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Abstract:

Membrane distillation (MD) for the treatment of concentrated brines has been limited in part by
membrane fouling and subsequent flux decline and membrane wetting. This study provides new
insight into the identification of fouling and scaling mechanisms and pretreatment strategies for
mitigating flux decline with MD treatment of water reuse reverse osmosis concentrate (ROC).
Bench-scale direct contact MD experiments were performed with untreated and pretreated ROC.
Biological activated carbon (BAC), chemical water softening, or ion exchange coupled with a
fluidized bed crystallization reactor (FBCR) were selected as pretreatment strategies to isolate
the effects of organic fouling and calcium scaling. Organic and inorganic compounds were
analyzed by High-Performance Liquid Chromatography (HPLC) and inductively coupled plasma
mass spectrometry (ICP-MS). Calcium ions were found to be the major contributor to flux
decline despite the high organic content in the ROC. Minimal organic fouling is likely because
the organic matter in the ROC is hydrophilic, limiting hydrophobic-hydrophobic interactions
between the organics and the membrane. Furthermore, the water flux declined by 63 percent
after removing organic compounds by BAC pretreatment, with 60 percent of the calcium mass
precipitating from the solution. Whereas, the water flux remained constant after removing
multivalent ions with fluidized bed crystallization. Cleaning the membrane by acid washing and
temperature reversal recovered 73 percent and 12 percent of the water flux, respectively. The
analyses outlined in this study can assist in selecting appropriate fouling and scaling mitigation
strategies for water reuse ROC and a wide range of feed solutions used in MD applications.

1. Introduction

Implementation of reverse osmosis (RO) for water reuse has been limited by the lack of
environmentally responsible and economically viable disposal methods for the RO concentrate
(ROC) [1]. Typical water recovery from the industry standard treatment train ranges from 60 to
80 percent [2, 3]—thus generating a relatively large waste stream containing high concentrations
of organic and inorganic compounds, including pharmaceuticals and personal care products and
sparingly soluble salts that need to be appropriately managed. Minimizing the volume of brine is
termed zero liquid discharge (ZLD) and is of particular importance for water-stressed inland
regions where options for brine disposal are limited.

MD has been demonstrated as a promising technology to minimize brine volume while purifying
contaminated waters using low-grade thermal energy [4-7]. In MD, a heated concentrate stream
and a cooler condensing stream flow across either side of a microporous hydrophobic membrane.
The temperature gradient between the feed stream and the condensing side of the membrane
induces a partial vapor pressure gradient that drives the desalination process: water evaporates at
the feed-membrane interface, diffuses through the membrane pores, and condenses as high-
quality distillate. Because water mass transport occurs in the vapor phase, MD is theoretically
capable of rejecting 100% of non-volatiles. When using concentrated brines in MD, the high
salinity lowers the driving force, but the physical stress on the membrane remains low—an
advantage over pressure-based membrane processes like RO. High rejection and resilience to
feed solutions with high osmotic pressure make MD well suited for treating concentrated brines,
including industrial wastewaters [8, 9], produced waters [10-12], and RO brines [13-15].



Although the water recovery of a combined RO-MD system can be above 96% [13, 16], the
water flux and high rejection in MD are compromised by membrane fouling and scaling: the
adhesion of organic (fouling) and inorganic (scaling) compounds to the membrane. Fouling and
scaling are exacerbated by concentration polarization, as evaporation at the membrane surface
results in higher solute concentrations at the membrane interface than in the bulk solution [17].
Fouling and scaling are also heavily influenced by the membrane surface characteristics.
Hydrophobic membranes can slow or prevent fouling and scaling by forming a Cassie-Baxter
state [18]. In MD, the Cassie-Baxter state develops when a membrane with high porosity and
low surface energy interacts with water. The rough, hydrophobic surface forms small air pockets
between the membrane and liquid, decreasing the contact area between the feed solution and
membrane [19-21]. The Cassie-Baxter state is contrasted with the Wenzel state [22], in which the
porous surface is less hydrophobic, and the solution fully contacts the surface of the membrane.
Researchers have taken advantage of the Cassie-Baxter state to design omniphobic membranes
that repel contaminants with high surface tension and waters with low surface tension [23, 24].

