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Photocatalytic membrane (PCM) reactors are an emerging technology for the continuous elimination of micro-
pollutants from water. PCM material and process properties define performance limitations. A collision theory
framework was established to elucidate the limiting factors of steroid hormone micropollutant photodegradation
inside the pores (200 nm) of a palladium-porphyrin-coated polytetrafluoroethylene (PTFE) PCM under simulated
sunlight. The collision theory can describe the degree of photodegradation of 17p-estradiol (E2). The production
of singlet oxygen reactive species was limited by light intensity (up to 14 mW cm™2), porphyrin loading (up to 50
pmol g71), and membrane layer thickness (46 pm, achieved via stacking thin membranes). Further increases in
these parameters did not significantly enhance the removal of E2, because the quantity of singlet oxygen
generated, and consequently the collision frequency, levelled off. Not all collisions result in photodegradation
reaction. By reducing the reaction time via increasing the E2 molar flux, the rate of disappearance reached a
threshold of 7 = 2 nmol L™! s™. This is identified as the maximum effective collision frequency, implying that
11 % of the total collisions (64 + 5 nmol L™ s71) resulted in successful reaction. The study presents a novel
framework based on collision theory to predict the fundamental mechanisms of and limitations to photo-
degradation in porphyrin-PTFE membranes, providing unprecedented insight into the performance constraints of
diverse membrane reactors for advances in materials and process engineering.

from the water source to the activated carbon surface [8] and the
concentrate stream [9], respectively. Advanced oxidation processes

1. Introduction

Water reuse — the treatment and reclamation of wastewater for
various purposes, such as irrigation, industrial processes, and even
potable water production [1] - is an important strategy to achieve sus-
tainable management of water resources and mitigation of water scar-
city worldwide [2,3]. Conventional wastewater treatment plants are not
designed for water reuse because they are inefficient in removing
micropollutants [4,5]. Hence, these act as carriers of micropollutants
into the receiving water [6]. Advanced treatment technologies are
employed at the tertiary or quaternary stage to ensure that the reclaimed
water meets stringent water quality standards [7]. Physical treatment
technologies, such as activated carbon adsorption and membrane
filtration, do not eliminate the micropollutants, but only transfer these
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(AOPs), including photocatalysis, have advantages over physical treat-
ment, such as the ability to eliminate a wide range of pollutants without
the requirement of post-processing steps [10,11]. Photocatalytic pro-
cesses rely on the in situ generation of powerful oxidising agents, such as
hydroxyl radicals (*OH), superoxide anion (*O3), and singlet oxygen
(102), which actively attack and break the bonds within the micro-
pollutant structures [12].

Membranes have been coupled with photocatalytic processes to
degrade micropollutants in a single-pass continuous-flow configuration,
in which the photocatalytic activity is maintained within short hydraulic
residence times [13-15]. Inorganic photocatalysts or organic photo-
sensitisers (PS) can be immobilised on the membrane surface and inside
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the pore structure to avoid a photocatalyst/PS capture step [14]. Pho-
tocatalysts are substances that absorb light and participate in changing
the rate of chemical transformation of the reaction partners, while PS are
substances that absorb light and transfer its energy to other molecules
[16]. Although PS are usually linked with medical applications, such as
photodynamic therapy [17], recently, PS have been considered for the
photodegradation of water-borne micropollutants [18,19].

Numerous configurations of photocatalytic membrane (PCM) re-
actors with immobilised photocatalysts/PS have been reported with
variations in dimension, light source (light wavelength), irradiation
intensity, illuminated surface area, photocatalyst/PS type, and photo-
catalyst/PS immobilisation on the membrane surface or within the pore
structure [14,15,20]. Inside the pores of PCMs with diameters ranging
from nanometres to several micrometres, the Reynolds number Re varies
between 107 and 10’2, and the flow is considered Stokes flow [21]. In
this flow regime, molecules are transported radially (i.e. across the pore
diameter) only by diffusion. The micropollutant may diffuse towards the
pore walls and ‘collide’ (i.e. within a 0.3 nm proximity) with the
membrane polymer (Fig. 1 A), or the surface of photocatalysts/PS
immobilised on the pore surface, where reactive oxygen species (ROS)
are generated (Fig. 1 B). Alternatively, the ROS can diffuse into the
aqueous phase and ‘collide’ with micropollutants in the aqueous phase
(Fig. 1 C). A collision between reactants occurs when the hydrodynamic
radii of the reactants overlap each other. The probabilities of liquid-
phase reactions and those at the pore depend upon how much of the
reactants (both ROS and micropollutants) diffuse in the space of the
pores or stay concentrated at the pore surface. The lifetime of certain
ROS (such as *OH and 102) is short and within the orders of sub-
microseconds to several microseconds [22,23]. Hence, in a PCM with
large (several-micrometre) pores, the ROS are more concentrated at the
photocatalyst/PS surface than in the ‘bulk’ [24,25], resulting in poorer
contact — in other words, fewer collisions — between the reactants in the
aqueous phase. Under moderate confinement of 10 — 200 nm in PCMs,
the observed rates of aqueous-phase reactions between small organic
molecules and ROS are improved [26-28]. Further reduction of the
reactor dimension to several nanometres or sub-nanometres may result
in significantly enhanced reaction rates because of restricted orienta-
tions of reactant molecules and stabilisation of reactive species [29,30].
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Additionally, the micropollutant and ROS instantaneously collide and
interact with the reactor wall (i.e. photocatalyst/PS surface) [31],
blurring the distinction between aqueous- and sorbed-phase reactions.

Collision theory is useful for characterising the rates of homogenous
reactions [32,33] and can be applied to evaluate the performance and
mechanistic limitations of PCM reactors (Fig. 1 C). The principle of
collision theory is that reactants need to collide with each other to react,
but only a certain number of collisions result in successful reaction. This
is because the collision needs to have sufficient energy to surpass the
activation energy for the reaction, ie. to break the pre-existing bonds
and form new bonds. Higher reactant concentrations mean more colli-
sions within a fixed amount of time (i.e. a higher collision rate or
collision frequency) and hence a higher reaction rate. The collision
frequency is related to the reaction rate constant k (mol L™! s71) via the
Arrhenius equation [34] (see Eq. (1)).

k = Zexp <;E;>
g

where Z (mol L™! s71) is the collision frequency related to the product of
the concentrations of both reactants, E, (J mol 1) is the activation en-
ergy, R, (J K1 mol’l) is the ideal gas constant, and T (K) is the tem-

€8]

perature. The term exp (;f;) denotes the fraction of collisions with

sufficient energy (i.e. greater than E,), which results in reaction.

In a solution mixture, each reactant molecule A is surrounded by
solvent (water) molecules and travels in a ‘drunken sailor’ fashion (i.e. a
Brownian motion of diffusion), as it collides with many non-reacting
water molecules, continuously changing its speed and direction until it
finds a reacting molecule B [35]. If the activation energy of the reaction
between A and B is relatively low, the diffusion of these reactants is
assumed to limit the rate of reaction (Fig. S1) [36]. Smoluchowski
proposed an equation to calculate the steady-state collision frequency Z
(mol L7 s7) between reactants A and B in a diffusion-controlled re-
action [37] (Eq. (2)).

Z = 4n(Ra + Rg)(Da + Dg)Npy, [A][B] = Ksmot[A][B] @

where R4 +Rp (m) is the radius of the collision cross-section, estimated
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Fig. 1. Schematic of collision processes in a PCM pore with photosensitiser (PS) coating. A — Collision of a micropollutant (steroid hormone) with the pore wall
(adsorption—desorption), B — Collision between a ROS (e.g. singlet oxygen '0,) generated on the PS surface and a micropollutant (sorbed-phase reaction), C —
Collision between the ROS and micropollutant in the aqueous phase (aqueous-phase reaction), D — Magnified view of aqueous-phase collisions, highlighting the
electron-rich bonds of the aromatic ring (orange circle) that is prone to reaction with '0,. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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as the sum of the radii of reactants A and B, Ny,, = 6.02 ¢ 102 mol ! is
the Avogadro constant, D4 and Dg (m2 s_l) are the diffusivities of A and
B, while [A] and [B] (mol L™!) are the molar concentrations of A and B.
The rate constant Kgny (L mol ! s’l) is equal to
47(Ra +Rg)(Da +Dg)Nayo. The Smoluchowski equation was originally
proposed to describe the rate of interactions between colloids in a
coagulation system [37]. In that scenario, the activation energy of re-

—E,
Rg

action is low as the term exp< ) in Eq. (1) approaches unity, and, as a

result, the rate of reaction should be similar to the collision frequency
(k ~ 2).

