 s), degradation was controlled by the surface reaction rate,
which was consistent with findings in other flow-through pho-
tocatalytic reactor studies.!'””13%] To what extent the herbicide
concentration determines this reaction rate will be investigated
next.

2.5. Water Quality: GLY and AMPA Concentration

To investigate the extent to which the removal and degradation
rates of GLY and AMPA are limited by their initial concentra-
tions, photocatalysis was performed across a wide range of con-
centrations (0.1—10000 pg L™'), which are environmentally rel-
evant (Figure 5). The hydraulic residence time in these experi-
ments is 0.5 s.

GLY and AMPA removal decreased (from 65 + 6 to 5 + 4% for
GLY and from 82 + 8 to 2 + 2% for AMPA) as the feed concen-
tration increased from 0.1 to 10 000 ug L~! (Figure 5). The rate of
disappearance (r;') for both GLY and AMPA rose from 0.4 + 1 -
10 to 4671 + 597 - 10® mol m~2 s7! for GLY and from 1.1+ 1 -
10'° 0 2703 + 373 - 10'° mol m~* s~! for AMPA with an increase
in feed concentration. This linear increase in r: was attributed to
the higher initial concentration, resulting in greater surface cov-
erage of the photocatalyst. Therefore, the amount of herbicide at
the surface was a limiting factor for the photodegradation of GLY
and AMPA by the PVDF-TiO, membrane.
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At concentrations exceeding 1000 pg L7, the minimal re-
moval of GLY and AMPA (2-5%) indicates that the PVDF-
TiO, membrane has reached its limits of what can be degraded
with the available ROS in the given time, even through r;/ for
both compounds continued to increase, reaching 4671 + 597 -
10" mol m=2 s7! and 2703 + 373 - 10'° mol m~2 s7!, respec-
tively. This indicates that degradation was still controlled by the
feed concentration and thus the availability of micropollutant
molecules in the photocatalytic membrane reactor, where mass
transfer limitation was eliminated by the convective flow. Care-
ful process design is required to ensure that both removal and
the highest possible reaction rates ensure optimal performance.
For water treatment applications, the high concentrations are not
relevant for micropollutants, and results are clearly concentration
dependent.

2.6. Water Quality: pH of GLY/AMPA Solution

The pH of the solution can influence the photocatalytic degra-
dation of GLY and AMPA by altering speciation, surface interac-
tions between GLY/AMPA and the catalysts, as well as affecting
the concentration of ROS. To evaluate the extent to which pH-
dependent interactions contribute to GLY and AMPA degrada-

) of GLY/ AMPA under solar simulator at varied feed concentration (PVDF-TiO,, J,, = 600 L m~2
+ 0.2, and 23 + 1 °C). Dotted lines are guides for the eye.

tion, photocatalysis was investigated at varied initial pH ranging
from 2 to 12 (Figure 6).

The removal of GLY and AMPA decreased drastically from 86
+ 3 to 4 + 4% for GLY and from 51 + 9 to 3 + 3% for AMPA
(Figure 6) as the pH increased from 2 to 12. This trend corre-
sponds to a change in GLY charge from +0 to —3 and in AMPA
charge from +0 to —2 (Table S2, Supporting Information). Mean-
while, r for GLY and AMPA decreased from 8 + 2 - 10" to 1
+ 0.2 - 10 mol m=2 s7!, and from 6 + 2 - 101° to 1 + 0.2 -
10 mol m~2 s7!, respectively. TiO, has a point of zero charge
(pH,gp) at 3.3, with the negative charge at pH > 3.3.113! Therefore,
at low pH, GLY and AMPA could accumulate on the metal ox-
ide surface (TiO, in this study) due to electrostatic attraction and
adsorb on the TiO, surface.['*?] The adsorption of GLY/AMPA
at the dark phase showed that GLY and AMPA were adsorbed
better at lower pH than at higher pH (Figure S18, Supporting
Information). Functional groups, such as carboxyl and phospho-
nate, of the herbicides can form complexes and have hydrogen
bonding with TiO,.[122123133] At pH > 4, GLY and AMPA charges
range from —1- —3, while TiO, is negatively charged, leading to
electrostatic repulsion. Furthermore, an increase in pH enhances
the competition of OH~ with complexation and hydrogen bond-
ing, resulting in mononuclear monodentate complexes between
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Figure 6. Removal (A) and rate of disappearance (r.”) (B) of GLY/ AMPA under solar simulator at varied initial pH of feed solution (PVDF-TiO,, ¢¢
(GLY/AMPA) = 1pg L', J,, = 600 Lm=2 h~", | (AM1.5 g 3501150 nm) = 50 mW cm~
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2 and 23 + 1°C). Dotted lines are guides for the eye.
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GLY/AMPA functional groups and Ti at high pH.!'?2132] Conse-
quently, lower adsorption onto TiO, results in decreased photo-
catalytic degradation of GLY and AMPA by the PVDF-TiO, mem-
brane.

