Journal of Membrane Science 563 (2018) 531-540

5 journal of
MEMBRANE
SCIENCE

Contents lists available at ScienceDirect

Journal of Membrane Science

journal homepage: www.elsevier.com/locate/memsci =

Mechanism of humic acid fouling in a photocatalytic membrane system )

Check for
updates

Ruochen Zhu®, Alfredo J. Diaz’, Yun Shen, Fei Qi’, Xueming Chang®, David P. Durkin®,
Yingxue Sun’, Santiago D. Solares™*, Danmeng Shuai™"*

2 Department of Civil and Environmental Engineering, The George Washington University, Washington D.C. 20052, United States

® Department of Mechanical and Aerospace Engineering, The George Washington University, Washington D.C. 20052, United States
€ Department of Civil and Environmental Engineering, University of Michigan, Ann Arbor, MI 48109, United States

9 Department of Environmental Science and Engineering, Beijing Technology and Business University, Beijing 100048, China

© Department of Chemistry, United States Naval Academy, Annapolis, MD 21402, United States

ARTICLE INFO ABSTRACT

Keywords: Photocatalytic membrane filtration has emerged as a promising technology for water purification because it
Humic acid integrates both physical rejection and chemical destruction of contaminants in a single unit, and also largely
Photocatalysis mitigates membrane fouling by natural organic matter (NOM). In this study, we evaluated the performance of a

Ultrafiltration membrane
Adhesion force
Fouling mechanism

photocatalytic membrane system for mitigating fouling by a humic acid, which is representative NOM, and
identified critical properties of the humic acid that determined membrane fouling. We prepared a partially
oxidized humic acid (OHA) through the photocatalysis of a purified humic acid (PHA), and the OHA showed
reduced fouling for polyvinylidene fluoride (PVDF) ultrafiltration membranes compared to PHA. Molecular-level
characterizations indicated that OHA had a reduced molecular size, an increased oxygen content, and increased
hydrophilicity. OHA also formed smaller aggregates on the fouled membrane surfaces than PHA. The in-
troduction of oxygen-containing, hydrophilic functional groups, e.g., -OH and -COOH, to the humic acid and the
depolymerization or mineralization of the humic acid in photocatalysis could result in the reduction of the
foulant-membrane and foulant-foulant interactions, as characterized by atomic force microscopy (AFM), thereby
mitigating membrane fouling. Foulant-membrane adhesion forces were always larger than foulant-foulant ad-
hesion forces in our study, irrespective of the humic acid before or after photocatalytic oxidation, which may
suggest that the reduction of foulant-membrane interactions is critical for membrane fouling control. In sum-
mary, this study sheds light into humic acid fouling in a photocatalytic membrane system through a systematic
and comprehensive research approach, and provides insights for the design of novel membrane materials and
processes with improved performance for water purification.

1. Introduction

Pressure-driven membrane filtration, including microfiltration, ul-
trafiltration, nanofiltration, and reverse osmosis, is becoming a pro-
mising physical process for the removal of a broad range of con-
taminants in water and wastewater [1-4]. Despite the effectiveness of
membrane filtration for water and wastewater treatment, this devel-
oping technology still faces great challenges of membrane fouling, in-
tensive chemicals and energy consumption for operation and main-
tenance, and further treatment or disposal of concentrated waste.
Specifically, membrane fouling compromises the yield of purified water
(i.e., flux), and also impairs membrane selectivity for contaminant re-
moval [5-7]. Natural organic matter (NOM), such as humic acids, fulvic
acids, and tannic acids, is ubiquitously present in various waters and
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results in significant membrane fouling [8]. NOM not only accumulates
on membrane surfaces or inside membrane pores to foul the membranes
but also leads to the formation of disinfection byproducts (e.g., triha-
lomethanes, haloacetic acids) [9], and thus requires removal in water
and wastewater treatment.

Many previous studies have been conducted to understand mem-
brane fouling with NOM, by evaluating the topography of foulants on
membrane surfaces, and by exploring the effect of water matrices (e.g.,
pH, cations), molecular sizes of the foulants, and interactions between
the foulants and the membrane surfaces (e.g., electrostatic forces, hy-
drophobic attraction) on fouling [10-16]. To mitigate membrane
fouling, different strategies have been used in engineering practices,
including pre-treatment of water prior to membrane filtration (e.g.,
coagulation, activated carbon adsorption, oxidation), regular
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maintenance and cleaning of membranes (e.g., physical vibration and
backwashing, chemical treatment) [17], surface modification of con-
ventional membranes (e.g., grafting of hydrophilic and zwitterionic
functional groups) [18-20]), and the development of new membranes
[20]. Notably, the pre-treatment of oxidation has been demonstrated to
achieve significant improvement for the removal of humic substances
and to mitigate membrane fouling [21]. Taking ozonation as an ex-
ample, ozone decomposes foulants into small molecules and re-
markably prevents membrane fouling, due to the formation of highly
reactive hydroxyl radicals (*OH) and other radicals [22,23]. However,
chemical corrosion, potential toxicity, and the relatively high cost and
energy consumption of the operation have prevented ozone from broad
application in water purification [24,25].

Photocatalytic membrane filtration has recently emerged as a pro-
mising technology for water and wastewater treatment, and the synergy
between physical separation and chemical oxidation promotes con-
taminant removal and mitigates membrane fouling. Photocatalysts, ei-
ther suspended in water or immobilized on the membrane surfaces,
produce a series of reactive oxygen species (ROS) under light illumi-
nation. The ROS can destroy small-molecule contaminants, decompose
large-molecule NOM, and inactive microorganisms in water, and the
process can minimize further treatment or disposal of the brine and
largely mitigate membrane fouling from NOM and biofilms [26]. In
addition, photocatalysts can potentially harvest sunlight and activate
0O, and H»0 in ambient conditions, and thus photocatalysis can reduce
the energetic and chemical footprint for water and wastewater treat-
ment [27-29].