In real systems, the calculated collision frequency from the Smo-
luchowski equation is usually higher than the observed rates of reaction
between molecules at varied scales (from macromolecules such as pro-
teins [38,39] to simple organic compounds [40]). It appears that not all
collisions between the reactants lead to successful reaction; for that,
certain orientations of the reactant molecules relative to each other are
required. In protein-protein interactions, the high specificity of the
protein interaction sites [38,39] results in observed reaction rates that
are several orders of magnitude lower than the collision frequency. This
is attributed to a substantial ‘steric factor’ (between 0 and 100 %) —
defined as the ratio of the experimentally determined value of the rate
constant to the theoretical value predicted by the collision theory [41].
A low steric factor in protein-protein interactions corresponds to a small
proportion of collisions that happen to be at the reactive sites of each
reactant; as these sites occupy a small fraction of the protein sites, the
probability of interaction is low [38]. In reactions between two small
molecules, the steric factor may be considered as the probability of re-
actants to collide only at their reactive bonds [42,43]. This is illustrated
in Fig. 1 D for the case of 'O, targeting the n-bonds of a steroid hormone
molecule. The observed rate in such reactions can be one order of
magnitude lower than the calculated collision frequency [40]. An
effective collision frequency (i.e. the number of collisions per unit of
time that leads to successful reaction) Z (in mol L1 s 1) is linked with
the total collision frequency Z (mol L~'s™1) and the steric factor S (in %)
via Eq. (3) [43]. In areal diffusion-controlled reaction, Z is equal to the
actual rate of the reaction.

Zgr
p= 5 3
To characterise the reaction kinetics in a PCM reactor via the collision
theory, it is a prerequisite to identify and measure the concentration of
the generated ROS. A collision system with only one type of ROS is easier
to examine than a system in which various ROS compete for photo-
catalytic reaction. Common photocatalysts such as titanium dioxide
(TiO3) simultaneously generate several types of ROS (*OH, *O3, and
hydrogen peroxide Hy05) via electron transfer under ultraviolet (UV)
irradiation [44]. Organic PS can also participate in aerobic Type I
(generation of superoxide *O3) or Type II (generation of singlet oxygen
10y processes [45]. However, the Type I process in the case of organic
PS requires the presence of an electron donor, such as amine [46],
peptide [47] or iron (II) [48]. In the absence of an electron donor (as in
the current investigation), only reactive 10y is formed in a Type II
process [45,49] (Fig. S2). In this case, organic PS such as porphyrins can
be activated with visible light [49] as the absorption spectrum is based
on the energy position of the first excited singlet state. PS efficiently
undergo intersystem crossing, which facilitates energy transfer to a
triplet state and subsequent energy transfer to oxygen molecules. Pre-
vious experimental investigation shows no clear evidence that ROS
other than 'O, are involved in porphyrin-assisted photodegradation
[50,51]. The 102 reacts preferentially with electron-rich moieties of
molecules (for example, the aromatic rings) [52,53].

With the assumption that a very small quantity of micropollutants
(such as several nanograms per litre concentrations of steroid hormones)
is involved in 0, quenching, the concentration of generated ROS is
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determined from: i) the absorbed photon flux ¢4, y; ii) the lifetime or
self-decay rate of the ROS; and iii) the efficiency of photon conversion or
the quantum yield ®, via Eq. (4) [18,54].

Pabs,v Dy —~ Pabs,v Dy

1 —
[0.] = (ka +Kkq[MP]) Nayy  ka Navo C))

where kp (ps_l) is the rate constant of 102 decay (inverse of the 102
lifetime), k; (L mol~! s71) is the bimolecular rate constant of 102
quenching by micropollutant molecules, and [MP] (mol L™1) is the molar
concentration of micropollutants. When the micropollutant concentra-
tion [MP] is very low, ka>>k,[MP] [54]. The quantum yield ®, is defined
as the ratio of the number of ROS formed to the number of photons
absorbed [55]. Palladium (II)-containing porphyrins offer a high quan-
tum yield @, of !0, generation [55,56] because they significantly in-
crease spin-orbit coupling [57], which enhances intersystem crossing
and makes the porphyrins more effective in generating 0.

The incorporation of porphyrin-PS in membranes or nanofibers has
been examined for the removal of dyes [58-60], steroid hormones (17f-
estradiol E2, estrone E1, testosterone T, and progesterone P) [18,51,61],
pharmaceuticals (parabens) [62], and pesticides (4-chlorophenol) [63].
Typically, the quantum yield ®, of porphyrins decreased when these
porphyrins were incorporated in membranes, although palladium-based
porphyrins were demonstrated to retain a high quantum yield ®, of 82
% [51]. With palladium porphyrin deposited in a poly(vinylidene fluo-
ride) (PVDF) membrane support, Lyubimenko et al. reported high pho-
tocatalytic removal of steroid hormone micropollutants, achieving 80 —
90 % for E1 and E2 [18]. From accelerated aging tests, palladium
porphyrin PCMs promise good photocatalytic function for several days
to several months depending on the conditions of UV light [51,64].
However, such lifetimes are short compared to those of pristine mem-
branes designed for pressure-driven separation, which operate for years
[65].

ROS generation by immobilised porphyrins and hence the collision
frequency between the ROS and micropollutants are enhanced by the
light transmission capability of the membrane support. This membrane
support needs to: i) absorb very little incident light itself (i.e. minimise
parasitic optical absorption); and ii) allow significant light transmission
to reach the photo-active centres deep inside the membrane [66]. Other
important properties of the membrane support are high adsorption af-
finity for the porphyrins, and good resistance against photodegradation
by UV and visible light as well as reactions with 102 [64,67]. Symmet-
rical microfiltration (MF) membranes made of fluorinated polymers —
such as PVDF and polytetrafluoroethylene (PTFE) — are suitable mate-
rials, as they exhibit good resistance against photodegradation
[59,64,68] due to the strong C-F bonds [69], and can interact strongly
with porphyrins via the hydrophobic effect [70].

PTFE does not absorb light in either the visible (400 — 700 nm) or UV
regions (< 400 nm) [73,74]. In PTFE substrates that have pores in the
micrometre range (e.g. standard pore sizes 1 — 20 pm and average 6 pm
in Spectralon reflectance standards [77]) exhibits a > 99 % diffuse
reflectance (i.e. incident light is almost completely scattered throughout
all solid angles) [76]. Light can pass through thinner PTFE membranes
with smaller pore diameters (in the nanometre range), and light trans-
mission (in air) is influenced by morphology, such as material thickness,
surface and pore roughness, pore size/porosity, and pore tortuosity
[78,79]. Following pre-wetting in alcohol, PTFE thin films and mem-
branes become partly transparent when submerged in water [71,72].
This is because PTFE thin films exhibit a low refractive index n ranging
from 1.33 to 1.39 at a wavelength of 500 nm (bulk PTFE has a refractive
index of 1.38) [73], which closely matches the refractive index of water
[74] of 1.33. The small difference in refractive indices here (An < 0.06)
results in better light penetration (reduced scattering), making the use of
PTFE supports a better choice than PVDF (with n ~ 1.43 [75]).

The refractive index of porphyrin films (the literature data are
available only for non-fluorinated films) is relatively high (n = 1.5 - 3)
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[76]. This means that the loading of porphyrins (i.e. the molar quantity
of porphyrins per unit of mass or surface area of the membrane) in-
fluences light transmission and absorption. As the thickness of the
porphyrin layer — estimated to be < 20 nm depending on the loading
[59] — is significantly smaller than the wavelengths of visible light, light
transmission is hindered by the macroscale morphology of the sup-
porting membrane. At higher loadings, however, scattering tends to
increase due to the increased mismatch between the refractive index of
water and the effective refractive index of the PTFE membrane com-
bined with palladium porphyrin. As the concentration of porphyrin on
the membrane surface further increases, concentration quenching of the
porphyrin triplet state tends to occur [77], which reduces the lifetime of
the triplet state and probability of 0, photosensitisation. Additionally,
porphyrin aggregation occurs. If the size of the porphyrin aggregates is
larger than the diffusion length of excited electron transport, the triplet
excited state is quenched before it reaches the aggregate surface and can
induce 'O, generation [78]. The above phenomena can effectively
decrease the 102 concentration and, hence, collision frequency between
10, and micropollutants. Besides, triplet—triplet annihilation phenom-
enon may occur and contribute to reduced excited-state lifetime and a
subsequent reduction in 1O yield [78]. However, this phenomenon will
only make itself evident if the light intensity is > 10 times greater than
that of terrestrial sunlight radiation [79].