Moreover, different pH could affect ROS formation by chang-
ing the ROS concentration. The decreased removal at higher
pH was also reported in other study, where acidic conditions
were preferred for GLY photodegradation due to the formation of
e¢OOH, a less reactive species.””] In the study of Chen and Liu in
batch experiments, GLY removal increased from 36% to 67% with
the decrease of pH from neutral to acidic conditions, which was
attributed to more ROS (¢OH and ¢0,~) formation.”?! At high
pH, the concentration of scavengers such as CO;%~ and HCO,~
increases, leading to a decrease in ROS concentration available
for GLY/AMPA photodegradation.!®?]

Identifying the contributions of various ROS in the PVDF-
TiO, membrane reactor is critical for a deeper understanding of
the GLY/AMPA degradation mechanism, which will be investi-
gated next by using different scavengers.

2.7. Identification of Predominant Reactive Oxygen Species in
Degradation of GLY and AMPA

The role of key reactive species, including hydroxyl radical (¢OH),
superoxide radicals (e#0,~), singlet oxygen (;0,), valence band
holes (h7,), was determined through scavenging experiments, in
which the contribution of each species to GLY/AMPA degrada-
tion was examined based on the inhibitory effects of the scav-
engers (Figure 7). The details about each scavenger and the target
radicals are mentioned in Table S3 (Supporting Information).

With the eOH scavenger, isopropanol (IPA), the removal re-
mained at 50 + 8% for GLY and 32 + 10% for AMPA (Figure 7).
Therefore, ¢OH did not appear to contribute to degradation. This
may be due to the scavenging effect of NaHCO, (rate constant 8.5
- 10° M~1s71134)) at a concentration (1 mM) that was six orders of
magnitude higher than that of GLY/AMPA,['**] thereby inhibit-
ing photodegradation.

The presence of furfuryl alcohol (FFA) reduced GLY removal
from 65 + 6 to 38 + 8%, while AMPA removal remained unaf-
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fected. FFA reacts rapidly with 'O, (kpgy 10, = 1.2 - 10°M~1s71)
with a high rate, and with eO,~ with a lower rate (kFFA,-o; =

3.5-10°M~'s71).["36] The reduced removal may be attributed to
the scavenging of a small fraction of €O, ™ by FFA, making it dif-
ficult to clearly determine the role of 1O,.

In the presence of sodium oxalate (SO), GLY and AMPA re-
moval decreased from 65 + 6 to 22 + 10% and from 25 + 11 to 4
+ 4%, respectively. This suggests that a portion of the adsorbed
GLY/AMPA was directly degraded by kY, at the catalyst surface,
which explains the higher removal at lower pH corresponding to
better adsorption on TiO, (Figure 6).

GLY and AMPA removal was completely inhibited by ben-
zoquinone (BQ), with final removal of 6 + 2% for GLY and 5
+ 2% for AMPA. This confirms that O, is the primary reac-
tive species responsible for GLY/AMPA degradation and is ex-
pected to be the dominant at the higher concentration of GLY
and AMPA due to the scavenging effect of NaHCO,. However,
the scavenging effect is strongly dependent on the concentra-
tion of GLY and AMPA.[**”] The reaction rate of GLY and eOH
is ~10'° M~1s,71,138) which is four orders of magnitude higher
than that between ¢OH and HCO, . The increase of GLY and
AMPA concentration could lead to the stronger competition of
GLY/AMPA for ROS compared to NaHCO; potentially shifting
the reaction mechanisms, in which such concentrations are un-
realistically high, and this case is not anticipated as a realistic op-
tion (in the range of mg/L).