Our study aims to provide a molecular-level understanding of how
photocatalytic membranes prevent NOM fouling in water and waste-
water treatment. In this study, photocatalysts containing titanium di-
oxide (TiO,) were suspended in water containing a humic acid, which is
typical NOM, to simulate the tandem photocatalytic membrane system
of a photocatalytic slurry reactor with a downstream ultrafiltration
membrane separation unit. This tandem photocatalytic membrane
system was selected, in contrast to an integrated system with the pho-
tocatalyst loaded on the membrane, because the system (i) avoids
polymeric membrane oxidation and deterioration in photocatalysis, (ii)
improves the mass transfer rate and photoreactivity for oxidation; and
(iii) allows easy illumination for photocatalysis [30-32]. TiO, was se-
lected because it is an inexpensive, stable, and efficient photocatalyst
for water purification, and it mainly produces the most powerful oxi-
dant *OH that reacts with most organics near diffusion-limited rates in
water for NOM decomposition [33-35]. TiO, has been demonstrated to
facilitate the photocatalytic oxidation of humic acids in recent years
[36-39]. Uyguner et al. studied the molecular weight distribution of a
humic acid after TiO,-based photocatalysis under UVA irradiation,
whereby lower molecular size (less than 10kDa) and higher UV ab-
sorbing compounds were formed [40]. Liu et al. also investigated the
photocatalytic oxidation of a humic acid on TiO,, and the very hy-
drophobic acid fraction in the humic acid decayed rapidly to form
hydrophilic charged species, whereas the hydrophilic neutral fraction
was the most persistent [41]. However, due to the complex structure of
humic acids and varying experimental conditions, the mechanism of
photocatalytic oxidation for humic acid decomposition and consequent
impacts on membrane fouling are still not well understood. How pho-
tocatalysis changes the molecular structure of the humic acids and the
corresponding mechanical interactions with the membranes, which is
critical for fouling mitigation, remains elusive. Moreover, previous re-
search that compared membrane fouling mitigation before and after
foulant oxidation could be misleading. Oxidation may not only tailor
the molecular structure but also reduce the mass of the foulants (e.g.,
through mineralization), and foulant mass reduction could lead to ar-
tifacts in evaluating the effect of humic acid structural changes on
membrane fouling.

Our study uses a thorough and systematic approach to understand
the molecular structure of the humic acid before and after
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photocatalysis, and to identify key foulant properties that determine
membrane fouling. First, a commercially available humic acid was
purified via acid precipitation and dialysis to obtain the purified humic
acid (PHA). The PHA was then subjected to photodegradation in the
presence of TiO, to produce the oxidized humic acid (OHA) with half
decay of the chemical oxygen demand (COD) as a representative photo-
oxidized product of PHA. Next, both PHA and OHA, of the same con-
centration, were used to understand their fouling behaviors on an ul-
trafiltration membrane. The membrane flux was recorded, and physical
and chemical properties of the foulants and fouled membranes were
characterized by X-ray photoelectron spectroscopy (XPS), size-exclu-
sion chromatography (SEC), fluorescence excitation-emission matrix
(EEM) spectroscopy, and contact angle analysis. Atomic force micro-
scopy (AFM) was also applied to investigate membrane fouling by the
foulants at the microscale or nanoscale in an aqueous environment.
AFM not only provides details of foulant topography on membrane
surfaces, but also interrogates foulant and membrane mechanical
properties and interactions (e.g., foulant-foulant and foulant-membrane
forces, elasticity, viscosity) [42-45]. We are the first to report mole-
cular features of the humic acid before and after photocatalytic oxi-
dation, and the results shed light on fouling mitigation in a photo-
catalytic membrane system. The PHA decomposed into smaller and
more hydrophilic fragments after photocatalytic oxidation, and the
OHA became softer, and less adhesive to the membrane surfaces as well
as to the foulant itself. This discovery can also be translated into deeper
understanding of other strategies for mitigating membrane fouling
(e.g., ozonation, which is currently used in industrial practices for water
and wastewater treatment), and can help achieve efficient, robust, and
energy- and cost-effective membrane filtration.

2. Materials and methods
2.1. Chemicals and materials

2.1.1. Chemicals

Unless otherwise specified, all chemicals were reagent grade. Milli-
Q deionized water was supplied from a DIRECT-Q 3 ultrapure water
purification system with a resistivity of 18.2 MQ+cm at 25 °C. Sodium
hydroxide (NaOH), hydrochloric acid (HCl), isopropyl alcohol, ethanol,
sodium phosphate monobasic (NaH,PO,42H50), sodium phosphate di-
basic (Na,HPO412H,0), sodium sulfate (Na,SO,4), and TiO, nano-
powder (Aeroxide® P25, with a reported average particle size of 21 nm)
were purchased from Sigma-Aldrich. A humic acid sodium salt was also
purchased from Sigma-Aldrich (H16752, technical grade).
Ultrafiltration membranes (YMBY3001, supplied by Synder Filtration,
polyvinylidene fluoride (PVDF), molecular weight cutoff (MWCO) of
100 kDa) were purchased from Sterlitech.