The diffusion of ROS and micropollutants and subsequent collisions
between these two inside the PCM pores are constrained due to the
limited lifetime of the ROS and the convective transport of micro-
pollutants in the flow. 10, has a lifetime in water of 3.1 — 4.2 us [54,80],
which is longer than *OH lifetime at neutral pH (of around 0.2 ps [81]).
As a result, 102 exhibits a diffusion length of about 270 nm [82] (vs.
about 70 nm for *OH). A gradient of ROS concentration with distance
from the pore wall (at which the ROS are generated) can be established
at steady-state conditions, under which, at any distance from the pore
wall, ROS mass gain by diffusion is balanced by ROS mass loss caused by
ROS self-decay plus ROS consumption by probe molecules or scavengers
[26]. In a PCM with around 200 nm pore diameters, the diffusion length
of 102 (270 nm) allows this ROS to travel from the pore wall (where PS
are deposited) towards the pore centre and form reaction with micro-
pollutants in the aqueous phase. If *OH with a shorter diffusion length of
70 nm was involved, these would only concentrate at regions close to the
pore walls, and reaction would not occur at the pore centre.

The flow of water through the PCM reactor determines the molar flux
of the micropollutants (in mol L™! s, calculated by multiplying the
water flow rate by the molar concentration of micropollutants) and
hydraulic residence time (inversely proportional to the flow rate). The
rate of disappearance (also in mol L™! s71) is an indicator of photo-
catalytic degradation kinetics. It is proportional to the observed loss in
micropollutant concentration and inversely proportional to the hy-
draulic residence time [59,83], and is assumed to be the same as the
effective collision frequency Z, . A common observation with various
PCM reactors is that the rate of disappearance increases with water flow
rate up to a threshold, and then levels off [59,61]. This observation can
be explained by the collision theory through the relationship between
the molar flux of micropollutants and the maximum effective collision
frequency.

In a previous extensive systematic study, the photodegradation
performance in the pores was attributed to ‘contact’, a qualitative term
that relates the hydraulic residence time in a photocatalytic membrane
to the ‘mixing time’ (i.e. the average time required for micropollutants to
diffuse a distance equal to half the pore diameter) [61]. While the
‘contact’ could explain the photodegradation performance across
various pore dimensions and fluxes, it was not possible to assume the
location of the reactions, or to address the limitations caused by light
intensity, light penetration, photosensitiser loading, and micropollutant
type. The collision theory framework applied in this work is a significant
advancement in explaining all the aforementioned limiting factors, and
is novel because it has not previously been applied to nanopore
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reactions. Specifically, the collision theory framework will be applied to
elucidate how the frequency of collisions between 10, and steroid hor-
mone molecules, and hence steroid hormone photodegradation perfor-
mance, is limited by: i) 10, generation (with varied light intensities and
porphyrin loadings); ii) optical transmission in membrane stacks (the
total thickness varies from 23 to 115 pm); and iii) the molar flux of
steroid hormones through the pores.

2. Materials and methods
2.1. Micropollutants and solution chemistry

Radio-labelled steroid hormones (Table S1), [6,7->H] estrone (E1)
(BioTrend, Germany); [2,4,6,7->H] 17p-estradiol (E2), [1,2,6,7->H]
progesterone (P), and [1,2,6,7—3H] testosterone (T) (PerkinElmer, USA),
were supplied as solution in ethanol. The stock solutions at a steroid
hormone concentration of 10 pg L™ were prepared by diluting the
supplied solutions in Milli-Q water (Reference A+, Merck Millipore,
USA). The feed solution containing 100 ng L™! steroid hormone was
prepared by diluting the stock solution in a water matrix containing
background salts NaCl (10 mmol L™}, prepared from analytical-grade
99.9 % (CHROMANORM) powder, VWR Prolabo, Germany) and
NaHCOj3 (1 mmol L™}, prepared from analytical-grade 99.7 % powder,
Bernd Kraft, Germany); the steroid hormone concentration was made
100 ng L™! by diluting the stock solution in the background electrolyte
solutions. pH adjustment was performed with 1 mol L™! HCI (diluted
from analytical-grade HCI 37 % (ROTIPURAN), Carl Roth, Germany)
and 1 mol L' NaOH (prepared from analytical-grade (EMSURE) pellets,
Merck Millipore).

Some scavengers were added to the feed solution at a concentration
of 10 mmol L™! to determine which ROS are significant following a
previously published procedure [84]. Briefly, isopropanol (IPA, > 99.8
%, HPLC grade, VWR, Germany), p-benzoquinone (p-BQ, > 98 %,
Thermo Scientific Chemicals, Germany), furfuryl alcohol (FFA, 98 %,
Thermo Scientific Chemicals) and sodium oxalate (SO, 99 %, Thermo
Scientific Chemicals) are scavengers for *OH, «0%7, 10, and photo-
induced electron holes (h"), respectively. The concentration of scav-
enger of 10 mmol L ™! is much higher than that of steroid hormone (0.37
nmol L™1), and this scavenger should dominate completely in interac-
tion with the reactive species.

2.2. Porphyrin incorporation in PTFE membranes and porphyrin loading
determination

The pristine PTFE membranes, commonly used as filters in organic
solution and gas purification, were supplied by Merck Millipore, USA
(batch 21012441-0101). It is noted that the methods and fundamentals
investigated are not limited to PTFE and PVDF, given that concerns have
emerged over the production of harmful poly- and perfluoroalkyl sub-
stance (PFAS) by-products from PTFE/PVDF [85], which will lead to a
phasing out of such membranes. Findings in this work are potentially
transferrable to other types of support materials as long as these interact
with porphyrins. The PTFE membranes have a nominal pore diameter of
0.2 pm and thickness of 23 pm.

The porphyrin incorporated into the PTFE membranes is
(5,10,15,20-tetrakis(pentafluorophenyl)-21H,23H-porphine palladium
(II) (PATFPP, > 94 %, Frontier Specialty Chemicals, USA). The photo-
catalytic PATFPP-PTFE membranes were produced following the pro-
tocol described by Lyubimenko et al. for PATFPP-PVDF membranes
[59,61]. The PTFE membrane coupons with 25 mm diameter were
submerged and sonicated in acetone (99 %, Merck Millipore) for 8 min
in a beaker placed in an ultrasonic bath (Model USC 300 T, VWR, Ger-
many). Subsequently, the coupons were removed, rinsed with methanol
(>99 %, Merck Millipore), dried for 10 min in air at room temperature,
and then placed in a custom-built six-well stainless-steel plate. In a glass
beaker, PATFPP was dissolved in tetrahydrofuran (THF, 99.9 %, Merck
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Millipore) to form a PATFPP solution of concentration between 1 and 30
mmol L1, An aliquot of 1.5 mL of this solution was added to each well of
the stainless-steel plate containing the PTFE membrane coupon. The
wells were then capped to avoid solvent evaporation, and the stainless-
steel plate was shaken for 4 h on a bench-top shaker (Shaker KM-2,
Edmund Biichler, Germany). The PdTFPP-coated coupons were then
washed with Milli-Q water (Reference A+, Merck Millipore, with re-
sistivity > 18.2 MQ cm 1) to remove free (i.e. un-adsorbed) porphyrins,
and sonicated in Milli-Q water for 8 min so that the solvent in the
membrane pores is displaced by water. The porphyrin membranes were
then stored in Milli-Q water until the experiment. In a thin membrane (<
30 pm in thickness), it is expected that the distribution of PATFPP along
the membrane thickness is roughly uniform [61]. This is not the case for
thicker membranes (e.g. PVDF membrane with 110 pm thickness), as the
PATFPP concentrations near the top and bottom surfaces of the mem-
brane are two to five times higher than in the bulk of the membrane
[59].