Having identified the main reactive species, the degradation
pathway of GLY and AMPA via the PVDF-TiO, membrane was
further examined using computational chemistry calculations
and bond dissociation enthalpy (BDE) analysis.

2.8. Determination of Bond Dissociation Enthalpy and
Degradation Pathway

Since ¢0O,~ was identified as the dominant ROS for GLY/AMPA
degradation (Figure 7), the final step in explaining the pho-
todegradation was to determine potential radical attack points on
GLY and AMPA molecules to understand their degradation path-
ways. To achieve this, the X—H (where X can be C, N, or O) and
X—Y (where X and Y can be P, C, N, or O) homolytic bond disso-
ciation enthalpies (BDEs) were calculated for each unique bond
(Figure 8).

By comparing BDE, the relative strength of the correspond-
ing bonds was determined. The higher BDE show the stronger
bonds, and the weakest points of the structure have the low-
est BDE. In GLY, the weakest C—H bond is located between the
amine and carboxyl groups, with a BDE of 419.2 k] mol~!. In
AMPA, the weakest X—H bond is the only C—H bond in the
structure with a BDE value of 431.7 k] mol ™', similar to the corre-
sponding bond in GLY (Figure 8). The weakest X—Y bond in GLY
is the C—N bond with a BDE of only 328.8 k] mol~'. This bond is
weaker than the C—H bonds, making it more prone to breaking.
Therefore, the bond between the amine group and the carboxy-
late group in the GLY molecule is broken, forming AMPA as a
degradation product and an additional side product, as observed
in photodegradation experiments (Figure 2).

BDE maps alone are not able to provide a complete descrip-
tion of the degradation process, but can indicate where the
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Figure 8. BDE (in kJ/mol) maps of GLY and AMPA at their most proba-
ble protonation state. Thermodynamic properties of the species and the
corresponding radicals were determined by using the G3MP2B3 compos-
ite level of theory. BDE values (in kJ/mol) calculated by using the depicted
equations for all unique bonds. The protonation states of the species were
considered according to the experimental condition (pH 8), and thus, the
charge of GLY and AMPA is —2 and —1, respectively.

degradation is most likely to start. Therefore, in addition to BDE
values, secondary radical reactions, intramolecular rearrange-
ments, and other factors must be considered. Based on the BDE
analysis, which identified the most vulnerable bonds, a proba-
ble degradation pathway for GLY/AMPA via ¢O,"~ (Figure 9) was
proposed using G3MP2B3 calculations, experimental data, and
analysis of previously published studies.['10.13]

As the BDE map and previous studies revealed,['%l the C—H
bond located between the amine and carboxyl groups of GLY is
the most susceptible to O, attack. The feasible reaction mech-
anism for GLY degradation and AMPA formation in the pres-
ence of superoxide radicals was computed. A GLY?~ e radical was
formed (Figure 9, top), which is one of the most favored processes
in case the degradation starts with hydrogen abstraction. In the
next step, superoxide radical can form a stable non-radical adduct
with the GLY?~ e radical (Figure 9, middle) via a thermodynami-
cally favored process. Subsequent intramolecular rearrangement
leads to the formation of a stable AMPA and oxalic acid (Figure 9,
bottom). It is important to note that metabolite identification was
not part of this study, which would be incredibly difficult at real-
istic concentrations.

2.9. Enhanced Photocatalytic Degradation at Optimized
Conditions

To determine whether solar-activated PVDF-TiO, can achieve the
guideline limit of 0.1 ug L' for both GLY and AMPA in water in-
tended for domestic consumption, photocatalysis was performed
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under optimized conditions, considering both removal efficiency
and r; (flux of 60 L m~* h™' and simulated solar irradiance of
98 mW cm~2) (Figure 10).

