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Abstract

Fouling of polyamide membranes during reverse osmosis (RO) is a major challenge for
adopting membrane technologies to treat highly contaminated waters, especially those containing
organic foulants (e.g., natural organic matter (NOM), polysaccharides) and dominant cations
(e.g., sodium, magnesium, calcium). This work combines bench-scale membrane fouling
experiments with detailed characterization of feedwater chemistry and fouling layer
composition/morphology to reveal fundamental mechanisms of (in)organic fouling during RO.
Divalent cations are shown to promote fouling by hydrophobic NOM containing aromatic and
carboxyl groups, while NOM fouling in the presence of a monovalent cation, sodium, occurs by
smaller fulvic acids containing larger fractions of carboxyl groups and other oxygen-rich
moieties. Calcium-carboxyl bridging occurs in solution and near the membrane surface to induce
NOM aggregation on nanometer length scales. In complex waters containing foulant mixtures,
co-fouling by calcium-carboxyl bridging and CaCO3 precipitation influence membrane
performance at longer timeframes. However, the flux decline observed for the co-fouling
mechanism was less significant than the sum of its parts, suggesting both synergistic and
antagonistic fouling mechanisms should be considered in membrane design/operation. These
results encourage the design of pretreatment processes to reduce concentrations of multivalent
ions and hydrophobic NOM in RO feedwaters, and of membrane materials to limit

attachment/deposition of aggregates to/on polyamide surfaces.

Keywords: polyamide, natural organic matter, calcium carbonate, resonant x-ray scattering, x-

ray absorption spectroscopy
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Hightlights

e Unique (in)organic (co-)fouling mechanisms are revealed via synchrotron techniques
e (Ca’" and Mg?" promote significant fouling by aromatic+carboxyl containing organics
e Na' promotes fouling by smaller, oxygen-rich organics that have less impact on flux
e X-ray scattering shows Ca**-bridged organic foulants aggregate at nm length scales

e Alginate fouling inhibits/slows the formation of CaCOs scales (calcite vs. vaterite)
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1. Introduction

Reverse osmosis (RO) is a prominent technology for removing dissolved contaminants
during desalination and water reuse, but current RO processes are limited by the tendency for
polyamide membranes to foul during operation [1-4]. Fouling is a widespread challenge to using
membranes for water purification because the attachment/deposition of foulants, which include
particles, (in)organic contaminants, and biological species, on membrane surfaces and in
membrane pores increases the resistance to water permeation, raising the energy requirement for
a given water recovery. Moreover, the development of foulant-rich interfaces near RO membrane
surfaces influences interfacial interactions (e.g., concentration polarization, hydrogen bonding)
that can decrease solute rejection [5—7]. While the macroscopic impacts of membrane fouling are
well-documented and significant efforts are underway to design fouling-resistant
materials/processes, significant gaps exist regarding the interplay of molecular-level fouling
mechanisms and overall membrane performance [8—10]. This work presents a multimodal
investigation of RO membrane fouling to provide experimental validation of well-documented
and frequently-encountered fouling mechanisms and the interplay of synergistic/antagonistic
mechanisms in complex waters.

RO membranes are especially prone to organic fouling by natural organic matter (NOM),
proteins, polysaccharides, and soluble microbial products [11,12]. NOM — a general category of
polydisperse organic molecules existing in the environment — contributes to fouling via
adsorption to membrane surfaces and interactions with solute/membrane functional groups
[13,14]. Carboxylic acids comprise most of the acidic functional groups on polyamide membrane

surfaces and in the humic/fulvic acids present in NOM [15-17], rendering them negatively
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charged in many waters since most carboxylic acids have a pKa near 4.5 [18]. Cations screen the
negative charge of organic functional groups and reduce the electrostatic repulsion of
macromolecules to each other and to membrane surfaces, increasing fouling potential [19,20].
Additionally, multivalent cations form intermolecular bridges between carboxyl-containing
compounds, which promotes supramolecular NOM aggregation and exacerbates fouling [20-22].
Reducing RO membrane fouling can be achieved through pretreatment (e.g., softening),
membrane modifications (e.g., antifouling coatings), and/or changing operational parameters
(e.g., pressure, crossflow rate, cleaning protocols) [2,12], but the optimal conditions for
preventing NOM fouling depend on a complex interplay among membrane operation and water
chemistry. Operating RO membranes at low crossflow rate and/or high permeate flux typically
increases fouling [23,24]. Meanwhile, low pH and high ionic strength promote NOM
coiling/aggregation and reduce electrostatic repulsion, which induces significant fouling
[14,25,26]. lon-specific effects must also be considered, and it is generally accepted that calcium
bridging of carboxyl groups is more significant than magnesium bridging; such behavior is
ascribed to the tightly-bound hydration shell of magnesium cations [20,22,27,28]. Finally, in
waters containing inorganic scalants (e.g., CaCOs3, CaSOs, silica) [29], synergistic interactions
among foulants can increase fouling beyond the sum of the individual foulants [30,31]. In
addition to foulant properties and water chemistry parameters, membrane physiochemical
properties including surface chemistry, roughness, and swelling also impact the behavior of
water and solutes at the membrane-water interface and contribute to membrane fouling [32—-34].
Fouling studies traditionally rely on macroscopic membrane performance metrics (e.g.,