Fouling and scaling can decrease membrane hydrophobicity and deform pores leading to
membrane wetting—a critical flaw in MD when the feed solution flows through the pore in the
liquid phase—compromising membrane rejection. Wastewater and water reuse brine has been
shown to cause flux decline and membrane wetting in MD [15, 25-28]. Mixed streams like
municipal wastewater and water reuse concentrate have many different foulants and scalants
over a wide range of concentrations. The variability and complexity of these feed streams make
isolating fouling and scaling mechanisms and mitigation strategies difficult.

A proposed mechanism for membrane fouling is adhesion through hydrophobic-hydrophobic
interactions [29]. Hydrophobic particles have a stronger attraction to the hydrophobic membrane
than their hydrophilic counterparts [30], but identifying the characteristics of organic compounds
in real waters is difficult. There is an established method for characterizing the molecular size of
natural organic matter [31], but current methods to characterize the hydrophobicity of organics
are less reliable. One method—specific UV absorbance (SUVA)—is often used to estimate the
aromaticity of dissolved organic matter and is calculated as the UV absorbance at 254nm divided
by the organic concentration [32]. Unfortunately, using the SUVA method for assessing the
hydrophobicity of some natural organic matter can be misleading. For example, humic
substances have high SUVA values but are hydrophilic in neutral pH ranges [33, 34].
Fluorescence excitation-emission (EEM) spectroscopy is another method that can be performed
rapidly and may give statistically significant information about the hydrophobicity of DOM [35].
However, this information relies upon correlational and specific analysis focusing on natural
organic matter, which may not be the only organic matter in MD applications. Therefore,
understanding fouling mechanisms and selecting mitigation strategies in MD applications needs
a more robust and direct measurement of feed solution hydrophobicity.

Scaling by inorganic salts is caused by precipitation on the membrane surface (heterogeneous
nucleation) or precipitation in the bulk solution (homogenous nucleation) and subsequent settling
onto the membrane [36]. Two of the ions commonly responsible for scaling in MD are calcium
and silicon. Gypsum crystals can block and deform pores leading to rapid water flux decline and
membrane wetting [37]. Calcium ions can also precipitate as calcite or in complexation with
organic compounds and cause severe flux decline [38, 39]. Silica scaling occurs more slowly
than calcium salts like gypsum because silicic acid polymerizes more slowly than gypsum



crystallizes [37]. Silica scaling is also most detrimental at neutral pH ranges [40]. Even NaCl
solutions can cause flux decline when present at supersaturated concentrations [41, 42].
Precipitation of some calcium salts like gypsum is also affected by high temperatures because
they are less soluble at high temperatures [43]. Some commonly proposed scaling mitigation
methods include bulk filtration [44] and antiscalant addition[45]. The use of a simple cartridge
filter has been shown to aid in flux decline by removing precipitated salts before they reach the
membrane [46]. Antiscalants can hinder the precipitation and crystal formation of sparingly
soluble salts, but their use is highly dependent on MD operating conditions [47].

The objective of this research is to identify fouling and scaling mechanisms and mitigation
strategies when using water reuse ROC as the feed solution for MD treatment. ROC from the
Agua Nueva Water Reclamation Facility (Tucson, AZ) was used to assess flux decline in bench
scale MD experiments. Pretreatments were applied to isolate the effects of fouling and scaling
and membrane cleaning methods were evaluated for recovering water flux. The mass
precipitated of scalants including calcium, silicon, and magnesium were calculated and a
membrane autopsy was performed to identify key scalants. A novel analytical method was
developed to characterize the hydrophobicity of organic compounds present in the feed solution.
The developed method can be used to assess the likelihood of hydrophobic-hydrophobic
interactions between the MD membrane and potential feed solutions. The methods outlined are
designed to be generalizable to a wide range of MD applications.

2. Materials and Methods
2.1 Membrane and MD Bench-Scale System

Direct contact MD (DCMD) experiments were performed with a polytetrafluoroethylene (PTFE)
membrane with a polypropylene (PP) support layer (Clarcor QL822, Parker Hannifin, Lee’s
Summit, MO). The membrane water entry pressure, nominal pore size, porosity, and thickness
was 2.5 bar, 0.45um, 70 to 85 percent, and 127-203um, respectively. The membrane was placed
in an acrylic cell with extruded mesh spacers on either side of the membrane and had an active
membrane surface area of 13.8 cm?.