2.1.2. Production of purified humic acid (PHA)

The humic acid from Sigma-Aldrich was treated to remove im-
purities, including fulvic acids, metals, and ash, based on a modified
acid and base washing method [46,47]. HCl was first added to the
humic acid to produce a final concentration of 0.1 g of the humic acid
per mL of the solution (ca. pH 1). The suspension was mixed for 2 h, and
centrifuged at 3000 rpm for 30 min. Following the centrifugation, the
supernatant was discarded, and the precipitate was re-suspended in a
HCI solution (1 molL™!). This centrifugation and resuspension proce-
dure was repeated five times. Next, the precipitate from centrifugation
was dissolved in a NaOH solution, with ca. pH 13, and the solution was
mixed for 2 h and centrifuged at 3000 rpm for 30 min. The supernatant
was filtered twice through 0.45 um PVDF filters, and the filtrate was
acidified to ca. pH 1.0 with HCI. After settlement over 12 h, the solution
was centrifuged again at 3000 rpm for 30 min, and the precipitate was
dialyzed with Spurr 7 dialysis membranes (VWR 25223-050, MWCO of
1000 Da) and freeze-dried. A stock PHA solution of 250 mgL ™" was
prepared from the freeze-dried PHA (pH 7) and stored in the dark at
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4°C.

2.1.3. Production of oxidized humic acid (OHA) via photocatalysis

Photocatalytic degradation of PHA on TiO, was used to produce
OHA. The photocatalytic experiments were conducted in a tempera-
ture-controlled reactor (25°C) under the illumination of a 1000 W
Xenon lamp (Newport) with a 305nm long-pass optical filter
(A > 305nm). TiO, (loading of 1 gL’l) was suspended in a PHA so-
lution (160 mg L™ ?, equivalent to 210 mg L™ ! as COD, 40 mL, pH 7) by
continuous mixing at 500 rpm. Prior to irradiation, the reaction solu-
tion was stirred in the dark for 15 min to allow adsorption equilibrium
of PHA on TiO,. During the first batch of photocatalytic reactions,
650 uL of the suspension was collected at different time intervals and
centrifuged at 13,000 rpm, and the supernatant was analyzed for COD
to determine the reaction time when half of the PHA had degraded
(105mgL~' as COD after 4.28 h of photocatalytic degradation). The
product of the photo-oxidized PHA, with half decay of COD, is desig-
nated as OHA. The OHA is selected as a benchmark oxidized humic acid
for our study, because it shows significantly different molecular fea-
tures compared to PHA and membrane fouling behaviors. For the mass
production of OHA in the following batches of photocatalysis, the PHA
solution was irradiated for the pre-determined reaction time of 4.28 h
and centrifuged at 13,000 rpm five times, and the supernatant was
freeze-dried to obtain the OHA powder. The TiO, nanoparticles were
completely removed from the OHA through the repeated centrifuga-
tion, and no Ti signal was observed in XPS for the OHA powder. Details
are provided in the Supplementary materials and in Table S1.

2.2. Membrane filtration

To explore membrane fouling, the tangential flow filtration ex-
periments were conducted in a flow-through membrane unit. The flow
rate of the feed was maintained at 100 mLmin ', and the concentrate
was recirculated back to the reservoir while the filtrate was collected. A
membrane was first thoroughly rinsed with ultrapure water, and pre-
compacted with the ultrapure water under 15psi for 2h to reach a
stable membrane flux, which was calculated from the mass of filtrate as
a function of time. After water stabilization, PHA and OHA solutions of
the same concentration (10 mg L™! as COD) were amended, and the
membrane flux was monitored as a function of time. The same con-
centration of PHA and OHA was selected, because our study focuses on
how the changes in humic acid molecular structures after photo-
catalytic oxidation impact membrane fouling, rather than under-
standing carbon loss in photocatalytic degradation and its effects on
membrane fouling.

2.3. SEC

SEC was conducted by using a high-performance liquid chromato-
graphy (HPLC) system (LC-20, Shimadzu, Japan) coupled with a pho-
todiode array detector (SPD-M20A), in which the absorption was
measured at A = 254nm based on previous studies [48-51]. Two gel
columns (TSK-GEL G3000PWXL, TSK-GEL G2500PWXL) and a guard
column of the same packing material (TSKguardcollum PWxI-CP) were
used for SEC at 40 °C. The mobile phase was a phosphate buffer (pre-
pared from 0.37gL™' of NaH,PO42H,0, 0.57gL™! of
Na,HPO412H,0, and 3.55¢g L~! of Na,SO,4) maintained at pH 6.8, and
the flow rate was 0.5mLmin~'. The HA solutions (PHA or OHA of
300mgL~' as COD) were filtered with a 0.2um polytetra-
fluoroethylene (PTFE) membrane prior to SEC analyses. Control ex-
periments were conducted by using ultrapure water as the blank
sample. Polyethylene glycol (HPLC grade) with a molecular size of 330,
700, 1050, 5250, 10,225, and 30,000 Da was used as standard samples.
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2.4. Contact angle analysis

The analysis of the hydrophilicity of the membrane surfaces was
achieved by measurement of sessile drop contact angles between the
baseline of the liquid and the tangent at the liquid boundary. To pre-
pare the uniformly coated humic acid coating layers on the bare
membranes, a concentrated humic acid solution (PHA or OHA of
563 mgL~! as COD) was repeatedly loaded on the membrane surfaces
with low speed spin-coating and drying. The samples were dried for
24h in a vacuum drying container before performing contact angle
measurements. Scanning electron microscopy (SEM) of the bare and
humic acid coated membranes revealed that uniform and sufficient
coatings were achieved (Fig. S1). Images of ultrapure water droplets on
three different membrane surfaces (i.e., a bare membrane, a PHA
coated membrane, and an OHA coated membrane) were obtained by a
contact angle goniometer equipped with an environmental chamber
(Kriiss 1L4201). For each membrane sample, five sets of equilibrium
sessile drop contact angles were recorded between 30 and 60 s after the
drop loaded on the membrane surface. In the contact angle analysis, the
humic acids are expected to dissolve in the water drops only to a
minimal extent due to the very short exposure (less than 60 s), which
should not affect the contact angle results.