flux decline) and conventional characterization techniques (e.g., infrared spectroscopy, scanning
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electron microscopy) to determine fouling mechanisms. Foulant-specific information can be
difficult to extract/interpret using conventional techniques [35,36], requiring a combination of
characterization techniques (i.e., a multimodal approach) that provide chemical and structural
information across multiple length scales. Synchrotron-based spectroscopic and scattering
techniques are promising tools for studying precipitation and fouling processes [36,37]; for
example, Jun et al. [38] monitored mineral nucleation/growth near inorganic surfaces using x-ray
scattering to reveal particle sizes and interfacial energies that could not be obtained using
conventional methods. For complex foulants such as NOM, the development of characterization
tools that give quantitative, spatial distributions of individual chemical species will significantly
advance our understanding of — and in turn, our ability to model and design around — membrane
fouling during RO.

The objective of this study is to reveal the underlying mechanisms of RO membrane
fouling by organic foulants (NOM and alginate) in the presence of dominant cations (sodium,
magnesium, and calcium) and a ubiquitous anion (carbonate). This research combines bench-
scale membrane fouling experiments, water quality analyses, and fouling layer characterization
via synchrotron spectroscopy/scattering to determine the contributions of specific foulant-foulant
and foulant-membrane interactions to membrane performance decline. These results inform the

design of membrane materials and treatment trains to minimize fouling.
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2. Materials and Methods
2.1. Feedwater solutions

Initial fouling experiments were performed using a synthetic surface water containing
NOM at 10 mg C/L, NaHCOj3 at 0.5 mmol/L (for pH control), and NaCl, CaClz, or MgClz such
that the ionic strength of the solution was 10 mmol/L. The goal of these experiments was to
determine the (individual) contributions of major cations (Na*, Mg?*, Ca*) on NOM fouling. All
inorganic salts were of ACS grade and purchased from Sigma Aldrich or Fisher Scientific. Two
reference NOM samples — Suwannee River NOM (SNOM) (catalog number 2R101N) and Upper
Mississippi River NOM (MNOM) (catalog number 1R110N) — were purchased from the
International Humic Substances Society (St. Paul, MN, USA). Concentration and isolation
processes for obtaining NOM from natural waters can impact composition. SNOM was
concentrated from the raw water via RO and the concentrated NOM was desalted by cation
exchange (Dowex 50Wx8, H" form), freeze dried, and homogenized [39]. Extraction of MNOM
used similar protocols but electrodialysis (ED) was employed after RO to isolate NOM from the
hard water rich in calcium and magnesium [40]. RO extraction of NOM not only extracts the
hydrophobic and hydrophilic acids that are readily adsorbed during NOM isolation using
Amberlite XAD resins but also other soluble organics, and SNOM extracted via RO has been
shown to contain more polar aliphatic materials such as polysaccharides and polypeptides than
the humic and fulvic acids isolated from the Suwannee River using Amberlite XAD resins [41].

In addition to the NOM fouling experiments, a set of RO experiments employed mixtures
of sodium alginate (catalog number A2033, Sigma Aldrich), a model organic foulant with a high

density of carboxyl groups (14.5 meq/g C, Table S1), and carbonate (CO3>"), a ubiquitous anion
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that contributes to membrane scaling. The goal of these experiments was to determine the
influence of competing/synergistic fouling mechanisms. The synthetic feedwaters employed in
these experiments had an ionic strength of 100 mmol/L, a total calcium concentration of 10
mmol/L, an alginate concentration of 25 mg C/L, and total carbonate concentrations ranging
from 0.5 mmol/L to 8.6 mmol/L such that the feedwaters exhibited log(saturation index) (logSI)
values of calcite (CaCOs3) between 0.23 and 1.4 (Table S5).

Foulant stock solutions were filtered through 0.22 um polyethersulfone filters (Pall
Corporation, Albany, NY, USA) to reflect the microfiltration/ultrafiltration pretreatment that is
typical of membrane-based water treatment trains that include RO. Filtration of NOM stock
solutions led to significant buildup of insoluble humin on the filters such that the NOM
molecules in the stock solutions employed herein favor relatively low molecular weight fractions
relative to studies in literature that employ unfiltered NOM solutions. Additional information on

the feedwaters/foulants is provided in Section S1.

2.2. Bench-scale fouling experiments

Membrane fouling experiments used a Sterlitech CF042D crossflow cell (Sterlitech,
Kent, WA, USA) and a variable-speed diaphragm pump (HydraCell, Wanner Engineering Inc.,
Minneapolis, MN, USA), as presented in our previous work [42,43]. All fouling experiments
were performed at a constant pressure of 2.76 MPa (400 psi, 27.6 bar) and a constant feedwater
crossflow velocity of 0.1 m/s. The pressure and crossflow rate used herein are higher and lower
than typical operating conditions, respectively, because these conditions enabled accelerated

fouling experiments in the bench-scale system. The retentate and permeate streams were
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recirculated to a feed reservoir maintained at 25.0 °C + 0.2 °C. The total volume of the system
(i.e., the feed tank plus the tubing and the crossflow cell) was 2 L such that changes in the
feedwater composition caused by fouling could be investigated. Relevant metadata of water
chemistry (i.e., solution pH, temperature, and conductivity) and membrane operational (i.e.,
permeate flux and applied pressure) parameters were recorded using LabVIEW (National
Instruments, Austin, TX, USA). The crossflow rate was recorded manually with a floating disc
rotameter (King Instrument, Fresno, CA).