A flow schematic of the DCMD system is illustrated in Figure 1. Two gear pumps (Cole Parmer,
Vernon Hills, IL) circulated the feed and permeate solutions through the heat exchangers (Alfa
heating, Derwood, MD) and the MD module at 1.6 L/min. The temperatures of the feed and
permeate streams were held constant at 70°C and 30°C, respectively, with an in-line heater
(Omega, Norwalk, CT) and recirculating chiller (Thermo Fisher Scientific, Waltham, MA).
Water temperature, turbidity, and conductivity were monitored with K-type temperature sensors
(Cole Parmer), an in-line TU5400 turbidimeter (Hach, Loveland, CO), and a conductivity meter
(Oakton Instruments, Vernon Hills, IL), respectively. The water flux was calculated by utilizing
an overflow system and analytical balance (Ohaus, Parsippany, NJ) that recorded the mass of
water permeated across the membrane over time. In each experiment, samples of the feed
solution were taken at regular intervals. The mass precipitated at each interval was calculated
using the concentration of the ions in the feed sample and the volume remaining in the feed
stream.
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Figure 1. Schematic of the bench-scale MD system. The blue section on the left represents the
distillate side of the membrane, and the red section on the right represents the feed stream. Batch
cycles were performed with a starting feed solution volume of SL each of fresh ROC and
circulated at 1.6 L/min at 70°C and 30°C for the feed and distillate, respectively.

The starting batch volume in all experiments was SL of feed solution (ROC or pretreated ROC)
and was recirculated until 60 to 70 percent recovery. All experiments were performed with three
batch cycles using fresh ROC and the same membrane, except for one experiment performed
with reconstituted ROC. In the reconstituted ROC experiment, the first batch cycle was
concentrated to 70 percent recovery. After the first batch cycle, the feed solution was
reconstituted to 5 L with deionized (DI) water and reconcentrated. DI water was used for
reconstitution in batch cycles 2 and 3 to bring the feed solution to the same starting volume as
other experiments (5 L) without adding solutes to the system. Three batch cycles were performed
with reconstituted feed.

2.2 Brine collection and treatment

Water reuse ROC was collected from a pilot-scale ultrafiltration-RO system treating secondary
effluent from the Agua Nueva Water Reclamation Facility. The ROC was used as the feed
solution for all DCMD experiments. Additional experiments were performed with batches of
pretreated ROC by either biological activated carbon (BAC) filtration, chemical water softening,
or ion exchange coupled with a fluidized bed crystallization reactor (FBCR). The BAF column
residence time for 95 percent removal of TOC was 45 minutes at 65 rpm; additional information
on the columns and acclimation procedure can be found in the supporting information. The
chemical water softening was performed by adjusting the room temperature ROC to pH 11 (pH
meter, Oakton Instruments, Vernon Hills, IL) with a 3 M NaOH (Sigma Aldrich, Burlington,
MA) solution. The pH adjusted ROC solution was allowed to settle and was then decanted into a
secondary container. The decanted ROC was neutralized to pH 8 by the addition of concentrated
HCI (Fischer Chemical, Waltham, MA). Details on the ion exchange and FBCR pretreatment can



be found in prior work [48], [49]. The saturation of calcite and silica at 70 °C for untreated and
treated ROC was calculated with OLI software (OLI Studio Inc., Cedar Knolls, NJ). The
compositions of treated and untreated feed solutions are summarized in Table 1. The untreated
ROC batch was collected separately from the other solutions and therefore had slightly different
characteristics

Table 1: Concentrations of dissolved compounds and water quality parameters in untreated and
pretreated ROC with chemical softening, BAC, and FBCR-ion exchange (IX).