2.5. XPS

The oxidation states and bonding environment of PHA and OHA
were characterized by XPS, which was conducted on a PHI 5600 system
with a Mg Ka source (1253.6 eV) and under ultrahigh vacuum condi-
tions (pressure < 10~ % Torr). Escaped photoelectrons were captured
and analyzed by a hemispherical energy analyzer operating at a con-
stant pass-energy of 58.7 eV. Peak positions were referenced to Cls, at
284.5eV. The humic acid powder (i.e., freeze-dried PHA or OHA) was
used for sample analysis.

2.6. Fluorescence EEM spectroscopy

Fluorescence EEM spectroscopy was used to evaluate fluorescent
organic substances of PHA and OHA. The humic acid solutions were
first filtered through a 0.45 ym PVDF membrane, and the fluorescence
EEM spectra were recorded using an F-700 spectrofluorometer (Hitachi,
Inc., Japan). Fluorescence EEM spectroscopic measurements were per-
formed over an excitation wavelength ranging from 220 to 450 nm with
a 5nm increment and an emission wavelength ranging from 280 to
560 nm with a 1 nm increment. As to the fluorescence EEM analyses,
three-dimensional spectra were plotted using MATLAB and Origin.
Control experiments were conducted to exclude background fluores-
cence of the blank sample of ultrapure water.

2.7. AFM

The AFM measurements were carried out on an MFP3D-SA micro-
scope and a Cypher S microscope, both from Asylum Research (Santa
Barbara, CA, USA). Silicon wafers (Ted Pella, Inc.) used to calibrate the
AFM tips were rinsed with isopropyl alcohol, ethanol, and ultrapure
water successively before heating them with a butane torch (until
bright orange glowing) for 30 s. An Olympus AC200TS cantilever with a
fundamental resonance frequency of ca. 137.81 kHz and a fundamental
force constant of ca. 7.40 Nm™' was used for imaging. For imaging
purposes, we dried the fouled membranes (from membrane filtration
experiments) in vacuum at room temperature for 24 h. For contact re-
sonance force microscopy (CRFM) measurements, we used an Olympus
AC240TS cantilever with a fundamental resonance frequency of ca.
242.15kHz and a fundamental force constant of ca. 1.08 Nm ™}, and
applied a static load of 20 nN. To infer the mechanical properties of the
humic acids rather than the PVDF support, PVDF membranes were fully
coated by PHA or OHA via repeated loading and drying of concentrated
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humic acid solutions, as described in the contact angle analysis section.
CRFM was performed on dried bare membranes and on humic acid
coated membranes. To explore the foulant-foulant and foulant-mem-
brane adhesion forces in an aqueous environment, amine group (-NH3)
functionalized polystyrene microspheres (25um in diameter) were
coated with PHA or OHA and used as AFM probes to investigate the
interaction between PHA and the bare membrane, PHA and the PHA
fouled membrane, OHA and the bare membrane, and OHA and the OHA
fouled membrane. For the AFM tests, the cantilever was already loaded
with an amine functionalized microsphere (commercially available
from Novascan Technologies), and PHA or OHA coating was obtained
by repeatedly soaking and drying the probes in a drop of 20 uL. PHA or
OHA solution (160 mg L.~ %, pH 7) on the atomic force microscope stage.
The mass increase of the cantilever was characterized by the resonance
frequency after humic acid coating, and it was verified through calcu-
lations that the humic acid should be sufficient to cover the probe. In
addition, SEM was used to examine the probe before and after humic
acid coating. The results showed that the probe surface became smooth
and uniform after coating, which also provided a direct evidence of the
successful loading of humic acids onto the probe (Fig. S2). During force
measurements, the PHA or OHA coated probes were used to contact a
bare or humic acid fouled membrane in the aqueous environment, in
which at least 180 force curves for six random spots were obtained for
each sample at room temperature. The adhesion force of each force
curve was obtained based on the retraction of the PHA or OHA coated
probe from the membrane surface. The fundamental force constants for
the PHA coated probe and OHA coated probes were ca. 5.41 and
5.37 Nm ™!, respectively, and a tip approaching velocity of 300 nms™*
was used for the analyses.

3. Results and discussion

3.1. Membrane fouling was less significant by OHA than PHA of the same
concentration

Membrane flux, normalized to the initial flux of time zero, for PHA
and OHA fouling decreased significantly as a function of time at the
beginning of the filtration tests (i.e., 0-5min) before leveling off
(Fig. 1). For the later stage of the filtration tests (i.e., after 5min), the
membrane flux decreased more apparently for OHA than PHA, possibly
suggesting that for OHA, the filtration required a longer time to reach to
a steady state. For all filtration tests with time duration of 140 min,
OHA showed less membrane fouling than PHA; the membrane flux was
21.3% more for the OHA fouling test than for the PHA fouling test at the
end of the 140 min filtration period. The PHA and OHA removal in