This research employed the FilmTec BW30 membrane (DuPont Water Solutions,
Wilmington, DE, USA) for fouling studies. Some physiochemical properties of the BW30
membrane are presented and discussed in Section S2. Flat sheet membranes were pre-
conditioned in 25 vol. % isopropyl alcohol (Sigma Aldrich) for 30 minutes and stored in DI
water in the dark at 4 °C until use. Prior to a fouling experiment, a pristine BW30 membrane was
conditioned by permeating DI water for one hour followed by flux stabilization using the
background salt solution, which occurred within a few hours. Then, the pressure was removed,
the foulant was added to the feedwater, and the pH was adjusted to 8.0 £ 0.1 to reflect typical
water treatment processes. The pressure was then re-applied to initiate fouling. As described in
Section S2, MATLAB (MathWorks, Natick, MA, USA) was used to calculate the volume of
permeated water and the experiments were ended at 1000 L of permeate per m?> of membrane
surface for NOM fouling and 100 L/m? for alginate fouling. The end volume was lower for
alginate fouling experiments compared to NOM fouling experiments because, with the higher
concentrations of ions/foulants in alginate feedwaters, fouling occurred more rapidly. Additional

information, including a summary table of the experiments, can be found in Section S2.
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At the end of each experiment, fouled membranes were lightly rinsed with DI water to
remove constituents that were not attached to the membrane (i.e., non-foulants) and air-dried
overnight in a clean dish. Table 1 presents the subsequent techniques employed to characterize
the feedwaters and membranes; brief descriptions of the analyses are provided in Sections 2.3
and 2.4 and additional information is available in the Supplementary Materials. Note that control
experiments in which the background salt solutions (i.e., foulant feedwaters without organic

foulants) were treated led to insignificant fouling of the RO membranes.
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Table 1. Summary of water quality and membrane fouling layer characterization techniques.

Measurement Abbreviation Information obtained
Water quality
Dissolved organic carbon DOC Surrogate measure of NOM concentration in feedwater
Specific ultraviolet absorbance SUVAs4 Surrogate measure of NOM hydrophobicity in feedwater
Inductively coupled plasma- ICP-OES Cation (Na*, Mg?', Ca") concentrations in feedwater
Optical emission spectrometry
High performance size exclusion HPSEC NOM molecular weight distribution in feedwater
chromatography
Membrane fouling layer
Digestion + ICP-OES - Cation (Na*, Mg?*, Ca®") concentrations in fouling layers
Near edge x-ray absorption fine ~ NEXAFS Chemical composition of fouling layers, performed at
structure spectroscopy spectroscopy the C, O, Mg, and Ca K-edges and the Ca L;-edge
Resonant soft x-ray scattering RSoXS Spatial distribution of foulants within fouling layers,
performed at the Ca L3 »-edge
Tender resonant x-ray scattering ~ TReXS Spatial distribution of foulants within fouling layers,
performed at the Ca K-edge
Wide angle x-ray scattering WAXS Crystal phases of inorganic scalants (CaCO3) within

fouling layers

11
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2.3. Water quality analysis

Feedwater samples were collected at the beginning and end of NOM fouling experiments
to study changes in the feedwater composition caused by fouling. Dissolved organic carbon
(DOC) concentrations were determined using a total organic carbon analyzer (TOC-L CPH/CPN,
Shimadzu, Kyoto, Japan) and cation concentrations were determined via inductively coupled
plasma-optical emission spectrometry (ICP-OES) (Varian 710-ES, Agilent, Santa Clara, CA,
USA). Ultraviolet (UV) absorbance spectra were collected using an Agilent 8453 UV-vis
spectrometer and specific ultraviolet absorbance (SUV Azs4) values were calculated as the ratio of
UV absorbance at 254 nm to DOC concentration. SUV Azs4 values are used as a surrogate
measure of NOM hydrophobicity in solutions with the same NOM source [44]. High
performance size exclusion chromatography (HPSEC) was employed to determine NOM
molecular weight distributions in solution before and after fouling experiments. HPSEC was
performed on a Dionex UltiMate 3000 UHPLC (Thermo Scientific) with a Protein-Pak 125
column (Waters Corporation, Milford, MA, USA) and a variable wavelength detector set to 224

nm, following the methods of McAdams et al. [45].

2.4. Membrane fouling layer characterization
2.4.1. Quantification of inorganic foulant densities

The density of inorganic cations in membrane fouling layers was quantified by
microwave digesting membrane samples of known surface area and determining cation
concentrations in the digested solutions via ICP-OES. Membrane coupons were cut out and

digested in 10 mol/L nitric acid (trace metal grade, Thermo Scientific) on an ETHOS™ UP

12
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microwave digestion system (Milestone, Shelton, CT, USA). The polyester backing of the BW30
membrane was carefully removed before digesting the membrane coupon due to incomplete
digestion of the backing. The backing was then scanned using a flatbed scanner and the surface
area of the membrane coupon was determined in ImagelJ [46]. Cation concentrations in the
digested solutions were converted to surface densities (mmol/m?) via mass balance. Triplicate
measurements showed no evidence of gradients of inorganic cation concentrations along the
flowpath of the membrane. Digestion of the membranes that were used to treat the background
salt solutions showed insignificant (<0.1 mmol/m?) concentrations of inorganic cations on the
RO membrane surfaces, and the subsequent characterization techniques also confirmed the
absence of quantifiable membrane fouling in systems without organic matter or high

concentrations of carbonate.