Pretreatment V& Mg* Ca% Si TOC pH  Conductivity
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mS/cm)
Untreated 203 59 431 94 26 8 3.83
Softened 389 93 60 59 21 8 4.61
BAC 275 105 435 50 1 8 4.85
FBCR-IX 349 0 2.4 33 24 8 2.65
2.3 Membrane Cleaning

Cleaning experiments were performed on the membrane fouled with untreated ROC. The
cleaning methods include acid washing, base washing, and temperature reversal. Each of these
cleaning methods was performed sequentially on the same membrane using the same operating
conditions as the batch ROC experiments. After each cleaning experiment, the water flux of the
cleaned membrane was determined by performing DCMD experiments with DI as the feed and
permeate solution using the same conditions as the batch ROC experiments.

The fouled membrane was cleaned via acid or base washing by circulating either 2% HNO3 (pH
0.52) or 0.1 M NaOH (pH 13) at 1.6 L/min for one hour on the feed side of the membrane cell.
The temperature reversal cleaning procedure was performed by circulating DI water at 1.6 L/min
on either side of the membrane for one hour. However, the feed and permeate stream
temperatures were maintained at 30°C and 70°C, respectively, effectively reversing the driving
force or direction of water vapor across the membrane (i.e., distillate side to feed side of the
membrane) [50].

2.4 Analytical Methods
2.4.1 Ion Analysis

Cation concentrations were measured using an Agilent 7800x Series Inductively Coupled Plasma
Mass Spectrometer (ICP-MS) (Agilent, Palo Alto, CA) in helium collision gas mode. Samples



were centrifuged at 3000 RPM for 15 minutes before aliquots were diluted with 2% HNO3
(tracemetal grade, Fisher Chemical, Waltham, MA). The concentration values reported are the
average of three measurements.

2.4.2 Organic Analysis

The total organic carbon (TOC) was measured using a Shimadzu TOC-L CSH Total Organic
Carbon analyzer (Shimadzu Corp., Japan). TOC samples were acidified with 70 uL of HCI
(Fischer Chemical, Waltham, MA).

A novel nontargeted reverse phase chromatography method was developed to assess the
hydrophobicity of organic compounds using an Agilent 1260 II HPLC with an in-line diode array
detector (Agilent 1260 DAD) set at 254 nm. The HPLC was equipped with an Agilent Poroshell
120 EC-C18 column and a mobile phase consisting of water and methanol at a flow rate of 0.3
mL/min. A gradient elution method was developed to adequately separate compounds based on
their hydrophobicity and validated with standard compounds (Sigma Aldrich, Burlington, MA).
The standards used and their computationally estimated logKow values[S1]—a surrogate
measurement for hydrophobicity—are summarized in Table 2.

Table 2: Hydrophobicity standards and their estimated logKow values.

Compound Uracil Caffeine Acetophenone Naphthalene
logKow -1.07 -0.07 1.58 3.30
2.4.3 Membrane Autopsy

Membranes were analyzed using an FEI Inspec-S scanning electron microscope (SEM) with
energy dispersive x-ray spectroscopy (EDS, FEI Company, Hillsboro, OR). Membrane
hydrophobicity was established by contact angle measurement using the sessile drop method,
where DI water was the medium, with a Kriiss DSA25E goniometer (Kriiss Scientific, Hamburg,
Germany). Membrane charge was assessed by determining the zeta potential with an Anton Paar
SurPASS 3 analyzer (Anton Paar, Graz, Austria). Each autopsy method was performed with
multiple measurements and values reported are the average of all measurements.

3. Results and Discussion
3.1 Water Flux Experiments with Untreated ROC

The water flux, change in water flux per time, and turbidity as a function of percent water
recovery with untreated ROC are presented in Fig. 2. The water flux remains relatively constant
throughout the first batch cycle. In the second batch cycle most of the water flux decline occurs
in the first half of the experiment. In the third cycle, a large decline in water flux occurs before
30% recovery and is relatively constant from 30 to 50 percent recovery before beginning to
decline at an increasing rate. The turbidity of the first batch cycle was monitored and reaches a
maximum at five percent recovery and then precipitously declines to <5 NTU. The initial
increase in turbidity is likely homogenous precipitation of calcium compounds (i.e., calcium



carbonate) in the bulk solution. OLI simulations confirm that the initial concentration of calcium
carbonate in ROC is supersaturated at 70°C, thus calcium carbonate is likely to have precipitated
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on the membrane. In each batch cycle the distillate conductivity remained constant and below 10
uS/cm (Fig. S1 in SI).