terms of COD after membrane filtration was 34.7 = 1.5% and
1.0
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Fig. 1. Membrane flux as a function of time in PHA or OHA fouling experi-
ments.
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52.5 + 0.6%, respectively. Repeated membrane fouling experiments
were also conducted, and the results also suggested OHA fouled
membrane less than PHA. The results demonstrate that photocatalytic
oxidation is a viable process to reduce humic acid fouling of ultra-
filtration membranes. Similarly, such an enhanced flux after the photo-
oxidation of humic acid has been reported, and primarily attributed to
changes in the molecular characteristics of the humic acids resulting
from preferential decomposition of large molecular-size and hydro-
phobic moieties [52]. Notably, both PHA and OHA of the same con-
centration (i.e., 10 mg L~! as COD) were used for the filtration tests,
and the results suggested that the changes in humic acid characteristics
after photocatalytic oxidation played a critical role for mitigating
membrane fouling, rather than the mineralization and mass reduction
of the humic acid. To further understand the mechanism of membrane
mitigation of humic acid after photocatalysis and to identify the un-
derlying physical, chemical, and mechanical characteristics of the
humic acid that determine membrane fouling during photocatalysis,
subsequent characterization of PHA and OHA has been performed and
discussed.

3.2. SEC suggested that OHA had a smaller molecular size than PHA

Size-exclustion chromatography was conducted to determine the
molecular weight of PHA and OHA. According to Fig. 2, PHA had a
broad molecular size distribution, from 100 Da to 10 kDa, consistent
with previously reported data for the same Sigma-Aldrich humic acid
[53]. The dominant molecular size was 1281 Da based on UV absorp-
tion at 254 nm. After photocatalytic oxidation, OHA also had a broad
molecular size distribution, similar to that of PHA; however, the dis-
tribution shifted to small molecular sizes, and the most dominant size
was 625 Da based on UV absorption at 254 nm. The results might in-
dicate that the large molecular size components of PHA degraded and
formed smaller molecular size fractions during photocatalysis, likely
due to the depolymerization and mineralization of the humic acid
under the attack of *OH [54]. Additionally, OHA still had the residue of
large molecular size components (e.g., 3181 Da), which could be due to
the presence of recalcitrant moieties in the humic acid in photocatalysis
and *OH oxidation. Morover, the PVDF ultrafiltration membranes used
in our study had a MWCO of 100 kDa, which is much larger than the
moleclar size of the Sigma-Aldrich humic acid. Our findings suggested
that the humic acid, irrespective of photocatalytic oxidation, fouled the
membranes via adsorption rather than pore blocking. Similar to the

Molecular Weight (Da)
10° 10* 10° 102 10
T T T T T T
PHA 1281 Da
—— OHA 625 Da
~ 219 Da
=
<
&
N
>
=)
3181 Da
T
15 20 25

Retention Time (min)

Fig. 2. Molecular size of PHA and OHA. Humic acid was characterized by UV
absorption at 254 nm (A.U. represents “arbitrary units”).



R. Zhu et al.

Bare Membrane: (85.5° + 0.6°)

PHA Coated Membrane: (51.0° + 1.2°)

)}

OHA Coated Membrane: (46.1° + 0.9°)

Fig. 3. Sessile drop contact angle profiles on a bare membrane, a PHA coated
membrane, and an OHA coated membrane. Data on contact angles are reported
as the mean plus/minus the standard deviation.

advanced oxidation of photocatalysis, ozone was also used to pretreat
the water containing humic acids to mitigate membrane fouling, and
the results suggested that the membrane pore size played an important
role in fouling [55,56]. Ozone oxidation could reduce the molecular
size of the humic acids from larger than the membrane pore size to
smaller than the membrane pore size, and the oxidation could change
the fouling mechanism from pore blocking to surface adsorption, which
might intensify membrane fouling. Photocatalysis could also change the
relative relationship between the humic acid molecular size and
membrane MWCO, and might increase fouling. Therefore, special at-
tention should be paid to the extent of photocatalytic oxidation of the
humic acid for membrane fouling control. To understand the adsorption
of the humic acid on membrane surfaces before and after photocatalytic
oxidation, the chemical and mechanical properties of the foulants were
further characterized.

3.3. Contact angle analyses suggested that OHA was slightly more
hydrophilic than PHA

Fig. 3 shows that both PHA and OHA coated membranes had a
smaller contact angle with water than that of the bare PVDF membrane
(85.5 = 0.6°). The contact angle of the OHA coated membrane was
slightly smaller than that of the PHA coated membrane (46.1 *+ 0.9°
vs. 51.0 = 1.2°), and hence OHA was more hydrophilic than PHA. For
the coated membrane samples, the humic acids sufficiently covered the
membrane surface, so the characterized properties represent those of
the humic acids. Additionally, the membrane flux during humic acid
fouling experiments correlates well with the change of hydrophilicity,
which may indicate that a more hydrophilic membrane surface can
alleviate the initial absorption of foulant layers on the membrane sur-
face [57]. The humic acid became more hydrophilic after photo-
catalysis, which could be ascribed to the introduction of hydrophilic
functional groups (e.g., -OH, -COOH) into the humic acid by TiO,
treatment [41,58]. Considering the reduction of the molecular size and
mass of the humic acid during photocatalysis, we speculate that humic
acid oxidation started with the introduction of hydrophilic functional
groups and proceeded with depolymerization and mineralization.