Porphyrin loading determination was performed via three methods:
1) mass balance; 2) determination from the washing solution; and 3)
weight gain. The mass balance method (method 1) did not yield sig-
nificant loading results due to the negligible difference in porphyrin
solution absorbance before and after the loading (Figs. S3 and S4).
Hence, methods 2 and 3 were considered as alternatives. A description
of the three methods is given in Supplementary Section 3. Method 2
relies on the condition that PATFPP was fully washed off the membrane
by THF solvent. Method 3, on the other hand, requires careful operation
and high sensitivity of the analytical balance. Method 2 (washing) and
method 3 (weight gain) yield significant and comparable loading results
(Fig. S5), thus both can be used for loading determination. For method 2,
the absorptance spectrum indicates insignificant presence of PATFPP
remaining in the membrane after washing (see Fig. S6), hence this
method is valid for the thin PTFE membranes. At a porphyrin concen-
tration in the well of 13.9 + 0.5 mmol L}, the corresponding loading in
the PTFE membrane (around 10 mg in mass) is 50 + 10 pmol g‘l. The
adsorbed porphyrin accounts for 2.4 — 2.9 % of the total mass in the well.
The loading values reported in this paper were determined with method
2.

2.3. Photocatalytic experiment procedure

Steroid hormone photodegradation experiments were performed in a
PCM reactor system with an active filtration area of 2.0 cm? and a quartz
window (2 cm in thickness and 1.7 ¢cm? in area) as illustrated in Fig. S7
and described in a previous study [18].

Light from a solar simulator (SolSim SINUS-70, WaveLabs, Germany)
was calibrated using a reference to the air mass 1.5 global spectrum
(AM1.5G, 350 — 1150 nm) [86] using the auto-calibration tool from the
WaveLabs software (Fig. S8). The output spectrum (350 — 1150 nm) has
a maximum intensity of 81.5 mW cm ™2, as this corresponds to the 350 —
1150 nm fraction of the entire AM1.5G solar spectrum (280 — 4000 nm)
[51], which has an intensity of 100 mW cm 2. The filtration protocol is
the same as described by Lyubimenko et al. [18] and summarised in
Table S2. Unless indicated otherwise, the experiments were performed
at a light irradiation intensity of 14 mW cm 2 (14 % of terrestrial sun-
light), a water flux of 600 L m~2 h™! (corresponding feed flow rate of 2
mL min’l), 100 ng L~ ! steroid hormone (E2) concentration, a solution
pH of 8.2 4+ 0.1, and a temperature of 24.0 &+ 0.2 °C. The room tem-
perature (controlled with air conditioning) and humidity were moni-
tored as shown in Fig. S9.

2.4. Characterisation of membrane surface and optical properties

The contact angle of the PTFE membrane support was indicated with
both the sessile drop and captive bubble method (Drop Shape Analyser
DSAZ25, Kriiss) to characterise the surface properties of the PTFE mem-
branes. The sessile-drop method is more suitable for characterising
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hydrophobic surfaces, while the captive-bubble method is more suitable
for hydrophilic or aerophobic surfaces. The hydrophobicity and aero-
phobicity of PTFE surfaces depend on the wetting [87,88].

In the sessile drop method, a pure water drop of 5 uL. was released
from a 21G needle with an inner diameter of 0.514 mm onto a dry
membrane piece. In the captive bubble method, the membrane piece
was submerged in a) Milli-Q water and b) methanol (and then thor-
oughly rinsed with Milli-Q water) for 24 h before characterisation. An
air bubble (8 uL) was released from a J-shaped needle (diameter 0.493
mm) onto the wetted surface. The equipment software (ADVANCE,
Kriiss) calculated the contact angles in both cases. Results are shown in
Figs. S10 and S11. Captive bubble results depend on whether the surface
of the PTFE membrane is properly wetted. If the surface is not wetted (i.
e. air is trapped in the pores) the air bubble may dissipate on the surface;
if the surface is properly wetted, the air bubble would stay on the surface
(see Fig. 512) [88].

The porosity of PTFE was determined via helium pycnometry (Pyc-
nomatic ATC, Porotec, Germany). Pycnometry detects all void volumes
that helium atoms can penetrate, gives precise and reproducible results,
and does not distort membranes due to high pressures (compared to
mercury intrusion, for instance) [89]. A PTFE membrane sample with a
mass of 343 mg (measured on an analytical balance) was characterised
with multiple (27) cycles/repeats to determine the porosity and varia-
tion in porosity. An average porosity of (57 + 1) % was indicated
(Fig. S13).

The absorbance spectra of pristine and coated membranes were ob-
tained in a spectrophotometer with an integrating sphere (Cary 7000,
Agilent, USA). Membranes were placed inside a quartz cuvette (40 mm e
40 mm and light path 10 mm, Starna Scientific, Germany) containing
water. The wavelength range was set at 300 — 1200 nm. The scan rate
was 600 nm min ' in UV-Vis and 300 nm min~" in near infra-red (NIR)
regions. The signal averaging time was selected at 0.1 s in UV-Vis and
0.2 s in NIR, and the switch between UV-Vis and NIR detectors occurred
at the 860 nm wavelength. The spectral bandwidth was independently
fixed at 4 nm in both UV-Vis and NIR to avoid both excessive noise and a
step in the data in the detector changeover region. The latter occurs
when the spectral bandwidth is allowed to vary, which in turn results in
a smaller or larger area of the sample being illuminated. This behaviour
results in a different spectrophotometric value being measured for non-
uniform samples. The baseline calibration was performed with 0 % and
100 % transmittance. Transmittance and absorptance with a water-filled
cuvette (no membrane) were measured on each day of analysis. For the
absorptance (A%) measurement, the cuvette was mounted in the centre
of the integrating sphere. The Cary WinUV software (Agilent) calculated
A% by subtracting the transmitted and reflected light. For transmittance
(T%) measurement, the cuvette was placed just outside of the inte-
grating sphere. The Cary WinUV software determined T% from the light
that entered the integrating sphere.

If the membrane was not properly wetted (e.g. without filling the
hydrophobic pores with water), the light transmittance would decrease
(Fig. S19) due to the mismatch between the refractive indices of air and
PTFE. Air had to be removed with the use of solvents to ensure repro-
ducible light transmittance results. The uncoated PTFE membrane was
pre-wetted in methanol for 15 min prior to the optical measurement.
During the preparation of PCMs, the PTFE membranes were conditioned
in THF and methanol. The resulting PATFPP-PTFE membranes were kept
submerged in water at all the time.

2.5. Analytical methods

Radio-labelled hormones in feed and permeate samples are quanti-
fied with ultra-high performance liquid chromatography coupled with
flow scintillation (UHPLC-FSA, Perkin Elmer, USA) according to the
methodology adapted from Lyubimenko et al. [18]. A change from the
published method is that the UHPLC flow rate was set at 0.2 mL min !
instead of 0.25 mL min~!, and injection volume was increased from 100
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to 200 pL (with a larger injection loop volume of 200 pL) to increase the
peak area in chromatograms. Additionally, the composition of meth-
anol/water in the gradient from 40/60 to 80/20 is increased within a
shorter time (at 15 min) for E1 and E2 but maintained at 25 min for T
and P. This change allows speeding up the analytical time for E1/E2
compared with Lyubimenko et al. [18], as these analytes elute faster
without compromising peak area [90]. The detection limit is < 5 ng L1
for all steroid hormones, similar to the value reported by Lyubimenko
etal (3.4ng L’l) [18]. In the FSA, the eluent was mixed with scintillant
(Ultima-Flo M, Perkin Elmer) at a scintillant flow rate of 4 mL min~" for
steroid hormone counting. The steroid hormones were eluted at 17.1,
17.3,18.4, and 23.6 min for E1, E2, T, and P, respectively, and separated
from breakdown products in a C18 column (Kinetex, 150 mm length &
2.1 mm diameter, silica particle diameter 1.7 pm, Phenomenex, USA,
kept at a fixed temperature of 50 °C). The breakdown products were not
identified but eluted earlier than the steroid hormones.