2.4.2. X-ray absorption spectroscopy and resonant x-ray scattering

Membrane samples were analyzed via ex situ near edge x-ray absorption fine structure
(NEXAFS) spectroscopy and resonant soft and tender x-ray scattering (RSoXS and TReXS,
respectively) at the National Synchrotron Light Source II (NSLS-II) (Brookhaven, NY, USA). X-
ray absorption spectroscopy is sensitive to chemical bonds, so NEXAFS measurements enabled
detailed characterization of the organic (i.e., carbon and oxygen) and inorganic (i.e., calcium and
magnesium) components of the fouling layers. RSoXS and TReXS combine the spatial
information (e.g., size, shape) obtained from x-ray scattering with the chemical sensitivity of

NEXAFS to probe the morphology/structure of samples across an elemental absorption edge

13
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[47—49]. In this study, RSoXS and TReXS were utilized to investigate the distribution of calcium
in NOM fouling layers.

NEXAFS/RSoXS measurements using soft x-rays with energies near the carbon (=290
eV), oxygen (=540 eV), and magnesium (<1310 eV) K-edges and the calcium L32-edge (=350
eV) were performed at beamline SST-1 (7-ID-1) at NSLS-II [50]. Experiments using soft x-rays
employed two geometries/detection modes: transmission, in which the entire thickness of the
sample is penetrated, and partial electron yield (PEY), which is surface sensitive (i.e., probing
depth of a few nm) [51]. Soft x-rays can only penetrate thin samples and the estimated
attenuation length — which defines the depth into a material where the intensity of an x-ray is 1/e
(=37 %) of its value at the surface — of soft x-rays through a polyamide material is approximately
1 um (Figure S10) [52]. Therefore, the free float method developed by Culp ef al. [53] was used
to isolate the ultrathin (=100 nm) polyamide layer (and in some cases, a fouling layer) from the
support layers of the BW30 membrane. The isolated polyamide(+fouling) layer was mounted on
a silicon nitride window (Norcada, Edmonton, Alberta, Canada) for soft x-ray transmission
NEXAFS and RSoXS measurements. PEY NEXAFS measurements only probe the top surface
of samples, so extensive sample preparation was not necessary for these measurements.

TReXS and NEXAFS measurements near the calcium K-edge (<4050 eV) were
performed at the SMI beamline (12-ID) at NSLS-II in a transmission geometry and with
fluorescence yield (FY) detection, respectively [54]. The estimated attenuation length of tender
x-rays through a polyamide material is approximately 50 um [52], so sample preparation for

calcium K-edge NEXAFS/TReXS measurements involved carefully removing the polyester

14
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backing of the RO membranes and mounting the remaining polyamide, fouling layer, and

polysulfone support layer (=50 um thick) on a washer.

2.4.3. Wide-angle x-ray scattering

Membrane samples were analyzed via ex situ wide angle x-ray scattering (WAXS) at
beamline 7.3.3 of the Advanced Light Source (ALS) (Berkeley, CA, USA) [55]. WAXS profiles
were collected at a single energy, 10 keV, providing no resonance/chemical sensitivity, but the
diffraction patterns were used to identify scalants in the fouling layers. Hard x-rays penetrate
millimeter-thick samples (Figure S10) [52], so the same mounting procedure used for calcium K-

edge measurements was employed for WAXS measurements.

3. Results and Discussion
3.1. Divalent cations promote fouling of high molecular weight NOM

The presence of divalent cations — especially calcium — in NOM feedwaters immediately
promotes significant flux decline during RO (Figure 1A). Similar results have been reported by
other researchers and are attributed to bridging of carboxyl groups in NOM by divalent cations
[14,20,23,24]. In all cases, SNOM fouling is more significant than MNOM (Table S4); this
difference is intriguing given the similar compositions of the NOM sources (Table S1). The
general trends in this work are similar among the two NOM sources, so the results presented
herein focus on SNOM, while MNOM is discussed in Section S4. Briefly, MNOM is shown to
cause less significant membrane fouling because MNOM fouling layers contain larger fractions

of hydrophilic (e.g., carboxyl) functional groups relative to SNOM fouling layers. These results
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Figure 1. (A) Membrane flux decline during recirculating RO experiments shows significant NOM fouling in the presence of divalent
cations, especially calcium. The grey trace confirms that no fouling occurs for feedwaters without NOM. (B) Size exclusion
chromatographs of pre- and post-fouling feedwaters reveal a shift in solution-phase NOM molecular weights caused by RO
membrane fouling, where divalent cations promote fouling by high molecular weight NOM and calcium aggregates NOM
in solution (see inset). (C) Quantification of inorganic foulants on RO membrane surfaces confirms the significant role of

calcium on NOM fouling relative to sodium and magnesium. Error bars, here, represent the standard deviations of three