The optimized conditions corresponded to a flux of 60 L m~
h=1, equivalent to a hydraulic residence time of 4.5 s, under solar
irradiance of 98 mW cm~2. The permeate concentration of GLY
was 0.04 + 0.03 ug L1, satisfying the EU guideline for individ-
ual herbicides (0.1 pg L™1).123] However, AMPA did not meet this
guideline, as the permeate concentration was 0.2 + 0.04 pg L™}
(Figure 10). This would require a higher light intensity or indeed
a UV light source. The total permeate concentration of GLY and
AMPA (0.3 + 0.04 pug L7!) was below the EU guideline for total
herbicides (0.5 pg L71),12] even though this is an ideal situation
in a synthetic background solution. Results highlight that photo-
catalytic degradation using the PVDF-TiO, membrane in a flow-
through configuration can remove GLY and AMPA from water,
while further research to enhance AMPA removal and build re-
silience in real waters needs to be addressed.

2

3. Conclusion

The photocatalytic degradation of GLY and AMPA was investi-
gated using a PVDF-TiO, membrane under simulated solar ir-
radiation in a continuous flow-through operation. The degrada-
tion efficiency of GLY and AMPA under solar spectrum irradia-
tion (AM1.5G, 350-1150 nm) was comparable to that under UV
light (365 nm) at equivalent absorbed irradiance (65 + 6% for
GLY and 25 + 6% for AMPA removal). Non-UV wavelengths did
not contribute to the degradation of GLY and AMPA, indicating
that degradation was entirely driven by the UV spectrum.

To identify limiting factors, photocatalytic experiments were
conducted under varying irradiance, flux, concentration, and pH.
GLY removal significantly increased to ~80% under elevated so-
lar irradiance (90 mW cm™2), confirming that light irradiance is
a limiting factor in GLY/AMPA degradation. At high irradiance
(>70 mW cm~?), incomplete removal (79 + 4%) at a stable rate of
disappearance r; (8 + 2 - 10'° mol m~? s') suggested that mass
transfer limitations played a role, as also observed in filtration ex-
periments with varying initial concentrations. Maximum adsorp-
tion was reached at the highest herbicide concentration, inhibit-
ing photodegradation, suggesting that micropollutant availability
in the photocatalytic membrane reactor is a key controlling factor.
GLY and AMPA removal decreased with increasing pH, correlat-
ing with TiO, adsorption behavior and ROS formation. At higher
pH, GLY/AMPA adsorption onto TiO, decreased, lowering photo-
catalytic degradation. Furthermore, higher pH also increased the
concentration of scavenger radicals such as CO;*~ and HCO; -,
reducing ROS availability. ¢O,~ and h?, appear to be the primary
species contributing to the removal of GLY/AMPA in which ¢O,~
concentration would be controlled by solar irradiance and solu-
tion pH.

In the photocatalytic degradation experiments, GLY was de-
graded more efficiently than AMPA, which was attributed by i)
GLY being intrinsically more degradable than AMPA; ii) AMPA
being formed as an intermediate during GLY degradation. The
formation of AMPA during GLY photodegradation was con-
firmed in individual degradation experiments. Moreover, BDE
calculations indicated that C—N bond cleavage was the preferred
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[

oxalic acid

AMPA 0A%)

Figure 9. Probable glyphosate (GLY?~) degradation pathway to AMPA~ and oxalic acid.

degradation pathway in GLY, leading to AMPA as the main degra-
dation product.

4. Experimental Section

Photocatalytic Filtration System and Protocol: The membrane photo-
catalysis experiments were conducted using a custom-built micro cross-
flow system (Figure 11; Figure S19, Supporting Information). Further de-
tails of this setup and its comprehensive hydrodynamic characterization
have been reported in previous work.[127:140]

The membrane cell consists of a stainless steel module (or micro-
reactor) with an active membrane area of 2 cm?, a channel height of
0.7 mm, and a quartz window (active illumination area: 2 cm?, Zell
Quarzglas, Germany). A high-pressure pump (Pump 80P, pump head
500 mL SST, KNAUER Wissenschaftliche Gerite GmbH, Germany) was
used.

AUV LED (M365LP1, peak wavelength: 365 nm, Thorlabs, USA) with an
LED driver (DC2200, Thorlabs) served as the UV light source, as described
in a previous study.?’ A solar simulator (SINUS-70, wavelength range:
350—1150 nm, WAVELABS Solar Metrology Systems GmbH, Germany)
provided a broad range of light wavelengths (Figure S13, Supporting In-
formation).