Figure 2. (a) Water flux, (b) the change in water flux per hour, and (c) the turbidity of the first
batch cycle as a function of percent recovery for untreated ROC. Batch cycles were performed
with a starting feed volume of SL each of fresh ROC and circulated at 1.6 L/min at 70°C and
30°C for the feed and distillate, respectively. Distillate conductivity remained constant in each
batch cycle.

The normalized water flux before and after cleaning the membrane is shown in Fig. 3. Cleaning
the membrane with a 2% HNOs solution for one hour recovered 73 percent of the water flux. In
contrast, cleaning the membrane with 0.1 M NaOH did not recover additional water flux.
Whereas temperature reversal recovered an additional 12 percent of water flux. The acid solution
was collected after cleaning and analyzed by ICP-MS. The concentration of calcium in the acid
solution (220 mg/L) was 50 times higher than magnesium (4.4 mg/L), and silicon was not
detected (<0.1 mg.L). Therefore, the large increase in recovered water flux by acid washing is
likely from acid-induced dissolution of calcium carbonate (logKs, = 8.48). The temperature
reversal cleaning method displaces particulates adhered to the membrane and pores by reversing
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the passage of water vapor from the support to the active side of the membrane [42, 52].



Figure 3. The normalized water flux after sequential membrane cleanings for the fouled
membrane from the MD experiments performed with untreated ROC. Cleaning experiments
were performed sequentially on a membrane fouled with untreated ROC. Acid and base washing
involved circulating 2 % HNO; and 0.1 M NaOH in the feed side of the membrane cell.
Temperature reversal was performed by reversing the driving force and direction of water vapor
transport. The feed and distillate streams were circulated at 1.6 L/min. For the acid and base
cleaning, the feed and distillate streams were kept constant at 70°C and 30°C, respectively.
Whereas for the temperature reversal cleaning, the distillate and feed streams were kept constant
at 70°C and 30°C, respectively. After each cleaning procedure the water flux was determined by
circulating DI water at the experimental conditions until the water flux was stable for several
measurements.

Untreated ROC was again concentrated with a new membrane, but batch cycles 2 and 3 were
performed with reconstituted ROC. After the first batch was concentrated to 70 percent recovery,
DI water was added to return the feed solution volume to SL. without introducing more foulants
or scalants to the system. Batch cycles 4 and 5 were performed with fresh ROC. The water flux
as a function of percent recovery for the reconstituted ROC experiments is shown in Fig. 4a. The
water flux remained relatively constant during the first three batch cycles performed with
reconstituted ROC; however, the initial water flux declined and continued to decline throughout
the experiment when fresh ROC is used as the feed solution in batches 4 and 5. The
concentration of sodium, magnesium, silicon, and calcium at the beginning of the experiments
and after the first three batch cycles with reconstituted ROC is shown in Fig. 4b. The
concentration of sodium, magnesium, silicon, and calcium decline by 0.7, 20, 38, and 55 percent,
respectively, after the first batch cycle (Table S1 in SI). In subsequent batch cycles 2 and 3 using
the reconstituted ROC, the calcium concentration remains the same and only a small amount of
magnesium and silicon precipitate. The small variation of cation concentration in reconstituted
batches 2 and 3 is evidence that there was minimal precipitation and water flux decline when the
reconstituted ROC was exposed to the membrane for a longer time period (Figure 4 b). Further
membrane scaling was only observed when more scalants were added to the system (fresh ROC,
batch cycles 4 and 5). Therefore, the initial water flux decline in subsequent batch cycles 4 and 5
are likely from membrane scaling. Based on these observations, pretreatment experiments were
performed to isolate the organics and scalants from the ROC and further assess the mechanisms
for membrane scaling.
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Figure 4. (a) The water flux as a function of percent recovery and (b) the concentration of
various cations after the batch is reconstituted. After batch 1, the remaining volume is
reconstituted with DI water and concentrated again as batch 2. The same procedure was
performed for batch 2 and 3. Batches 4 and 5 represent cycles with fresh ROC. Batch cycles
were performed with a starting feed volume of 5L each of ROC and circulated at 1.6 L/min at
70°C and 30°C for the feed and distillate, respectively. Distillate conductivity remained constant
in each batch cycle.