Liquid scintillation counting (LSC, 2550 TR/AB, PerkinElmer) was
used to determine the total activity of tritium in a mixture of radio-
labelled steroid hormones and degradation products. As HPLC-FSA al-
lows the quantification of undegraded steroid hormones, a combination
of LSC and HPLC-FSA can be used to distinguish adsorption and pho-
todegradation [91]. For LSC, a sample volume of 1 mL was mixed with 1
mL of scintillation cocktail (Optiscint LLT, PerkinElmer). The activity
measurement was performed in triplicate, each with a counting time of
10 min [92]. Instrument calibration with tritium-labelled E2 standard
shows a linear relationship between activity and E2 concentration be-
tween 0.1 and 100 ng L™, The limit of detection is 0.1 ng L™! of E2,
corresponding to around 1 - 103 nmol L™ of tritium.

pH was determined with a SenTix 81 electrode (WTW, Germany)
connected to a pH/conductivity meter (pH/cond 3320, WTW). Dis-
solved oxygen (DO) content was determined with an FDO-925 electrode
(WTW) connected to a Multi 3620 IDS device (WTW). Before each DO
measurement, the electrode was inserted in an air-saturated vessel (FDO
Check, WTW) to check the DO at 100 % saturation. This DO content
should vary between 8.3 mg L1 (at 25 °C) and 9.0 mg L7 (at 20 °C) to
indicate that the electrode was functional. The feed pH and DO con-
centrations measured before each experiment are reported in Fig. S9.

To determine the concentration of 102, firstly the absorbed photon
flux per membrane area, ¢4, 4, was estimated from the absorptance of
light at all wavelengths in the range of 350 — 800 nm according to Eq. (5)
assuming that the amount of PATFPP and DO were not limiting factors.

»800 nm
Pabsa = Pinc, %o di (5)
4=350 nm

where ¢;,.; (photons m 257! nm™Y) is the incident photon flux, as re-

ported in a previous publication [18], and a; (between 0 and 100 %) is
the absorptance of light at each wavelength 1. The absorbed photon flux
per reactor volume ¢, (photons L1 s71) was related to gz, 4 via Eq.

(6).

Papsa A Pabs A
Pabs,v :%mm:aihs (6)

where A,, (m?) is the effective membrane area for filtration, and V,, (L) is
the dimensional volume of the membrane and is equal to A, multiplied
by membrane thickness h (m). The molar concentration [102] (molL™1)
was determined from Eq. (4) [18,54], under the assumptions that: i) all
PS molecules in the thin layer (23 pm) membrane could generate 102
with constant quantum yield; and ii) the lifetime of 10, inside the
membrane was similar to that in the bulk water. The !0, quantum yield
of incorporated PATFPP ®, is equal to 82 % (value is for PATFPP on
PVDF, and it is assumed that the value for PATFPP on PTFE is similar)
[59], and the self-decay rate constant k, is equal to 0.33 ps~* (inverse of
the average 102 lifetime).

For establishing the collision theory, ['0,] was assumed to not vary
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with distance from the pore wall. This assumption is plausible because in
the absence of any significant scavengers and at steady state, [*05] at the
pore centre (100 nm from the wall) was slightly lower (18 %) than [102]
at the pore wall, where 10, was generated (see Fig. S14).

Additionally, by pre-saturating the membranes with steroid hor-
mones in the dark phase, the steroid hormone concentration was
assumed to be largely uniform in the radial direction (see Fig. S15),
while the low adsorption affinity allowed membrane saturation to be
reached quickly (Fig. S16), within 100 mL of filtration in the dark phase
for E2. Based on tritium analysis, the adsorption of both steroid hor-
mones (E2) plus degradation products was found to reach saturation
relatively quickly within 600 mL of filtration in the light phase (see
Fig. S17). Hence, a uniform distribution of steroid hormones in the
radial direction was also assumed in the light phase.

2.6. Calculations and error analysis

The equations used in calculations are as shown in Table S3. Error
analysis is described in Tables S4 and S5. The main contributor to feed
hormone concentration error comes from the analysis (10 % uncer-
tainty), and the main factors contributing to permeate hormone con-
centration error are analysis (10 — 35 % uncertainty; higher uncertainty
was attained at lower concentrations), membrane coupon variation
(around 10 % variation in permeability) and variations in flux, pressure,
and temperature (7 — 10 % in combination). The error in 10, concen-
tration is assumed to be 10 % based on the variation in porphyrin
loading.

3. Results and Discussions

This paper seeks to elucidate the limiting factors behind the collision
frequency between 'O and steroid hormone molecules — hence the
steroid hormone removal. First, the limitations of light intensity and
PATFPP loading were examined for the removal of E2. Next, the total
membrane thickness (i.e. the number of membranes in a stack between 1
and 5) was varied to inspect how the membrane optical properties
influenced E2 removal. Subsequently, the limitation of water flux (and
steroid hormone molar flux) was evaluated to determine an effective
collision frequency threshold Z, and the percentage of collisions that
led to E2 elimination reaction (i.e. the steric factor). Finally, from pho-
tocatalytic experiments with varied steroid hormone types (E1, E2, T
and P), the selectivity towards micropollutants with an aromatic ring
was examined via the effective collision frequency.

3.1. Collision frequency limited by the incident light intensity

Because the amount of 10, generated is determined by the number of
absorbed photons, the light intensity was varied to determine the
threshold of light intensity, and hence the incident photon flux, above
which photon absorption no longer limited E2 photodegradation. An
examination of reactive species types was done via the introduction of
scavengers; results are shown in Fig. 518 indicating that 'O, was the
only significant reactive species in the system (the experimental pa-
rameters of this experiment are shown in Fig. S23). The relative steroid
hormone concentration, presented as permeate concentration ¢, divided
by feed concentration cf, was plotted against the permeate volume V,, in
Fig. 2 A. Steroid hormone removal R and apparent rate of disappearance
7 vs. light intensity at the same flux (600 L m—2 h’l) and loading (50 +
10 pmol g 1) are shown in Fig. 2 B. The experimental parameters are
shown in Fig. 524.

From Fig. 2 A, E2 adsorption saturation (where c,/c; ~ 1) was
reached in the dark phase (100 mL), and the steady-state concentration
of E2 (¢, /s = constant) was reached within 600 mL of the light phase in
all experiments. Without irradiation (i.e. the light intensity was 0 mW
em™2), E2 removal was not observed as the permeate concentration was
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equal to the feed concentration, resulting in c¢,/c; = 1. The relative
concentration c,/c; decreased to around 0.6 at an increased light in-
tensity of 10 mW cm 2. As the light intensity further increased from 14
to 81.5 mW cm 2, ¢p/cs only varied slightly, between 0.3 and 0.4. Fig. 2
B shows an initial increase in E2 removal at steady state, from 0 to 70 %,
with the light intensity increasing from 0 to 14 mW cm 2. The corre-
sponding rate of disappearance increased from 0 to 2.4 nmol L™ s,
This means, when more photons were absorbed, a higher quantity of 10,
was produced, which led to more collisions between E2 and 10, and
hence higher E2 removal. However, when the light intensity increases
from 14 to 81.5 mW cm™2 (the latter value is the light intensity of
terrestrial sunlight), E2 removal and rate of disappearance did not vary
significantly, meaning that the light intensity was no longer a limiting
factor. The flattening of the photodegradation curve above a certain
light intensity is similar to the observations for PATFPP-PVDF mem-
branes in previous experimental work [18,59], and could be attributed
to either the limited amount of DO or the limited number of photo-
catalytic centres (PATFPP) [59]. The amount of DO (which is present in
the solution at a concentration of 8 — 9 mg L™! (equivalent to a molar
concentration of 0.25 — 0.28 mmol L™1), see Fig. S9) is not likely to limit
the amount of 102 produced (which is calculated with Eq. (4) to be in the
order of 17 nmol L ™! at a light intensity of 14 mW cm™~2). Therefore, it is
hypothesised that the quantity of photocatalytic centres (ie. the
PATFPP) limited the generation of 102. The similar behaviour (flattening
of the degradation curve) has often been observed for catalytic reactions
in membrane reactors [93,94], and has been similarly attributed to the
limited number of photocatalytic centres available on the surface.