measurements.
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In the presence of calcium and magnesium, DOC concentrations and SUV Azs4 values
decrease in the feedwater after fouling (Table S4), indicating hydrophobic NOM fouls RO
membranes in the presence of divalent cations. NOM molecular weight distributions in the
feedwaters shift to lower molecular weights upon fouling in the presence of calcium and
magnesium (Figure 1B), confirming the significant contribution of hydrophobic, high molecular
weight NOM to divalent cation-induced membrane fouling. In the presence of a monovalent
cation, sodium, DOC concentration, SUV Azs4 value, and HPSEC peak position do not
significantly change, implying sodium-induced NOM fouling is not specific to NOM of a certain
size/hydrophobicity. In the NOM-Na fouling experiment, permeate flux plateaued after
approximately 500 L/m?, but the permeate flux decreased throughout the entire experiment for
the hard (i.e., high calcium/magnesium-containing) feedwaters (Figure 1A). This trend suggests
NOM-Na fouling occurs via initial adsorption/attachment of NOM to the RO membrane surface,
presumably driven by charge neutralization. Meanwhile, divalent cations promote continued
growth of fouling layers via bridging of high molecular weight NOM. Bridging of organic
foulants can occur in solution and at the membrane surface [22,27]; the inset in Figure 1B shows
calcium (but not sodium or magnesium) to aggregate NOM in solution, which likely contributes
to the greater flux decline observed for calcium relative to the other cations. In this work,
solution-phase NOM-Ca aggregation is hypothesized to be mediated by the membrane surface
because no aggregation occurred in aliquots taken from the pre-fouling SNOM-Ca feedwater
throughout the same duration as the fouling experiments (Section S1.2). One explanation for this
finding is that, as the permeate flux declines during constant pressure experiments using the

recirculated feedwaters, the balance between the driving force pulling foulants towards the
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membrane surface and the shear force of the crossflow velocity changes, and foulant aggregates
are able to detach from the membrane fouling layers and recirculate in the feedwater [56,57].
Moreover, concentration polarization of (in)organic foulants at the membrane/water interface
increases the probability for NOM aggregation, which likely plays a role in the dynamic fouling
behavior observed in this work.

Significant changes in the organic composition of the hard feedwaters are noted upon
fouling, but concentrations of divalent cations in the recirculated feedwaters did not change due
to the high ratio of divalent cations to organic functional groups in the feedwaters. Based on the
experimental conditions and acid-base titration of the NOM (Figure S3), the feedwaters
contained approximately 30 mmol (60 meq) Ca®* or Mg?" per milliequivalent of negative charge
in NOM. To this end, accumulation of sodium, magnesium, and calcium in NOM fouling layers
is evident (Figure 1C). Sodium densities in the three fouling layers are statistically similar (based
on two-sided t-tests with 0=0.05), but calcium incorporation in NOM fouling layers is almost an
order of magnitude higher than that of magnesium. Given the significant flux decline and shift in
NOM molecular weight noted during the NOM-Mg experiment, magnesium appears to bridge
high molecular weight NOM, yet the influence of this fouling mechanism is less significant than
that of calcium. The high affinity of calcium for NOM functional groups relative to magnesium

enables calcium-NOM aggregation in solution and extensive RO membrane fouling [58,59].

3.2. Cation-organic interactions drive membrane fouling behavior
The macroscopic results presented in the previous section confirm a significant role of

dominant cations on NOM fouling of polyamide membranes. The remainder of this work focuses
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on the molecular-level mechanisms that lead to the observed behavior. This section employs
NEXAFS spectroscopy to determine the organic composition of NOM fouling layers.

The transmission mode NEXAFS spectrum of the pristine BW30 membrane near the
carbon K-edge (Figure 2A) shows the typical features of a polyamide membrane, with a peak at
285 eV indicative of the 1s to w* transition from the aromatic C=C bond and additional features
from other functional groups (e.g., amide, carboxyl) [60]. Meanwhile, the surface-sensitive PEY
NEXAFS spectrum of the pristine BW30 membrane shows a lower relative amount of aromatic
carbon, accompanied by higher relative contributions from carboxyl (=288 eV) and O-alkyl
(=289 eV) carbon. Differences in the transmission and PEY NEXAFS spectra of the pristine
BW30 membrane are likely due to the proprietary surface coating on the commercial RO
membrane. Indeed, features in the PEY NEXAFS spectrum of the BW30 membrane resemble
the NEXAFS spectrum of polyvinyl alcohol (Figure S11), a hypothesized surface coating
[61,62]. The BW30 membrane is smoother/flatter and more hydrophilic (i.e., its contact angle is
lower) than several other commercially-available RO membranes, and its reported O/N ratio
determined via x-ray photoelectron spectroscopy is significantly higher than other RO
membranes (Table S3) [33,34,56], so the fouling mechanisms observed for this surface-coated
membrane could be different from that of other membranes. For example, swelling of
hydrophilic surface coatings, as observed previously for the BW30 membrane [32], could limit
the extent of foulant-membrane interactions. To this end, direct bridging of foulants to the BW30
membrane likely occurred given the PEY NEXAFS spectrum of the pristine BW30 membrane

contains contributions from carboxyl carbon.
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(A) Carbon K-edge NEXAFS spectra of pristine and fouled membranes show clear
differences in the organic composition of NOM fouling layers relative to the
pristine BW30 membrane. Spectra of the pristine BW30 membrane are presented
for data collected using transmission (i.e., transmitting the entire sample thickness)
and PEY (surface sensitive) detection modes, while only PEY spectra are shown for
NOM-fouled membranes. (B) Fits of carbon K-edge NEXAFS spectra of NOM-
fouled membranes to individual components of NOM show divalent cations
promote fouling by aromatic/aliphatic-rich NOM and sodium promotes fouling by
oxygen-rich NOM (e.g., carboxyl, O-alkyl). Peak assignments are summarized in
Table S6 and error bars, here, represent the standard deviations of the fitted area of
the Gaussian peaks. Detailed peak fitting results are provided in Section S3.