3.2 Water Flux Experiments with Pretreated ROC
3.2.1 Comparison of Pretreatment Effectiveness

Concentration experiments with ion exchange-FBCR, softened, and BAC treated ROC were
performed to compare pretreatment methods. The water flux and hourly change in water flux as a
function of percent recovery for each feed solution are shown in Fig. 5. The BAC treated ROC
had the highest concentration of calcium, but the lowest organic concentration. The water flux
for the BAC treated ROC decreased rapidly in the first half of each batch cycle, leading to the
largest water flux decline of the pretreatment experiments. The early water flux decline is likely
from the immediate supersaturation of calcium carbonate upon reaching 70°C (Fig. S2 in SI).
The softened ROC had a lower initial calcium concentration, but higher organic concentration
than the BAC treated ROC. The water flux for the softened ROC remained constant through the
first batch cycle and most of the second batch cycle. However, after 45 percent recovery in the
second batch cycle the water flux declines by nearly 10 percent and continues to decline by
another 20 percent in the third batch cycle. The water flux remained constant throughout each
batch cycle when using the ion exchange-FBCR treated ROC despite having the highest
concentration of organics. The constant water flux in the ion exchange-FBCR treated ROC is
likely because it had the lowest calcium concentration. In each experiment the distillate
conductivity remained constant and below 10 uS/cm (Fig. S1 in SI).

A previous study by Naidu et al. observed that calcium carbonate precipitates were not a large

contributor to water flux decline and recommended granular activated carbon (GAC)
pretreatment for its ability to remove micropollutants and maintain membrane hydrophobicity
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[15]. Contrasting observations in this study are likely because of the difference in water
chemistry of the feed solution. For example, the ROC utilized in our work had 488% higher
calcium, likely leading to more calcium carbonate precipitation and water flux decline.
Additionally, although BAC pretreatment was ineffective for mitigating water flux decline (Fig.
5 a,d), BAC may be useful for micropollutant removal. The lack of organic fouling may be
further explained by the organic compounds in the feed solution having few hydrophobic-
hydrophobic interactions with the membrane.
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Figure 5. The water flux and the change in water flux per hour for (a,d) BAC treated, (b,e)
softened, and (c,f) ion exchange-FBCR treated ROC as a function of percent recovery. Batch
cycles were performed with a starting feed volume of 5L each of fresh ROC and circulated at 1.6
L/min at 70°C and 30°C for the feed and distillate, respectively. Distillate conductivity remained
constant in all experiments.

3.3 Organic characterization

A reverse phase HPLC method was developed to assess the hydrophobicity of the organic matter
present in the ROC. The most consequential parameters affecting the retention in reverse phase
HPLC are the hydrophobicity and polarity of the stationary phase, mobile phase, and analyte [53,
54]. By keeping the stationary phase and mobile phase constant the proposed method aims to
correlate the retention time of solutes to their hydrophobicity. The molecular size of solutes can
have small effects on retention [55], but strong correlations between hydrophobicity and
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retention have been documented for aromatic solutes [56]. First, standard compounds were tested
to serve as a form of hydrophobicity calibration. The chromatogram of the standard compounds
and their labeled peaks are illustrated in Fig. 6a. The standards elute in order of their
hydrophobicity with the full range of standards eluting within 25 minutes.

The chromatogram of the untreated and BAC treated ROC 1is depicted in Fig. 6b. Peaks are only
observed at low retention times corresponding to hydrophilic material. There is an increase in the
baseline in both chromatograms at 10 minutes attributable to the effects of the gradient elution
rather than organic compounds in the sample. Nearly all peaks of the ROC elute before five
minutes and are therefore hydrophilic. Thus, the HPLC results confirm that organic fouling via
hydrophobic-hydrophobic interactions is an unlikely mechanism for membrane fouling.
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Figure 6. HPLC chromatogram of the hydrophobicity standards (a). From left to right the peaks
correspond to uracil, caffeine, acetophenone, and naphthalene. HPLC chromatogram of untreated
and BAC treated ROC (b).