3.4. XPS suggested OHA had an increased oxygen content compared to PHA

The elemental composition, oxidation state, and bonding environ-
ment of PHA and OHA were investigated by XPS (Fig. 4). According to
the binding energy, the Cls peaks at 288.0eV and 286.5eV corre-
sponded to C=O and C-O bonds, respectively [59]. After photocatalytic
oxidation, the peaks representing C=O and C-O increased, which sug-
gested the introduction of oxygen containing functional groups (e.g.,
-OH, -COOH) into OHA compared to PHA. In addition, no obvious shift
of the C1s binding energy was observed before and after photocatalysis,
indicating that the chemical states of carbon in the humic acid samples
remained the same. The quantitative elemental composition analysis
suggested that the atomic ratio of oxygen to carbon (O/C) increased
from 0.35 in PHA to 0.45 in OHA after photocatalysis, with an increase
in the contribution of both C=0O and C-O (i.e., C=O increased from 7.8%
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C(1s) O(1s)
cocn
OHA \
E
PHA \ —)
290 285 280 540 535 530
Binding Energy (¢V)
Sample o/C C-C (%) C-0 (%) C=0 (%)
PHA 0.35 77.8 14.4 7.8
OHA 0.45 71.6 17.9 10.5

Fig. 4. XPS characterization of PHA and OHA. O/C represents the atomic ratio
of oxygen to carbon. C-C, C-O, and C=O represent the contribution of carbon in
different bonding environments based on the deconvolution of the carbon peak.

to 10.5% and C-O increased from 14.4% to 17.9%). There was no
specific selectivity towards C=O or C-O generation in the humic acid,
probably due to the non-selective oxidation by *OH in TiO,-based
photocatalysis [60,61]. The results of XPS supported those of the con-
tact angle analysis, and they both highlighted structural changes of the
humic acid during photocatalysis.

3.5. Fluorescence EEM spectroscopy suggested photocatalytic oxidation
might convert the humic acid into small molecules

Fluorescence EEM spectroscopy contour plots in Fig. 5 highlighted
the fluorescent response of PHA and OHA under photon excitation, and
the results could provide insights into the chemical structure and
composition of the humic acid before and after photocatalysis. The
typical peaks that can be expected within the limits of the fluorescence
EEM spectra (i.e., excitation in the range of 220-450 nm and emission
in the range of 280-560 nm) were shown. The qualitative analysis of
fluorescence EEM spectra focused on component identification, in
which the characteristic peaks matching the data from standard sam-
ples including both excitation wavelengths and emission wavelengths
were obtained. Five fluorescence components were identified, including
tyrosine-like compounds (region I) in the range of Aex/Aem
= 220-250 nm / 280-330 nm, tryptophan-like compounds (region II)
in the range of Aex/Aem = 220-250nm / 330-380 nm, fulvic acids
(region III) in the range of Aex/Aem = 220-250 nm / 380-480 nm, so-
luble microbial products (region IV) in the range of Aex/Aem
= 250-360 nm / 280-380 nm, and humic acids (region V) in the range
of Aex/Nem = 250-450 nm / 380-560 nm. The peaks were observed in
region V for both PHA and OHA samples, indicating the presence of the
humic acids before and after photocatalysis. However, before photo-
catalysis, PHA only showed a strong fluoresecence peak in the region V,
but not in the other regions of I-IV. This characteristic fluorescence
signals distribution was in agreement with other studies of the fluor-
escence analysis of humic acids [62,63]. Interestingly, OHA showed
multiple fluoresence peaks in the regions I-III in addition to region V
after photocatalytic oxidation. In addition, the fluoresence peak blue-
shifted in terms of both excitation and emission wavelengths. Based on
the peak assignment, it was inferred that some humic acid components
with a relatively large molecular size could be decomposed into small
molecules during photocatalysis, and the degradation products con-
tributed to fluorescence in the regions I-IIL.

3.6. AFM imaging indicated OHA formed smaller aggregates on the
membrane surface than PHA in fouling experiments

AFM topography was evaluated for the bare membrane and humic
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Fig. 5. Fluorescence EEM spectroscopy of (a) PHA and (b) OHA.
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Fig. 6. AFM topography, phase images, and height profiles of (a) a bare membrane (top row), (b) a PHA fouled membrane (middle row), and (c) an OHA fouled

membrane (bottom row).

acid fouled membranes, and the height profiles characterized mem-
brane pores, roughness, and foulant aggregates on the membrane sur-
faces (Fig. 6, left column). Phase imaging was also conducted (Fig. 6,
center column), whereby the contrast in the phase images indicates
qualitative contrast in the stiffness/softness of the material surface,
viscous interactions, and adhesive interactions between the AFM tip
and the surface. Phase imaging complements the topography analysis,
because it provides insights into the material chemical and mechanical
properties beyond height information. For example, the topography of
the bare membrane showed a significant height difference (ca. 150 nm)
across the imaged area of 5 pm by 5 um; however, there was little to no
variation in the distribution of the contrast features in the phase across
the image, due to imaging the same PVDF material across the entire
scan area. The range of phase variation is relatively large, but the dis-
tribution of features is relatively uniform. In contrast to the bare
membrane, the membranes fouled by PHA or OHA showed distin-
guishable features from the membrane support in the topography and
to some extent also in the phase, due to the aggregation of humic acids
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on the membrane surface and variations in material properties. The
topography clearly indicated that PHA formed larger aggregates on the
membrane surface than OHA (lateral size of ca. 0.2-1.3 vs.
0.05-0.2 um), and the small OHA aggregates were more uniformly
distributed on the membrane surface than the large PHA aggregates.
The height profiles also suggested that PHA aggregates were higher
than OHA aggregates (ca. 270-340 vs. 20-70 nm). Moreover, the PHA
fouled membrane exhibited a higher root mean squared (RMS) surface
roughness compared to the OHA fouled membrane (56.3-213.7 nm vs.
47.9-73.1 nm at different locations of AFM analyses), also suggesting
the formation of large PHA aggregates. Photocatalytic oxidation tailors
the molecular structure of the humic acid, which impacts foulant ag-
gregation and dispersion on the membrane surface. Oxidation creates
more hydrophilic, oxygen containing functional groups in the humic
acid, which might reduce the interactions between humic acid mole-
cules (e.g., London dispersion forces, hydrophobic interactions). Fur-
ther oxidation of the humic acid leads to depolymerization and mi-
neralization, significantly reducing the molecular size of the humic acid
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and also the humic acid interactions with itself. The lower tendency of
OHA aggregation on the membrane surface could be the result of re-
duced adhesion forces between OHA molecules, which is supported by
the AFM force analysis presented in the next section.