The PEY NEXAFS spectra of the NOM-fouled membranes near the carbon K-edge are

significantly different than that of the pristine membrane, confirming the presence of NOM
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fouling layers (Figure 2A). Following the approach of Solomon et al. [63,64], deconvolution of
the carbon K-edge NEXAFS spectra yields features pertaining to aromatic, phenolic, aliphatic,
carboxyl, and O-alkyl carbon (Table S6). Peak assignments are supported by density functional
theory predictions of NEXAFS spectra for surrogate compounds (Section S5). Peak fitting
results (Figure 2B) show NOM-Ca and NOM-Mg fouling layers contain larger fractions of
aromatic and aliphatic carbon and smaller fractions of carboxyl and O-alkyl carbon relative to
the NOM-Na fouling layer. This finding supports the solution-phase HPSEC results (Figure 1B)
that show divalent cations induce fouling by high molecular weight NOM molecules because
larger humic acids generally have lower charge density — and thus, less carboxyl and O-alkyl
carbon relative to aliphatic and aromatic carbon — relative to smaller fulvic acids [15]. Indeed,
size fractionation of NOM stock solutions using membrane dialysis confirms the higher organic
charge density in the low molecular weight fulvic acids present in SNOM and MNOM relative to
the higher molecular weight humic acids (Section S1.4). The NOM-Na fouling layer consists of
oxygen-rich molecules including polysaccharides and fulvic acids, which can deposit in RO
membrane surface cavities [65] and likely contribute to the initial flux decline noted in the
NOM-Na experiment. Such fouling is driven by a charge neutralization mechanism [66], while
divalent cations cause greater flux decline because, in addition to charge neutralization, they
form bridges with high molecular weight NOM.

Peak fitting of the surface sensitive PEY oxygen K-edge NEXAFS spectra of the NOM-
fouled membranes corroborate the results at the carbon K-edge, showing the highest carboxyl-
oxygen content in the NOM-Ca fouling layer, followed by that of magnesium and then sodium

(Figures S15-S17). In other words, carboxyl bridging accounts for majority of the oxygen
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present in NOM-Ca fouling layers, whereas electrostatic interactions involving other oxygen-
containing functional groups (e.g., alcohols, ethers) contribute more to oxygen accumulation in
NOM-Mg and NOM-Na fouling layers. These results highlight the important role of specific
(e.g., functional group bridging) and nonspecific (e.g., electrostatic) ion-organic interactions on
influencing membrane fouling layer composition. Given the NOM used in these experiments was
filtered through 0.22 pum filters, other fouling mechanisms such as hydrophobic adsorption could
play a more significant role in unfiltered feedwaters such that the impacts of (non)specific ion-
organic interactions that are reported herein would be different for different feedwater
chemistries. In addition, membranes with different physiochemical properties (e.g., roughness,
surface chemistry) could experience different contributions of individual fouling mechanisms
when compared to the BW30 membrane used in this work and they should be considered in

future work.

3.3. Calcium aggregates NOM on nanometer length scales

Alongside investigation of the organic composition of NOM fouling layers, further
measurements studied the coordination of divalent cations in NOM fouling layers. Sodium was
not considered for this investigation because it only forms weak electrostatic complexes with
functional groups in NOM [28], so its local binding environment is poorly defined. Similarly, the
magnesium K-edge NEXAFS spectrum of the NOM-Mg fouled membrane has a weak signal
(Figure S18), possibly due to the low magnesium density in the fouling layer (Figure 1C) and the

lack of a well-defined coordination environment, as suggested by others [67].
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Calcium forms inner sphere complexes with functional groups in NOM [28], so the
calcium L3 2-edge and K-edge NEXAFS spectra (Figures 3A and 3B, respectively) of the NOM-
Ca fouled membrane exhibit well-defined features representative of calcium-carboxyl complexes
(Figure S20). Despite the NOM-Ca feedwater being slightly oversaturated with CaCO3
(logSI=0.2), no evidence of mineral scaling is observed. Induction times for CaCOs3 precipitation
are long (i.e., hours to days) at low oversaturation, and aromatic, high molecular weight NOM
can inhibit growth of CaCOs precipitates by adsorbing to CaCO3 surfaces [68—71]. In turn,
calcium-induced membrane fouling occurs via carboxyl bridging under the conditions of these