3.4 Solute Mass Precipitated in Pretreatment Experiments

The cumulative mass of calcium, magnesium, and silicon as a function of distillate produced is
shown in Fig. 7. In the BAC treated ROC, the mass of calcium precipitating is an order of
magnitude larger than any other ion and is further evidence of the increased relative importance
of calcium scaling. Interestingly, in the softened ROC more silicon precipitates. The high silicon
precipitation is a surprising result because OLI simulations predict that silicon becomes
supersaturated only after 55% recovery in the softened ROC. In previous studies, organic
compounds have increased the water flux decline caused by silica scaling [57, 58]. Therefore,
while there is little evidence of organic compounds fouling the membrane, their presence in the
softened ROC may increase the flux decline caused primarily by complexation with other
species like silicon. Precipitation of calcium, magnesium, and silicon was not observed when
using the FBCR treated ROC because pre-treatment removed 99, 100 and 65 percent of these
constituents, respectively. Note that the 1.6 L/min flow rate used in all experiments likely
minimized concentration and temperature polarization compared to experiments performed with
lower flow rates/velocities [59-61]. In systems that cannot reach the high flow velocities used in
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this study, increased concentration and temperature polarization may affect the precipitation of
ions, and lead to more scaling.
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Figure 7: The mass of magnesium, silicon, and calcium precipitated as a function of distillate
produced for (a) BAC treated ROC, (b) softened ROC, and FBCR treated ROC. The calcium
mass precipitated in BAC treated ROC is displayed on a secondary axis because it is an order of
magnitude larger than the other ions. Two successive batch cycles are shown separated by the
dashed line at roughly 3.5 L of distillate produced.

3.5 Membrane Autopsy

EDS analysis was performed on the fouled membranes and the results are shown in Fig. 8. The
calcium peak in the spectrum from the BAC treated ROC is larger than any other ion, which is
consistent with the theory that calcium is the dominant scalant. Magnesium was detected in the
spectrum from the BAC treated ROC, but is nearly indistinguishable from the baseline due to the
size of the calcium peak. Different ion compositions were observed on the membrane fouled
with softened ROC depending on where the measurement was taken. The main difference
between locations was the relative responses of calcium, magnesium, and silicon. In one location
the silicon and magnesium peaks were larger than the calcium peak, but in another location the
calcium was much larger. Based on the EDS analysis and analysis of the cation mass precipitated
during batch cycles (Fig. 7) it is likely that calcium, magnesium, and silicon were the primary
contributors to membrane scaling in the experiment with softened ROC. Membrane scaling was
localized as demonstrated in the SEM images (Fig. S3 in SI) in which the membranes scaled
with softened ROC and FBCR treated ROC have crystals non-uniformly distributed on the
surface. In contrast the membrane scaled with BAC treated ROC had scalants covering the entire
membrane surface. Calcium and magnesium were not observed in the EDS analysis of the
membrane fouled with FBCR treated ROC, and the largest peaks were from the PTFE membrane
(fluorine) and the gold coating necessary for analysis. There is a small peak that could be trace
amounts of silicon, but the result is consistent with the observation that the FBCR treated ROC
did not foul or scale the membrane (Fig. 5c¢).

13

6

7



a) 1500 b)
400 c
0 Si a
300+ Mg 1000
200
Ca 500+
100 £
c)| cu | Au
0 T T 0 T
0 2 4 4
keV
c)
60000+ Ca 40000
40000
=
— Mg 20000 '
c ()F Cu Al Ca o o
Au CaC
0 . . 0 : =5
0 2 4 0 2 4
keV keV

Figure 8. SEM-EDS analysis of fouled membranes. (a) and (b) membrane fouled with softened
ROC with measurements taken at different locations on the membrane. (c) membrane fouled
with BAC treated ROC. (d) Membrane fouled with FBCR treated ROC. The spectrum of the
membrane fouled with FBCR treated ROC is formatted to show the baseline and includes an
inlayed image to accurately depict the fluorine peak.

The contact angle and zeta potential of the virgin and fouled membranes are summarized in
Table 3. The fouled membranes all had lower contact angles and were less negatively charged
than the virgin membrane, but the changes were more severe for the membranes fouled with
BAC treated and softened ROC. Despite the low contact angle, no wetting was observed as the
conductivity of the distillate remained below 10us/cm. Therefore, while the membrane contact
angle decreased, the pores retained their hydrophobicity and prevented wetting [62]. Over
longer-term studies scalants likely would infiltrate further into the pore, leading to pore flow and
membrane wetting. The membrane fouled with BAC treated ROC was the least negatively
charged because the larger amount of positively charged scalants present suppressed the charge
of the membrane.