H
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When the incident photon flux was a limiting factor, with increasing
light intensity from O to 14 mW cm ™2, the collision frequency that is
correlated with the incident photon flux increased from 0 to 64 nmol L™?
s ! (Eq. (2)). To ensure good steroid hormone removal while preventing
wasting photon energy, in the experiments with other varied parame-
ters, the light intensity will be fixed at 14 mW cm 2. In the next step, the
PATFPP loading will be varied between 3 and 105 pmol g! to examine
whether PATFPP loading limited 'O, generation and the frequency of
collisions between 105 and E2.

3.2. Collision frequency limited by the porphyrin loading

If light intensity is no longer a limiting factor (at 14 mW cm™2) and
10, generation is limited by the quantity of PATFPP, the quantity of
photons absorbed by PATFPP will increase with increasing PATFPP
loading. To examine how photodegradation performance was influ-
enced by PATFPP loading, E2 removal and apparent rate of disappear-
ance vs. light intensity at varied PATFPP loadings and the same flux (600
Lm~2h™!) are shown in Fig. 3. The experimental parameters are shown
in Fig. S25.

From Fig. 3 A, E2 adsorption saturation was reached in the dark
phase, and steady-state concentration of E2 was reached within 600 mL
of the light phase in all experiments. As seen in Fig. 3 B, with an increase
in the PATFPP loading from 0 to 50 pmol g, E2 removal increased from
3 to 70 %, and the rate of disappearance from 0.83 to 2.4 nmol L™} s,
With a further rise in PATFPP loading from 50 to 88 pmol g~!, E2
removal and rate of disappearance reached a plateau at around 70 % and
2.4 nmol L™! s71, respectively. The above observations may suggest 1O,
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generation and the collision frequency were limited by PATFPP loading
in the lower range of loadings (0 — 50 pmol g~1), and was no longer in
the loading range of 50 — 88 pmol g~ *. It is further noted that at a very
high PATFPP loading of 105 pmol g™}, the E2 removal and rate of
disappearance reduced to 51 % and 1.9 nmol L™} s™}, respectively. This
lower photodegradation performance can be explained by i) concen-
tration quenching of the PATFPP triplet state [77] (hence reduced 102
sensitisation), and ii) porphyrin aggregates in which triplet states
formed in the bulk of the aggregates are quenched before reaching the
surface of the aggregate for 'O, generation [78].

To explain the trend in E2 removal with PdTFPP loading via the
collision theory, light absorptance and transmittance of the PdTFPP-
PTFE PCMs with varied PATFPP loadings are reported in Fig. 4 A, and
the absorptance was used to calculate the molar concentration of 10y
and collision frequency (reported in Fig. 4 B). The absorptance and
transmittance of a pristine membrane without any PATFPP are shown in
Fig. S19. It is noted that light absorption of the pristine membrane in the
range of 350 — 1150 nm was minimal; and the remaining absorption was
probably parasitic absorption; as a result, the quantity of 10, generated
was insignificant (~ 0 nmol L.

From Fig. 4 A, it can be seen that the absorption maxima of the
PATFPP-PTFE PCMs at 518 and 550 nm peaks reached around 91 — 92 %
at a loading of 31 pmol g}, after which only a minor increase was
observed (to 95 %) with increasing loading from 31 to 105 pmol g~ 1.
From Fig. 4 B, transmittance at wavelengths 600 — 900 nm and 450 —
480 nm decreased by increasing PATFPP loading from 3 to 105 pmol g~ *.
The transmittance at two of the absorption peaks of PATFPP (518 and
550 nm) decreased to a minimal value of 3 % with an increasing loading
from 3 to 50 pmol g~*, and remained at < 5 % with a further increase in
loading from 50 to 105 pmol g ~*. Because the refractive index of PATFPP
(n=1.5-3[76]) is higher than that of PTFE (n ~ 1.38 for bulk material
[73]) and water (n = 1.33 [74]), the effective refractive index of PATFPP
combined with PTFE may increase with PATFPP quantity and intensify
the mismatch in refractive index between water and the PATFPP-PTFE
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surface. This may explain the decline in light transmittance with
increasing PATFPP loading. The optical characterisation results corre-
spond with visual inspection of the membranes. At loadings of 31 — 105
pmol g1, the membrane colour was the same, and it was impossible to
distinguish the membranes (Fig. S20).

From Fig. 4 C, the steady-state molar concentration of !0 generated
increased from 5.6 to 18 nmol L™! with increasing loading from 3 to 31
pmol g1, but from 31 to 105 pmol g™}, only a relatively small increase
in 102 molar concentration was observed (from 18 to 22 nmol L’l). This
slight increase is because the absorptance at some wavelength ranges
(such as the one between 440 and 490 nm) other than the absorption
peaks of PATFPP increased with loading, and hence the absorbed photon
flux (calculated via Eq. (6)) also increased. As a result, more 102 was
generated. The same trend was observed for the collision frequency
(Fig. 4 D), which appeared to reach a maximum at around 85 nmol L™}
s~ ! at high loadings (65 — 105 pmol g~ 1). It is implied that the number of
photocatalytic centres above 31 — 50 pmol g~! loadings minimally
affected the frequency of collisions between 'O, and E2.

3.3. Variation of collision frequency with light penetration in membrane

By stacking PCMs at the same loading (50 + 10 pmol g~ 1), the
number of photocatalytic centres is increased; however, light trans-
mission through the next membrane in the stack is decreased due to light
absorption by PATFPP and light scattering. As a result, the quantity of
10, generated would reduce in this membrane layer. The changes in
relative concentration with permeate volume and E2 removal evaluated
with varying PCM stack thicknesses are shown in Fig. 5. The experi-
mental parameters are shown in Fig. S26.

From Fig. 5 A, with all the membrane stacks, the saturation of E2
adsorption was reached within the dark phase, and a steady state con-
centration was reached within 600 mL in the light phase. As observed in
Fig. 5B, E2 removal did not vary significantly with the number of PCMs
in the stack (between 70 % and 85 %, with an error bar of around 8 %),
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which means that the PCM thickness did not limit the photocatalytic
degradation of E2. On the other hand, the rate of disappearance
decreased with increasing PCM thickness as a result of increasing hy-
draulic residence time.

The removal results with varied PCM thickness imply that the
increased quantity of photocatalytic centres (number of PATFPP mole-
cules) would not correspond to some improvement in the photocatalytic
performance when light did not effectively reach the PATFPP in the
subsequent layers. It is hypothesised that light absorption in the first
membrane layer was effective, and a much smaller fraction of photons
could reach the second layer, and so on. To examine this hypothesis, the
absorptance and transmittance of PCM stacks, and the molar concen-
tration of 10, and collision frequency in each layer are shown in Fig. 6.
The optical properties of the corresponding blank membrane stacks are
shown in Fig. S21, highlighting a decrease in transmittance in

subsequent membrane layers due to light scattering.

From Fig. 6 A, adding a second PCM did not impact the absorptance
at the absorption peaks of PATFPP (518 and 550 nm), but the absorp-
tance was significantly higher in other wavelength ranges (440 — 490 nm
and 570 - 600 nm) compared with that of a single PCM. However,
adding further membrane layers in the stack did not result in a signifi-
cant increase in absorptance at the 440 — 490 nm region. Fig. 6 B shows
that transmittance decreased with increasing PCM layer thickness as a
result of increased light scattering.

The analysis of 105 molar concentration was done for each individual
layer, by finding the total 'O, concentration generated for the cumula-
tive thickness, and subtracting this value by the total 10 concentration
with one fewer PCM layer. The molar concentration of E2 in the sub-
sequent layer was also calculated for each individual layer in the same
manner. Fig. 6 C shows that while 17 nmol L™! of 10, was generated in
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the first layer, only around 5 nmol L™! was generated in the second
layer, and insignificant amounts in the third, fourth, and fifth layers
(insignificance is indicated when the error is larger than the value). In
Fig. 6 D, the collision frequency was only significant in the first layer,
because of the depletion of both E2 and 102 molecules (the latter is due
to insufficient light reaching the below layers). These results show that
adding PCM and hence increasing the layer thickness up to 115 pm did
not enhance the photocatalytic performance significantly, because
effective light absorption was already achieved within the top-most PCM
layer (23 pm in thickness).