The system was equipped with the feed pressure sensors (WIKA S-
10, 0-1 bar; WIKA A-10, 0-40 bar, Germany), a permeate pressure sensor
(WIKA S-10, 0-1 bar, Germany), and a permeate in-line conductivity sensor
(ET131, eDAQ, Australia). A water chiller (Minichiller 300 OLE, Peter Hu-
ber Kiltemaschinenbau, Germany) was used to control and maintain the
feed temperature, while a 16-port switching valve (Azura V2.1S, Knauer)
was used to collect multiple samples automatically. The system was con-
nected to a computer running LabVIEW software (Version 14.0.1, National
Instruments, Germany) for automated control of the switching valve, feed
flow rate, time, and light intensity for the UV LED. The solar simulator was
controlled by SinusGUI v2.5 (Wavelabs, USA). Experimental parameters,
including pressure, temperature, conductivity, and permeate mass, were

1.5 T : T : : : : : : r : r T r 1.5
@ cly A AvPA A B
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= 1.2 E 412 =
g Light on Feed &l Light on g
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Figure 10. Permeate concentration of GLY (A) and AMPA (B) versus permeate volume at optimized conditions (PVDF-TiO,, ¢r (GLY/AMPA) = 1ug L,
J,=60Lm™2h~" | (AM1.5 g 350-1150 nm) = 98 mW cm~2, pH 8.1+ 0.2, 23 + 1 °C).
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Figure 11. Schematicillustration of the membrane photocatalysis set-up and the photograph (inset) of the photocatalytic membrane cell with a dead-end
configuration (retentate valve closed). The system is equipped with pressure P, temperature T, conductivity o, pH, and dissolved oxygen O, sensors.

monitored via a data acquisition card (USB-6000, National Instruments,
USA).

All photocatalytic filtration experiments were performed in a flow-
through dead-end configuration with the retentate valve closed. The pho-
tocatalytic filtration protocol is summarised in Table S4 (Supporting In-
formation), adapted from previous work!®!l with different light sources
and corresponding parameter settings. Either UV light (365 nm) or a solar
simulator (AM1.5G, 350—1150 nm) was used, and photophysical prop-
erties are compared with TiO, in Table S5 (Supporting Information). To
quantify adsorption, photocatalysis was conducted after the dark-phase
filtration reached equilibrium, while photolysis was determined using a
pristine membrane (in the absence of photocatalyst). Operational param-
eters were shown in Table S1 (Supporting Information).

Photocatalytic Membranes: The membrane used was a PVDF-TiO,
membrane prepared and supplied by the Institute of Surface Engineer-
ing (IOM), Leipzig, the preparation method and membrane characteris-
tics were previously described by Fischer et al. .[27.141] |n brief, the TiO,
nanoparticle (NPs) suspension was prepared by mixing 4 mL of titanium
(IV) isopropoxide (TTIP) with 80 mL of 0.1 M HCl and stirred for 15 min
at room temperature. The mixture solution was then heated in a pres-
sure vessel at 210 °C for 20 h, cooled, and subsequently dispersed us-
ing an ultrasonic probe for 90 s at 40 W (Sonoplus, HD2200 Generator,
KE76 probe, BANDELIN electronic GmbH & Co. KG, Berlin, Germany). A
standard PVDF membrane (0.22 um, Millipore, USA) (90 mm X 90 mm)
was then placed (with the active layer facing downwards) into the suspen-
sion and shaken for 5 min. The membrane was subsequently washed with
Milli-Q water and dried at 100 °C for 30 min. The PVDF-TiO, membrane
contained 5.2 + 0.2% TiO, on the membrane surface with the pore size
of 0.22 uml'?71 with the membrane thickness of 1.25 - 107* m, porosity of
0.6.1142]