Table 3. The contact angle and zeta potential for virgin and fouled membranes.

Membrane Contact Angle Zeta Potential (mV)
Virgin 130° -45.1
BAC Treated <60° -13.7
Softened <60° -19.7
FBCR Treated 102° -31.2
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The decrease in the contact angle of the fouled membranes is indicative of the transition from the
Cassie-Baxter state to the Wenzel state and may explain the increasing rate of water flux decline
observed in the softened ROC experiments. In the Cassie-Baxter state there is less membrane-
liquid contact area for homogeneous precipitation to settle and adhere to the membrane
compared to the Wenzel state. Heterogenous precipitation is decreased by similar logic as there
i1s less contact between feed solution and membrane and therefore less availability for
crystallization on the membrane surface. However, the small contact points between the
membrane surface and solution slowly collect precipitates, lowering the hydrophobicity of the
membrane and degrading the Cassie-Baxter state into the Wenzel state. In the Wenzel state the
precipitates are more likely to settle onto or crystallize on the membrane and an increase in the
rate of water flux decline is observed. In contrast, the much higher mass of calcium precipitating
in the BAC treated ROC likely deteriorates the Cassie-Baxter state more rapidly than the slower
precipitation rates observed in the softened ROC.

Preserving or enhancing the Cassie-Baxter state in MD may be an effective way to mitigate
fouling and scaling and methods can be categorized as either membrane cleaning or membrane
materials. An ideal membrane cleaning method would restore both the water flux and the Cassie-
Baxter state. Notably, Rezaei et. al. developed a method to recharge the air layer on hydrophobic
membranes to prevent wetting by surfactants [63] which may be an effective cleaning method
that meets these criteria. Novel membrane materials have been shown to protect the membrane
from scaling by supersaturated NaCl solutions [41, 62] and gypsum solutions [64] for longer
than their unmodified counterparts. Other modified membranes have been developed to address
fouling by oil or other hydrophobic organic matter [65]. Although these membranes show great
promise for addressing scaling in MD they are typically modified commercial membranes [66]
that are currently unavailable at scale due in part to the use of harsh chemicals such as
perflourinated compounds required and complex synthesis processes [67]. Therefore, employing
pretreatment strategies that selectively remove the scalants or foulants of concerns along with
periodic membrane cleanings may be an area for future research to mitigate membrane scaling
and fouling and preserving the Cassie-Baxter state in MD. Alternative strategies to reduce
membrane scaling could also include antiscalants or operating at lower feed temperatures to
minimize calcium precipitation. However, tradeoffs arise when operating at lower temperatures
as water production rates and energy efficiency decrease at lower operating temperatures [6].

4. Conclusion

Membrane distillation can be an effective technology that can simultaneously recover and
concentrate water reuse ROC achieving near zero liquid discharge. This study identified relevant
foulants, scalants, and potential mitigation strategies when using water reuse ROC as the feed
solution for MD. Calcium salts were the dominant scalants, and removing calcium with FBCR-
ion exchange was an effective pretreatment strategy to minimize the decline in water flux.
Despite the presence of natural organic matter in the feed solution, minimal organic fouling was
observed likely because the organics were hydrophilic, thus eliminating hydrophobic-
hydrophobic interactions with the membrane. An untargeted HPLC method was developed to
determine the hydrophobicity of organic matter in complex solutions. This method is a novel
application of reverse phase HPLC analysis and may be particularly useful in rapidly assessing
the potential for membrane fouling via hydrophobic-hydrophobic interactions and selecting
cleaning and pre-treatment strategies; thus, prolonging membrane lifetime and reducing
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operational costs. Finally, it was observed that the rate of scaling increases as the membrane
becomes less hydrophobic. Therefore, in addition to selecting hydrophobic membranes, selective
pretreatment strategies and membrane cleaning can preserve the Cassie-Baxter state of the MD
membrane and inhibit membrane wetting.
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