3.7. CRFM suggested that OHA was softer and more viscous than PHA
under the test conditions

CRFM holds promise for elucidating the inherent mechanical
properties of humic acids, i.e., elasticity and viscosity, which provide
direct insights into membrane fouling. In CRFM, both the contact re-
sonance frequency and quality factor are recorded, which are related to
the stiffness and the energy dissipation of the tip-sample junction
during the interaction of the oscillating probe with the material, re-
spectively. An increase in contact resonance frequency corresponds to
an increase in sample stiffness, and vice versa; an increase in contact
resonance quality factor corresponds to a decrease in viscous dissipa-
tion, and vice versa [64,65]. We conducted the CRFM analysis for the
bare membrane and PHA and OHA coated membranes, and statistically
compared the contact resonance frequency and quality factor of these
samples. For the coated membrane samples, the humic acids sufficiently
covered the membrane surface, so the characterized properties can
represent those of the humic acids. Fig. 7a indicates that the contact
resonance frequency increased from the bare membrane to the OHA
coated membrane to the PHA coated membrane. The results suggest
that the bare membrane is the softest (i.e., lowest elastic modulus), and
the humic acids are stiffer (i.e., higher elastic modulus). Moreover,
photocatalytic oxidation reduces the stiffness of the humic acid, and
hence lower forces are needed to deform OHA than PHA to the same
extent. The stiffness of the foulant can be correlated with its fouling
potential, because a stiffer foulant may facilitate its stable attachment
to the membrane surface [66] and form mechanically strong accumu-
lations to resist mechanical and chemical cleaning. Fig. 7b indicates
that the contact resonance quality factor was similar for the bare
membrane and the OHA coated membrane, whereas the quality factor
was larger for the PHA coated membrane. The results suggest that the
bare membrane and OHA exhibit more viscous dissipation than PHA
under dynamic testing in the range of 200-260 kHz, used in the CRFM
experiments. The foulant that exhibited the highest energy dissipation
and loss modulus was obtained after the photocatalytic oxidation. The
higher energy dissipation indicates that the OHA foulant is able to
undergo a greater degree of irregular and irreversible deformation
without disintegration opposed to an elastic body, which recovers its
original shape once the deformation forces are removed. This result
needs to be interpreted with caution because the viscous dissipation
measurement (or the quality factor measurement) in CRFM is dynamic,
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and the results are highly dependent on the probing frequency. In-
creased viscous dissipation of OHA with respect to PHA under a high
frequency CRFM measurement cannot necessarily be translated into
increased viscous dissipation of OHA with respect to PHA under the
conditions typical of membrane filtration (at least not in the same
proportion), because a much smaller vibrational frequency is expected
for the membrane and the foulant on the membrane surface during
filtration or backwashing. In addition, CRFM was conducted for the
dried samples to avoid the interference of the water surrounding the
AFM probe (AFM measurements in fluid environments are dynamically
more complex and often more difficult to interpret quantitatively than
in air environments), which may not best characterize the foulant
mechanical properties in an aqueous environment. Therefore, adhesion
forces were also evaluated subsequently in the aqueous environment to
best simulate the scenarios relevant to membrane filtration. Histograms
of the contact resonance frequency and quality factor analyses are
shown in Fig. S3. The Kolmogorov-Smirnov tests were conducted for
the contact resonance frequency and quality factor analyses, and the
results showed that any two distributions are statistically different
(p < 0.05).

3.8. Adhesion force of both foulant-membrane and foulant-foulant
decreased after photocatalytic oxidation, as measured by AFM

To investigate the ease of removing the humic acid from the
membrane surface or separating the humic acid from itself, adhesion
force measurements were performed using static AFM in an aqueous
environment. The adhesion force of foulant-membrane decreased after
photocatalytic oxidation: the average adhesion force of PHA-membrane
and OHA-membrane was 17.6 and 11.2 nN, respectively (Fig. 8). Si-
milarly, the adhesion force of foulant-foulant also decreased after
photocatalytic oxidation: the average adhesion force of PHA-PHA and
OHA-OHA was 5.4 and 2.0 nN, respectively (Fig. 8). Fig. S4 describing
the adhesion force distributions also highlights that low adhesion force
dominates after the photocatalytic oxidation of the humic acid. Adhe-
sion forces in the ranges 0-5 or 0-2 nN contributed 51.6% and 76.6% of
the force measurements of OHA-membrane and OHA-OHA, in contrast
to only 16.3% and 47.2% of the force measurements of PHA-membrane
and PHA-PHA. The results suggest that photocatalytic oxidation, which
brings about the introduction of hydrophilic, oxygen-containing func-
tional groups and the reduction in the molecular size of the humic acid,
reduces the interaction forces between the foulant with the membrane
as well as the foulant with itself. We speculate that several mechanisms
could lower the adhesion forces, e.g., the reduction of London disper-
sion forces and hydrophobic interactions, the increase of hydrogen
bonding with water, the enhancement of electrostatic repulsion (e.g.,
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Fig. 7. Contact resonance frequency (a) and quality factor (b) of a bare membrane, a PHA coated membrane, and an OHA coated membrane in the CRFM analysis.
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the presence of more deprotonated -COO™ groups at circumneutral pH in
the fouling tests), changes in geometrical arrangements and constraints,
etc., but further research is needed to fully understand the dominant
effects. Furthermore, the adhesion force of foulant-foulant was much
smaller than that of foulant-membrane. This observation is in agree-
ment with the findings of Wang et al., in which a reduced adhesion force
was observed for foulant-foulant with respect to foulant-membrane for
the fouling of bovine serum albumin, sodium alginate, a humic acid,
and secondary wastewater effluent organic matter for PVDF ultra-
filtration membranes [67]. Hence, the reduction of the membrane-
foulant adhesion force might be important for controlling humic acid
fouling of the membranes in our study, and it could be achieved via the
surface modification of the membranes and the introduction of hydro-
philic functional groups. The Kolmogorov-Smirnov tests were also
conducted for the adhesion force analyses, and the results showed that
any two distributions were statistically different (p < 0.05).