Micropollutants and Solution Chemistry:  Details about solution prepa-
ration have been reported in previous work.[?8] The Stock 1 (GLY and
AMPA mixture solution) was prepared by dissolving both GLY (Sigma
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Aldrich, 98%) and AMPA powder (Sigma—-Aldrich, 99%) in Milli-Q water
with a concentration of 10 mg L™' for each compound (the properties
summarised in Table S4, Supporting Information). Stock 2 (GLY/AMPA
at a concentration of 100 ug L™' for each compound) was prepared by
diluting Stock 1 in Milli-Q water. Feed solutions of environmentally rele-
vant GLY/AMPA concentrations (0.1-50 pg L~") were prepared by dilut-
ing Stock 2 in background electrolyte solutions. A higher concentration of
GLY/AMPA (1 mg L™1) was prepared by directly diluting Stock 1 in back-
ground electrolyte solutions. Experiments were carried out with a mixture
of GLY and AMPA at the indicated concentration of each in the mixture;
hence, the feed solution contained 1pg L™ of GLY and 1pg L™! of AMPA
in all experiments except for experiments with variable feed concentration.
For experiments of individual herbicides, a stock solution and a feed so-
lution containing the individual herbicide at the same concentration as
in a mixture were used. All feed solutions were prepared in background
electrolytes of 1 mM NaHCO; and 10 mM NacCl to simulate the real wa-
ter matrixes.l*] The background electrolyte stock solution was prepared
daily from 100 mM NaHCO; (dissolved from analytical-grade, >99.7%
powder, Merck, Germany) and 1 M NaCl (dissolved from analytical-grade
>99.5% powder, Honeywell Fluka, Germany) in Milli-Q water (Refer-
ence A+, Merck Millipore, USA). The conductivity and pH of the back-
ground solution were ~1400 uS cm~" and 8.1 + 0.2, unless adjusted with
1 M HCl (diluted from 37% HCI, Roth, Germany) and 1 M NaOH (dis-
solved from pellets, Merck, 99%) for pH experiments. Analytical standards
(analytical-grade, 100 mg L~" in Milli-Q water) of GLY and AMPA were
obtained from Dr. Ehrenstorfer (Germany) for analysis and quality con-
trol of the analysis. *C GLY (analytical grade, 98%, Sigma Aldrich, USA)
was used as the internal standard for analysis, and ammonium formate
powder (analytical-grade, 99%, VWR, Germany) was used as a buffer for
analysis.

Analytical Methods: GLY and AMPA were quantified using liquid chro-
matography with tandem mass spectrometry (LC-MS/MS), which con-
sisted of an ultra-high-performance liquid chromatographic (UHPLC)
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system (LX50) coupled to a QSight 420 triple-quadrupole mass spec-
trometer (PerkinElmer, USA). Details regarding the analytical method
have been reported in previous work.["#1 The hydrophilic interac-
tion liquid chromatography (HILIC) column used was an Obelisc
N (21 x 150 mm, 5 pm, SIELC Technologies, USA), through
which an isocratic mobile phase of 85/15 v/v (H,O: acetonitrile +
0.05% CH,0,) was eluted. In the mass spectrometer (MS), elec-
trospray ionization (ESI) was employed in negative mode, with a
source temperature of 450 °C and a hot surface-induced desolvation
(HSID) temperature of 320 °C (Table S6, Supporting Information).
10 pL of internal standard (3C GLY 100 pg L™') and 10 uL of buffer (am-
monium formate 200 mM) were added to each 1000 uL of sample or
standard. 100 pL of the prepared sample or standard was injected into
LC-MS/MS, with a mobile phase flow rate of 0.6 mL min~'. The con-
centrations of GLY and AMPA were calculated based on calibration so-
lutions prepared at 10, 20, 50, 200, 500, and 1000 ng L~". The deter-
mined detection limit was 10 ng L™" (Figure $19,520, Supporting Infor-
mation). Data analysis was carried out using the Simplicity 3Q software
platform. Dissolved oxygen in the feed solution for each experiment was
measured using a multi-parameter measuring device (MultiLine 3620 IDS,
WTW, Germany), equipped with an optical DO sensor (FDO 925, WTW,
Germany).