3.4. Determination of an effective collision frequency threshold

In the previous experiments, the water flux was fixed at 600 L m™2
h™! corresponding to a uniform E2 molar flux of 4.7 nmol L™! s71. This
molar flux is much lower than the collision frequency in the order of 65 —
90 nmol L1 s71, hence the reaction time in the PCM might not limit the
chance of collisions. By increasing the water flux and hence the molar
flux of E2, the rate of photocatalytic reaction may be limited by the
faster E2 replenishment. The limitation threshold is a value in E2 molar
flux that is roughly equal to the frequency of successful collisions Z as
well as the threshold for the rate of disappearance. To determine Z, the
water flux was varied between 60 and 3000 L m~2 h™! by adjusting the
flow rate with the HPLC pump between 0.2 and 10 mL min~!. The
corresponding E2 molar flux (assuming that the molar flux of E2 did not
account for the mass loss caused by adsorption and degradation) varied
between 0.47 and 23 nmol L™! s™. E2 removal and rate of disappear-
ance vs. E2 molar flux are shown in Fig. 7. The dependence of hydraulic
residence time on the water flux and E2 molar flux is shown in Fig. 522.
The experimental parameters are shown in Fig. S27.

From Fig. 7 A, E2 adsorption saturation was reached within the dark
phase, and a steady state concentration was reached within 600 mL in
the light phase. Fig. 7 B shows that similar E2 removal results were
achieved within an E2 molar flux range between 0.47 and 9.3 nmol L™}
s! (corresponding to a water flux range between 60 and 1200 L m 2
h™h). It is implied that in this molar flux range, the reaction time was
long enough to allow efficient collisions between 0, and E2, resulting
in ‘full’ E2 elimination (note that the removal is not complete because a
100 % yield of reaction is not typically possible in experiments). A linear
increase in rate of disappearance was observed for the low E2 molar flux
range (0.47 — 9.3 nmol L™} s7!) as the rate of disappearance was
inversely proportional to the hydraulic residence time.

However, E2 removal decreased when the molar flux increased from
9.3 to 23 nmol L ™! 5! corresponding to a water flux increase from 1200
to 3000 L m™2 h™!. In this flux range, the hydraulic residence time
(below 0.05 s) limited the collisions. The rate of disappearance levelled
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off at around 7 + 2 nmol L™! s71, which is roughly equal to the molar
flux of E2, above which the removal started decreasing (9.3 nmol Lt
s™1). Essentially, within a specific reaction time, the number of collisions
does not surpass the number of reactant (E2) molecules, and hence, a
maximum collision frequency that led to reaction (i.e. maximum effec-
tive collision frequency Zf) is determined at an E2 molar flux of around
9 nmol L1 s71. If the rate of disappearance (7 + 2 nmol L™} s71) is
assumed to be equal to Z, an efficiency factor was determined to be 11
% since the total collision frequency is 64 + 5 nmol L1 s~1. While other
factors (light intensity, PATFPP loading, and light absorption) seemed to
be not limiting, this efficiency factor may correspond to a steric factor
of one order of magnitude, as the 10, preferentially attacks electron-rich
moieties [52,53], such as the aromatic rings, and does not tend to react
with other moieties of the E2 chemical structure. A similar steric factor
had been reported for reactions between small molecules only at well-
defined reaction centres [40].

The effective collision frequency is specific for E2 as reactions be-
tween 102 and other micropollutant molecules (with varied chemical
structures) may yield different values. The selectivity towards steroid
hormone molecules that contain aromatic moieties was be investigated
in the next section.

3.5. Explanation of selectivity with collision effectiveness

Reactions between 'O, and non-aromatic micropollutants (with
lower reaction rates) are not considered purely diffusion-controlled; the
observed rate is related to both the Smoluchowski diffusion rate (kgpor)
and the activation-dependent rate of reaction between encountered re-
actants in a reactive boundary [95]. The selectivity towards aromatic
reactants was examined in experiments with varied steroid hormone
types (E1, E2, T and P). These molecules have slightly varied molecular
weights (270 — 314 g mol™1); hence, similar total collision frequencies
between the steroid hormones and 102 were obtained (60 — 70 nmol L !
s™1). Because the PCMs adsorbed E1 and P better than T and E2, the
membranes needed to be pre-saturated with E1 and P by filtration with
700 mL in the dark phase prior to the main experiment (with both the
dark and light phases). Steroid hormone removal in the main experi-
ments is shown in Fig. 8. The experimental parameters are shown in
Fig. $28.

From Fig. 8 A, with pre-saturation of E1 and P, the adsorption
saturation for all four hormones was achieved within the dark phase,
and a steady state concentration was reached within 600 mL in the light
phase. Fig. 8 B shows that the removal of T and P was insignificant:
because the error is higher than the average removal value, it is implied
that the true removal can be as low as 0 %. In contrast, the removal of E1
and E2 (which contain phenolic rings for 102 attack) was significant, at
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80 i I 18
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20+ : : 42 .
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E2 molar flux (nmol L™"s™)

Fig. 7. c,/cs as a function of V,, (A); R and 7 as functions of E2 molar flux (B). PATFPP loading 50 4 10 pmol g%, light intensity 14 mW cm 2, 100 + 10 ng/L E2, 10
mmol L~! NaCl, 1 mmol L~! NaHCO3, 8.5 + 0.3 mg L ™! dissolved oxygen, pH 8.2 + 0.1. The dark and light grey boxes indicate the frequencies of total collisions Z
(64 + 5 nmol L™ s™1) and successful collisions Zys (7 £ 2 nmol Lt s’l), respectively.
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Fig. 8. c,/cs as a function of V;, (A); R and 7 vs. hormone type (B). PATFPP loading 50 + 10 umol g7}, light intensity 14 mW cm 2, flux 600 Lm~2h~!, 100 = 10 ng
L~! hormone, 10 mmol L™} NaCl, 1 mmol L™! NaHCOs, 8.5 + 0.3 mg L~! dissolved oxygen, pH 8.2 + 0.1.

(50 + 8) % and (72 + 8) %, respectively, implying that more collisions
led to reaction in the cases of E1 and E2 than the cases of T and P. A low
activation energy allows very fast reaction between encountered re-
actants (such as 102 and E1/E2), and the overall reaction rate is limited
only by diffusion following the Smoluchowski collision theory. If the
rate of disappearance is equal to the effective collision frequency, the
percentage of collisions that led to reaction was 4 — 6 % for E2, and ~ 0
% for T and P. It is noted that these values are not equal to the ‘steric
factors’ related to the probability of 1O to find the target bonds, because
the steric factor was only calculated when the steroid hormone molar
flux was no longer limiting. However, the zero removal of T and P may
imply that a significant activation energy would be required to break the
olefin n-bond (C = C), although this reaction is feasible [96].

It is noted that the state of reaction between 'O, and T/P may vary
with PCM process conditions. Lyubimenko et al. achieved a partial (55
%) removal of T with a PATFPP-coated PVDF PCM although the pore
diameter was smaller (20 nm), by applying higher light intensity (81.0
mW cm’z) and lower flux (60 L m 2 h’l) [61]. The stronger confine-
ment in these 20 nm diameter pores may allow closer contact between
10, and T as well as more collisions between T with the pore wall and
0, on the PATFPP surface. These phenomena, together with the lower
molar flux of T (in the order of 0.5 nmol L' s~} compared to 4.7 nmol
L1 s7! in this work) allow repeated collisions between 102 and T for
some successful reactions. A strong nanoconfinement that restricts mo-
lecular orientation should not be experienced at this scale of pore
diameter (for that, pore diameters of several nanometres are required)
[29]. The removal of P reported by Lyubimenko et al. with the same
membrane and experimental conditions was insignificant [61].

3.6. Collision frequency in optimised experiment

In an attempt to attain a higher steroid hormone (E2) removal, an
optimised photocatalytic experiment was performed with a lower water
flux (60 Lm~2h ™, corresponding to an E2 molar flux in the order of 0.5
nmol L~! s71), higher PATFPP loading (88 =+ 8 pmol g~ 1) and stronger
light intensity (81.5 mW cm’z) to ensure that a vast excess of 102 was
present while the reaction time was sufficiently long. The relative E2
concentration, removal, and rate of disappearance vs. permeate volume
in this experiment are shown in Fig. 9.