experiments.
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Calcium Ls2-edge (A) and K-edge (B) NEXAFS spectra of the NOM-Ca fouled membrane reveal carboxyl bridging as
the major fouling mechanism. (C) Ca Ls2-edge RSoXS profiles of the NOM-Ca fouled membrane show an enhancement
in scattering intensity on-resonance (349.3 eV and 352.5 eV) with characteristic length scales on the order of tens of
nanometers. (D) Ca K-edge TReXS profiles also reveal an enhancement in scattering intensity on-resonance at the
calcium K-edge (4055 eV), with characteristic length scales on the order of single nanometers. (E) NOM fouling in the
presence of calcium occurs via formation of carboxyl-bridged NOM aggregates, promoting a heterogeneous distribution
of foulants on the membrane surface.
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Calcium Ls2-edge RSoXS and K-edge TReXS profiles of the NOM-Ca fouled membrane
are presented in Figures 3C and 3D, respectively. By tuning the x-ray energy to the calcium
absorption edges, increased scattering contrast between calcium and the surrounding sample
matrix is achieved (Figures S25 and S27) and the enhanced scattering intensity is attributed to
the spacing of calcium atoms/clusters in the samples. These characteristic length scales, d, of
calcium domains are inversely proportional to the magnitude of the scattering vector, q (q=2n/d).
The pristine and NOM-Na fouled membranes show no variation in scattering intensity across the
calcium absorption edges (Figures S23 and S26). At the calcium Ls2-edge, the increase in
scattering intensity for the NOM-Ca fouled membrane occurs in the g-range of 0.02 A to
0.1 A-! (Figure 3C), indicative of a characteristic spacing on the order of tens of nanometers.
Meanwhile, the enhancement in scattering intensity at the calcium K-edge occurs at q values
between 0.2 A and 0.7 A™! (Figure 3D), representing single nanometer spacing among calcium
atoms/clusters within the fouling layers.

The difference in characteristic length scales revealed at the calcium absorption edges
suggests the shorter (single nanometer) and longer (tens of nanometers) range spacing of
calcium-carboxyl complexes within and between NOM aggregates on RO membrane surfaces
(Figure 3E). This finding is supported by studies that note similar length scales for the
distribution of calcium-carboxyl complexes within (=2 nm) and between (=20 nm) microfibril
bundles/fibers in plant cell walls [72,73]. Compared to ordered systems such as block
copolymers, NOM fouling layers exhibit broad scattering features indicative of relatively
disordered matrices; this heterogeneous distribution of membrane foulants is expected given the

polydispersity of NOM. Potential remedies for preventing NOM fouling via calcium-induced
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aggregation include physical instabilities to detach aggregates, chemical addition to break
aggregates apart, and membrane modifications (e.g., zwitterionic groups, functional group
patterning, tailored roughness) to reduce affinity for aggregate deposition/attachment [74-77].
To optimize treatment of specific waters, pretreatment strategies should be tailored to remove
those constituents that contribute to significant membrane fouling. For example, hydrophobic
NOM can be removed by coagulation/flocculation, oxidation, and sorption [78—80], whereas
multivalent cations might require ion exchange and/or electrodialysis pretreatment [43,81,82].
Future work on these systems should also investigate the role of other multivalent cations (e.g.,
A", Fe** |, Cu?") that are used during pretreatment and/or present in important water sources

(e.g., mining wastewater, oil/gas produced waters) [83—85].

3.4. Fouling mechanisms shift in complex waters

As we turn to treating more complex waters for new reuse opportunities, interactions
occurring among contaminants must be considered in the design and assessment of treatment
processes. In this section, alginate, a model organic foulant with carboxyl groups, and carbonate
(CO3%), a scale-forming anion, are employed to reveal foulant-foulant interactions that dictate
membrane fouling behavior. Alginate fouling was most severe in the presence of calcium (Table
S5), and calcite (logKs=—8.4) is less soluble than magnesite (logKs=—7.5) [86], so the focus of
this section is on calcium-containing feedwaters.

Organic fouling by cross-linked calcium alginate is more detrimental to permeate flux
compared to CaCOs scaling alone (Figure 4A). However, as the logSI of calcite in the alginate

feedwaters increases from 0.23 (1.7 times the saturation point) to 1.4 (25 times the saturation
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point), greater flux decline is noted at long operation time (i.e., large permeate volume). The
greater flux decline is attributed to the formation of CaCO3 scales on the (fouled) membranes, as
seen in the scanning electron micrographs in Figure 4A. WAXS profiles of the fouled
membranes (Figure 4B) reveal the presence of calcite and vaterite — two polymorphs of CaCO3 —
in the fouling layers with and without alginate. Vaterite, an intermediate phase formed during the
crystallization of calcite [87], is present in all the samples, while calcite is only present when
logSI>1.0. The induction time for CaCOs nucleation at logSI values between 0.23 and 1.4 ranges
from hours to minutes [68,69,71] and the membrane fouling experiments lasted several hours

(Table S5); thus scaling occurs by stable and metastable species.
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492  Figure4. (A) Permeate flux decline is more significant in calcium alginate fouling

493 experiments relative to CaCOs scaling alone, but CaCOs3 incorporation in calcium
494 alginate fouling layers (as seen in the scanning electron micrographs) contributes to
495 greater flux decline at high oversaturation (logSI>1.0). The grey trace confirms that
496 no fouling occurs for the slightly oversaturated (logSI=0.2) feedwater without

497 alginate. (B) WAXS profiles of alginate/CaCOs-fouled membranes reveal vaterite
498 in all the fouling layers and calcite in the fouling layers formed at high CaCO3

499 oversaturation (logSI>1.0). Peak assignments are based on data reported in

500 literature [88,89].