Identification of Reactive Oxygen Species: The predominant ROS con-
tributing to the degradation of GLY and AMPA were determined using
scavenging experiments, of which the principle rely on the distinct re-
activity between different reactive species and specific scavenger.[' In
the scavenging experiments, a 10 mM scavenger solution was added to
the feed solution before initiating photocatalytic filtration. Different scav-
engers were used to identify the contributions of various ROS: isopropanol
(IPA, > 99.8%, HPLC grade, VWR, Germany) — for hydroxyl radical (¢OH);
p-Benzoquinone (p-BQ, > 98%) — for superoxide radicals (¢O,~); furfuryl
alcohol (FFA, 98%) — for singlet oxygen ('0,); sodium oxalate (SO, 99%)
for valence band holes (h;B), all from Thermo Scientific Chemicals, Ger-
many. The scavenger and their rate constants are summarised in Table S3
(Supporting Information).

Computational Chemistry Calculations of GLY and AMPA: ~ The 3D start-
ing structures of GLY and AMPA were prepared using GaussView 6
software.[#6] The protonation states were determined based on the ex-
perimental conditions (pH 8), where the dominant species had charges
of —2 for GLY and —1 for AMPA. Additional calculations were per-
formed for the neutral, monoanionic GLY, and zwitterionic AMPA species.
The thermochemical properties of the structures were determined using
the G3MP2B3 composite method,["'®177] implemented in the Gaussian
16 (Revision C.01) program package. Geometry optimizations and fre-
quency calculations were conducted at the B3LYP/6-31G(d) level of the-
ory as part of the G3MP2B3 protocol. Single-point energy calculations
at the QCISD(FC,T)/6-31G(d) and MP2(FC)/G3MP2Large levels of the-
ory were also performed as part of the G3MP2B3 composite scheme.
Solvent effects were modeled using the SMD model to account for wa-
ter as the solvent.['*”] Based on the optimised AMPA and GLY struc-
tures, the corresponding unique radical species were prepared by remov-
ing one hydrogen atom at a time from the structures (X—H, where X
can be C, N, or O) or breaking X—Y bonds (where X and Y can be P,
C, N, or O) and creating two radical species from the optimized struc-
tures. The thermochemical properties of such prepared radical struc-
tures were calculated using the above-described G3MP2B3 composite
method, which was successfully applied to radicals and other similar
systems.[148]

To compare the preference of radical formation and identify potential
radical attack points on the structures, homolytic bond dissociation en-
thalpies (BDEs) were determined by using the corresponding calculated
enthalpy values of each studied species and using them to determine the
enthalpy change of the following reactions;

R-X—H-R=X"+H @

Ry—X—Y—Ry >R =X +R,— Y" 3)
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Thus, BDEy. and BDEyy were determined by calculating the corre-
sponding reaction enthalpies of the above bond-breaking reactions as fol-
lows;

BDEy_p = AHy_py = Hp_x« + Hys — Hp_x_n (4)
while
BDEy_y = AHy_y = (HR]—X* + HRZ—Y*) - HR1—X—Y—R2 ()

The BDE values were compared to determine the most likely radical at-
tack points. In each case, a homolytic cleavage of a single bond in isolation
was considered. However, the degradation of species typically involves
multistep procedures involving rearrangements, secondary radical reac-
tions, and others, which cannot be captured by a single BDE value. There-
fore, a bond dissociation enthalpy map alone was not suitable to provide
a complete picture of the degradation. Thus, additional calculations were
conducted based on the structures of the most feasible radical species, ex-
perimental considerations of this work, and literature data.['1%13°] By inte-
grating these factors, a potential superoxide radical attack pathway for GLY
was proposed. The corresponding structures were generated, optimized,
and analyzed using the Gaussian 16 (Revision C.01) program package.!'#°]

Data Analysis:  The removal and rate of disappearance (r ) were the
primary parameters used to evaluate the performance of the PVDF-TiO,
membrane (summarized in Table S7, Supporting Information). Error prop-
agation was estimated by considering uncertainties from solution prepa-
ration, analytical instruments, and the photocatalytic filtration system.[10]
The most significant source of error was from analytical inaccuracies (see
Tables S8-S10, Supporting Information). The reproducibility of GLY and
AMPA photocatalytic degradation was examined by performing five repe-
titions of photocatalytic filtration experiments using UV light at an irradi-
ance of 10 mW cm~2 (Figure S21, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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