3.9. Mechanism of membrane fouling by humic acids

Photocatalysis introduces oxygen-containing functional groups
(e.g., -OH and -COOH) into the humic acid, leading to an increase of
hydrophilicity, which was demonstrated by XPS and the contact angle
analysis. According to the SEC and fluorescence EEM spectroscopy
analysis, PHA with large molecular sizes depolymerized and decom-
posed into OHA with small molecular sizes. The structural change of the
humic acid could reduce the interactions of membrane-foulant and
foulant-foulant, which were a key factor controlling membrane fouling.
The results support our observations in AFM topography and adhesion
force analysis: humic acid reduced aggregate size on the membrane
surface, and the adhesion force of membrane-foulant and foulant-fou-
lant decreased. The adhesion forces of membrane-foulant were larger
than those of foulant-foulant, irrespective of the humic acid before or
after photocatalytic oxidation, which supports the argument that re-
ducing membrane-foulant interactions is critical for membrane fouling
control. In Fig. 9, we provide a comprehensive comparison between
PHA and OHA in terms of their topographical, physical, chemical, and
mechanical properties, and correlate these critical properties to their
contribution to membrane fouling in our study. The radar map high-
lights that photocatalytic oxidation reduces the hydrophobicity,
carbon/oxygen atomic ratio, molecular size, aggregate size, and adhe-
sion forces of the humic acid and thus can mitigate membrane fouling.

4. Conclusion

Photocatalytic membrane filtration is promising for water and
wastewater treatment, because it combines physical rejection and
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Fig. 9. Critical properties of PHA and OHA and their contribution to membrane
fouling. The data in the radar map were drawn to scale. The membrane flux was
the flux at the end of the filtration process normalized to the initial flux at time
zero. The foulant-membrane adhesion force and foulant-foulant adhesion force
correspond to the average adhesion force normalized to 30 nN. The aggregate
size corresponds to the lateral size of humic acid aggregates on fouled mem-
branes normalized to 2 um. The molecular size was the most dominant mole-
cular size normalized to 3 kDa. The carbon/oxygen atomic ratio corresponds to
the XPS measurements normalized by 5. Hydrophobicity corresponds to the
contact angle with water normalized to 90°. A.U. indicates “arbitrary units”.

chemical degradation to improve the performance of contaminant re-
moval, it minimizes brine/waste generation and the need for further
treatment or disposal, it prevents membrane fouling by oxidizing NOM
and biofilms, and it may potentially use renewable solar energy to
promote sustainable water purification. Our study gained mechanistic
understanding on how the photocatalytic membrane system mitigated
membrane fouling from a humic acid, which is model NOM. We first
prepared OHA from partial oxidation of PHA in TiO,-based photo-
catalysis, and then used both humic acids, i.e., PHA and OHA, for the
fouling of PVDF ultrafiltration membranes. The results suggested that
OHA fouled the membranes to a lesser extent than PHA, whereby the
same concentration for the humic acids was used. Next, humic acid
properties were systematically evaluated, and it was found that the
humic acid exhibited lower molecular weight and increased hydro-
philicity and oxygen content after photocatalytic oxidation.
Photocatalysis likely introduces oxygen-containing functional groups,
e.g., -OH and -COOH, into the molecular structure of the humic acid,
and depolymerizes or mineralizes the humic acid to form smaller
fragments. Topological characterization of the humic acid on fouled
membranes indicated that OHA formed smaller aggregates than PHA,
and the adhesion force of both foulant-membrane and foulant-foulant
decreased after the photocatalysis of the humic acid. The adhesion
forces of membrane-foulant were larger than those of foulant-foulant,
irrespective of PHA or OHA, which supports the argument that reducing
membrane-foulant interactions is critical for membrane fouling control.
CRFM suggested that the humic acid became softer (less stiff) and more
viscous after photocatalytic oxidation, although the result cannot be
generalized because the measured viscous dissipation was highly de-
pendent on the measurement resonance frequency and the water con-
tent of the sample. A radar map was created to compare PHA and OHA
in terms of their topographical, physical, chemical, and mechanical
properties, and to correlate these critical properties with their con-
tribution to membrane fouling. Our study not only provides mechan-
istic understanding of humic acid fouling in a photocatalytic membrane
system at the molecular level, but also sheds light into the development
of new membrane materials and processes to mitigate fouling. Our
work can also be useful in the related fields of membrane fouling
control, e.g., by ozone or other oxidants, for mitigating membrane
fouling of NOM or biofilms.
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