501

502 The transition in fouling mechanism from calcium alginate to CaCOs-embedded calcium-

503  alginate is evident in the calcium K-edge NEXAFS spectra of the membranes (Figure 5A), where
504  the growth of a feature at approximately 4065 eV with increasing logSI is representative of

505  CaCoOs in the fouling layers. Linear combination fits of the NEXAFS spectra (Figure S21) show
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calcium alginate accounts for >99 % of calcium fouling at logSI<1.0, but CaCOs3 scaling
accounts for 47 % and 57 % of calcium fouling at logSI values of 1.2 and 1.4, respectively.
CaCO;s precipitates account for 50 % and 75 % of total calcium in the feedwaters at equilibrium
(using relevant constants in the Visual MINTEQ database [90]), suggesting the competing
calcium-carboxyl fouling mechanism inhibits/slows the growth of CaCOs3 scales on the
membrane. Indeed, the flux decline observed for the feedwater that induces both fouling
mechanisms (Alg-Ca, logSI=1.4) is less than the sum of the flux declines observed for calcium
alginate fouling (Alg-Ca, logSI=0.2) and CaCOs scaling (CaCOs3, logSI=1.4) (Figure S8).
Similar behavior has been shown to inhibit the transition of amorphous CaCOs3 to calcite in
marine organisms and to influence the morphology (i.e., rod-like versus needle-like crystals) of
gypsum scales on RO membranes [91-95]. To this end, co-fouling experiments under different
conditions (e.g., lower pH, higher concentrations of organic foulants relative to divalent cations)
have been show to increase/enhancement mineral scaling [96-98]. This finding has been
attributed to increased concentration polarization near the membrane surface in the presence of
organic fouling layers and it highlights the multi-faceted nature of fouling phenomena in
complex feedwaters. Interestingly, CaCO3 scales appear smaller when alginate is present in the
feedwater (Figure 4A), supporting a scaling inhibition mechanism under the conditions of these
experiments and encouraging future research. Co-fouling of full- and pilot-scale membranes is
frequently reported to include carboxyl-containing organic foulants (e.g., alginate, NOM) and
calcium-containing scalants (e.g., calcite, gypsum) [99—104], so future studies should consider
the fundamental mechanisms of co-fouling phenenomena in order to design novel pretreatment

processes and antifouling membrane materials.
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Figure 5. (A) Calcium K-edge NEXAFS spectra of BW30 membranes fouled by calcium
alginate at varying CaCO3 oversaturation show the shift in fouling mechanism from
cross-linked calcium alginate to CaCOs-embedded calcium alginate fouling layers.
The values on the right of the plot present the percent contribution of CaCO3 to the
NEXAFS spectra based on linear combination fits. (B) Calcium K-edge jump ratios
determined by fluorescence yield NEXAFS spectroscopy shows good agreement
(R?=0.988) with calcium densities in membrane fouling layers determined by
microwave digestion/ICP-OES analysis.

Alongside the shift in fouling mechanism is an increase in the calcium K-edge jump (i.e.,
the difference between the pre- and post-edge NEXAFS intensity), indicating higher
concentrations of calcium in the CaCOs-containing fouling layers. This increase is expected
based on the higher calcium content of a CaCO3 crystal relative to a calcium alginate compound.

A strong linear relationship (R?=0.988) exists between calcium K-edge jump ratios and calcium
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densities in the fouling layers determined macroscopically (Figure 5B). This result highlights the
value of advanced characterization techniques such as fluorescence yield NEXAFS spectroscopy
to provide detailed, element-specific information — including speciation and quantification — of
membranes fouled by complex mixtures. Extension of the multimodal characterization platform
presented herein to additional systems, including other foulant mixtures (e.g., sulfate/carbonate,
sulfate/NOM, silica/alginate, gypsum/iron oxides [105-109]) and novel materials (e.g.,
antifouling surface coatings, patterned surfaces [74-76,110,111]), will lead to significant

advancements that support the design of novel treatment trains for new reuse opportunities.

4. Conclusions

This work reveals key mechanisms of RO membrane fouling by dominant (in)organic
contaminants through a combination of bench-scale membrane fouling expeirments, water
quality analyses, and fouling layer characterization. NOM fouling of polyamide membranes in
the presence of Na® is shown to occur via electrostatic interactions involving fulvic acids and
other oxygen-rich molecules, while divalent cations (Ca?>" and Mg*") promote carboxyl bridging
of hydrophobic, high molecular weight organic foulants that are more detrimental to membrane
flux. Ca*", but not Mg?", is shown to aggregate NOM in solution, which leads to the nanoscale
aggregation of calcium-carboxyl complexes in NOM fouling layers. Membrane fouling
expeirments employing complex feedwaters containing mixtures of calcium, alginate, and
carbonate show alginate inhibits/slows the growth of calcite precipitates, and the flux decline
observed for the co-fouling mechanism was less significant than the sum of its parts. These

results highlight the importance of synergistic/antagonistic mechanisms in the design of future
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treatment process/material design. Moreover, this study demonstrates the important role of
advanced characterization techniques including x-ray absorption spectroscopy and (resonant) x-
ray scattering to provide the molecular-level insight that relate fundamental water quality

parameters to fouling behavior and overall membrane performance.
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