From Fig. 9 A, in the optimised experiment, the adsorption saturation
was achieved within 100 mL of the dark phase, and a steady state con-
centration was reached within 600 mL in the light phase. The steady
state removal attained for the optimised was around 85 % (Fig. 9 B),
which is higher than the removal (72%) attained for the ‘normal’
experiment with a PATFPP loading of 50 + 10 pmol g™}, light intensity
of 14 mW cm ™2, and water flux of 600 Lm~2h ™. As observed in Fig. 9 C,
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the rate of disappearance in the optimised experiment was approxi-
mately 10 times lower than that of the ‘normal’” experiment because of
the longer hydraulic residence time. It appears that the optimisation
resulted only in a moderate improvement in removal. Because the
incident light intensity was no longer a limiting factor to !0, generation
at above 14 mW em 2, it is expected that the quantity of 'O, generated
in the optimised experiment reached the threshold of 17 nmol L™}, and
the total collision frequency was at 64 nmol L ™! s71, similar to that in the
‘normal’ experiment. The lower water and E2 molar fluxes in the opti-
mised experiment allow longer reaction time between E2 and 'O,
although the molar fluxes in both optimised and normal experiments
(0.5 and 4.7 nmol L™! s71) were lower than the effective collision fre-
quency threshold (which was determined in the previous sections to be
around 7 nmol L1 s_l, 11 % of the total collision frequency). It is
implied that the lower water flux did not result in an increased fre-
quency of collisions. However, a 13 % higher E2 removal was observed
with the optimised experiment, which suggests that the collisions were
more effective under the combination of low convective flow, strong
light irradiance, and high PATFPP loading.

3.7. Application of collision theory in varied diameters of nanopores

Based on the above findings for 200 nm diameter pores of PATFPP-
PTFE membranes, the performance of micropollutant (steroid hor-
mone) photodegradation can be explained by the collision theory for
varied pore diameters. The reaction zone that experiences wall effects (i.
e. solute-wall interaction/adsorption), the reaction zone, and the zone
without reaction (to where reactive oxygen species cannot diffuse) are
schematically described in Fig. 10 for varied diameters of pores.
Micropollutant molecules are transported towards the pore wall by
diffusion. However, when the molecules are very near the polymer
surface inside the pores (~ 1 nm), solute-wall interactions (e.g. van der
Waals force and hydrogen bonding) become significant, keeping the
molecules attracted (or adsorbed) to the pore surface. Within this nar-
row zone (orange), reactivity is likely to be enhanced as reactants are
more concentrated depending on the affinity between the pore surface
and molecules. In the reaction zone (yellow), the reactants (102 and
steroid hormone molecules) can react in the liquid phase. The zone
without reaction (blue) is where 10, cannot be found, as these species
self-decay before they can diffuse a significant distance of several
micrometres (with a lifetime of 3 ps [80], the average self-diffusion
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distance of 102 is around 270 nm [82], although this distance may not
be unidirectional).

Pore diameters in the order of 1 nm and 10 nm (Fig. 10 A and B, not
relevant in this work as too small) experience significant wall effects, as
the reaction zone (orange colour) is a relatively large proportion of the
space inside these pores. The walls affect the photocatalytic reactivity
because the pollutants are drawn towards the walls where reactive
species are generated, which results in a possible uneven distribution of
concentrations of both reactants with distance from the pores (i.e. higher
reactivity at the pore walls and lower reactivity at the pore centre)
[26-28]. These pore diameter scales are not included in the current
study, although in a previous work (Lyubimenko et al.), higher reaction
rates in ~20 nm diameter nanopores compared to ~200 nm diameter
nanopores have been observed [61].

In a 200 nm pore (Fig. 10 C), which is the relevant scale to the
photocatalytic membranes investigated, the zone under direct wall in-
teractions is relatively small (0.5 % of the space inside a pore). If the
affinity of the pore surface towards the micropollutants is relatively
weak, the reactants (singlet oxygen and micropollutants) can diffuse in
the liquid phase. It is noted that the lifetime of 10 is relatively long that
allows a long diffusion distance; if other reactive species with shorter
lifetimes are involved, reactivity would be limited to the proximity to
the pore wall due to shorter diffusion distances, resulting in a stronger
variation in collision frequency in the radial direction.

In larger pores (Fig. 10 D and E, not relevant in this work), the
concentration of 10y reduces exponentially with increasing distance
from the pore walls (with a lifetime of 3 ps [80], the average self-
diffusion distance of 102 is around 270 nm [82]). Only the steroid
hormone molecules that diffuse towards the vicinity of the pore walls (e.
g < 500 nm) can react with 'O, while those located at the pore centre
exit the pores without reacting. Consequently, the photocatalytic reac-
tivity is lower in larger pores compared to the smaller ones. The collision
theory remains relevant, but it must account for the lack of reactive
species at the centre of the pores, where collisions would not occur and
thus no pollutants can be degraded. The smaller pore diameters would
be required for effective photocatalysis.

4. Conclusions

In summary, the PATFPP-PTFE membranes are suitable PCMs to
establish a collision theory framework for elucidating the process

200 nm
Re=2-10"°
\:' Reaction zone under wall effects

O Micropollutant

10 nm

1nm
Re=10"7 Re=10"°

]

1000 nm
Re=107"

Liquid-phase reaction zone

Reactive species

10000 nm
Re=10"

D Non-reaction zone l Flow profile

Fig. 10. Flow profiles, reaction zones and zones without reaction inside the pores of different diameters (A: 1 nm, B: 10 nm, C: 200 nm, D: 1000 nm, and E: 10,000
nm). The Reynolds numbers (Re) are given. The pore diameters are not to scale. The pore, micropollutant and reactive species diameters are not to scale. The
photocatalyst/PS coatings are not shown. The reaction zone under wall effects (~1 nm in radial distance) is narrow and not visible in D and E.
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performance limitations. The assessment of this collision theory was
made via quantifying the 'O, generated through photon conversion in
the PCM. The collision frequency (which is an indicator of reaction rate)
between 0, and steroid hormone E2 was found to be limited by a light
intensity up to 14 mW cm~2 and PATFPP loading up to 31 pmol g~ 1. By
stacking the PCMs, it was discovered that the majority of photons were
absorbed by the top-most PCM layer, and hence increasing the mem-
brane layer thickness does not correlate with increased collision fre-
quency and better E2 removal. When the reaction time was restricted by
reducing the water and E2 molar fluxes, a maximum effective collision
frequency was determined (at around 7 nmol L™ s71), which corre-
sponds to a steric factor of 11 %. This means 11 % of collisions led to
successful reaction. The effectiveness of collisions was then examined
for other steroid hormones (E1, T, and P) to highlight the selectivity of
102 towards aromatic moieties.

While the collision theory offers novel insights into the fundamental
mechanisms and limitations of photodegradation in PdTFPP-PTFE
membranes, the translation of this framework to other reactive nano-
pore systems will necessitate experimental and modelling efforts. For
example, the presence of other reactive species, such as hydroxyl radi-
cals (*OH), superoxide anion (*Oy ~) and methyl radicals (*CH3) gener-
ated from the photo-excitation of TiOy photocatalysts, may induce
micro-electric effects due to their charges [97], and introduce compe-
tition for reaction with micropollutant molecules as well as different
quenching pathways. This work solely focused on aqueous-phase re-
actions in 200 nm diameter pores; smaller (i.e. more confining) nano-
pores may exhibit stronger wall effects (such as micropollutant
adsorption/desorption and sorbed-phase reaction). The steric effect
(steric factor f is equal to 11 % for E2) can be overcome by reducing the
exposed micropollutant surface for ROS attack in spatial nanoconfine-
ment. The tortuous nature of pores was not considered in this work,
although this may result in improved light scattering for ROS generation
and more collisions between micropollutants and ROS deposited on the
pore surface. Nevertheless, all the above challenges can be addressed
within the collision theory framework.

PCMs, which combine membrane filtration and photocatalysts/PS
for the degradation of recalcitrant micropollutants, show great promise
for water purification applications. However, their development has so
far been limited to small-scale laboratory setups, with a wide range of
reactor designs, configurations, flow dynamics, and integrations having
been reported. The collision theory framework introduced in this study
offers novel insights for predicting photodegradation performance and
identifying process limitations related to mass transfer and light delivery
in diverse types of PCMs. Therefore, this framework could contribute to
the advancement of materials and chemical engineering.
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