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Abstract 1 

Natural organic matter (NOM) complicates water treatment and causes formation of 2 

disinfection byproducts (DBPs). NOM is removed well by nanofiltration (NF) but causes 3 

extensive membrane fouling, especially in the presence of divalent cations. This research 4 

investigated a hybrid electrodialysis-nanofiltration (ED-NF) system to treat freshwaters 5 

containing hardness and NOM. ED removes most ions but little to no NOM, and the ED diluate 6 

is then treated with NF to remove NOM with reduced fouling. Subsequently, some or all of the 7 

ED concentrate can be mixed with the NF permeate to increase water recovery, limit NOM 8 

concentration (and thereby reduce DBPs), and control the ion content. Compared to NF alone, 9 

ED-NF increases product water yield. NF fouling was reduced by the removal of divalent cations 10 

in ED. Spectroscopic and resonant scattering measurements of fouled membranes near the 11 

calcium K-edge reveal a significant contribution to NF fouling by calcium bridging between 12 

carboxyl groups in NOM and on the membrane surface. This novel ED-NF system allows 13 

several control “knobs” to increase water recovery and reduce DBP formation potential by 14 

adjusting ED water recovery, ED diluate (and concentrate) ionic composition, and the fraction of 15 

concentrate re-mixed with NF permeate to form the product water. 16 

Keywords: Water treatment; Disinfection byproducts; Fouling mechanisms; X-ray spectroscopy; 17 

Resonant X-ray scattering 18 
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1 Introduction 22 

Natural organic matter (NOM) is present in virtually all surface waters and includes 23 

humic and non-humic fractions with a wide range of molecular weights and reactivities based on 24 

sources and the presence of specific functional groups.1,2 NOM represents a major challenge in 25 

water treatment; not only does it cause color and taste problems directly, but it reacts with 26 

chlorine, the most commonly used disinfectant, to form potentially carcinogenic disinfection 27 

byproducts (DBPs) such as trihalomethanes (THMs) and haloacetic acids (HAAs).3,4 The 28 

reduction of DBPs in drinking water can be achieved by substituting other disinfection methods 29 

for chlorination, removing DBPs precursors (e.g., NOM), and/or eliminating DBPs after 30 

formation.5,6 These strategies to reduce DBPs in drinking water are reviewed briefly below, but 31 

this research focused on systems that use nanofiltration (NF) for removal of the DBP precursor, 32 

NOM. More specifically, since NOM often limits the productivity of NF membranes by fouling, 33 

the objective of the research was to increase the water recovery in NF systems for drinking 34 

water. 35 

Water treatment processes for NOM removal include enhanced coagulation, advanced 36 

oxidation, adsorption, and membrane technologies.5,7 Enhanced coagulation is a regulatory 37 

requirement for conventional water treatment plants in the United States, but the targeted 38 

dissolved organic carbon (DOC) removals (which depend on the influent alkalinity and DOC) 39 

are relatively low and the process drastically increases production of residuals that need to be 40 

managed.8,9,10 Advanced oxidation processes (AOPs) can achieve between 40-90% NOM 41 

removal efficiency,11 but the efficiency depends on the type and amount of organic matter and 42 

the process creates smaller organics that are often biodegradable. Thus, AOPs are usually 43 

coupled with other technologies such as membrane filtration, adsorption, and biodegradation.12 44 
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In the United States, adsorption has been used more commonly to target undesirable synthetic 45 

organic chemicals (SOCs) such as pesticides and herbicides rather that NOM removal; NOM 46 

removal by adsorption can vary widely over time and can reduce the efficiency for target SOCs 47 

either through competition for sites or pore-blocking by NOM.13 Ultrafiltration (UF) membranes 48 

can effectively remove NOM with relatively high molecular weights but the pores sizes 49 

(typically 30 to 1000 Å) allow most of the humic substances to pass through.  50 

Nanofiltration (NF) can be an excellent solution for the removal of DBPs precursors 51 

including the lower molecular weight fraction.5 NOM removal efficiencies achieved by NF can 52 

exceed 80% and NF can be applied to various types of water.14–17 However, membrane fouling 53 

decreases permeate flux and limits the utility of NF for NOM removal because of the loss of 54 

productivity and added capital and operational costs;18,19 productivity here includes both 55 

permeate flux and volume throughput (or water recovery) between chemical cleanings. NF 56 

membrane fouling increases in the presence of cations, as NOM molecules and membrane 57 

surfaces are often negatively charged due to specific functional groups (e.g., carboxylic acids) 58 

and reduced electrostatic repulsion of the negatively charged macromolecules can lead to the 59 

formation of dense/compact NOM fouling layers.15,20–22 Additionally, divalent cations such as 60 

Ca2+ and Mg2+ can bridge negatively charged functional groups to significantly increase 61 

fouling.15,21,23 Therefore, a pretreatment process to remove inorganic ions, particularly cations, 62 

could considerably reduce NF membrane fouling and increase productivity during water 63 

treatment. Precipitative softening to remove divalent cations prior to NF requires chemicals, such 64 

as lime, and space for both coagulation/flocculation and sedimentation processes. Ion exchange 65 

is simpler than lime softening, but increases Na+ concentration in the finished water and 66 

produces high salinity regeneration waste streams.24,25. Since NF membranes are currently used 67 
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not only for NOM removal but also water softening (i.e., removal of multivalent cations),7,26,27 68 

softening pretreatment via NF holds some attraction because membrane systems are modular, 69 

scalable, energy efficient, and minimize chemical use,28,29 but fouling, as indicated above, is 70 

problematic. 71 

Another possible (and heretofore unexplored) pretreatment strategy for NOM removal by 72 

NF is electrodialysis (ED). ED is a technically verified water treatment technology with more 73 

than a half-century of field-scale success at producing high quality water from brackish 74 

water.30,31 ED separates charged molecules from feed waters using ion exchange membranes 75 

(IEMs) but does not provide appreciable separation of NOM.32 Although acidic fractions of 76 

NOM are negatively charged, NOM molecules exhibit low diffusivity due to their large size33 77 

and cannot pass through the low molecular weight cut-off IEMs used in ED.34 A coupled RO/ED 78 

system has been used to isolate/extract NOM from freshwater and seawater35,36, but the studies 79 

focused on NOM harvesting rather than drinkable water production and RO membrane fouling 80 

mitigation. ED has been studied as a pretreatment to remove divalent cations in the presence of 81 

NOM or neutral solutes, and the researchers of those studies also found that ED has a potential to 82 

separate divalent ions without separation of NOM or neutral solutes.32,37 However, a complete 83 

hybrid ED-NF process for NOM removal and NF fouling mitigation to improve productivity has 84 

not been thoroughly investigated previously to our knowledge.  85 

This research focuses on the development of a hybrid ED-NF membrane system to 86 

remove NOM and increase the productivity of NF systems while providing appropriate ion 87 

concentrations (for drinking water) in the final product water (Figure 1). With the proper choice 88 

of the ion-exchange membranes, ED can remove most inorganic ions while achieving minimal 89 

removal of NOM; subsequently, the ED diluate, containing few inorganic ions but NOM at 90 
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nearly the original concentration, can be treated by NF to remove NOM. In NF membrane 91 

systems for drinking water production, remineralization after NF treatment is often required 92 

because high removal of monovalent and/or divalent ions can produce unsavory and corrosive 93 

water.38,39 In this hybrid ED-NF system, some or all of the small volume of ED concentrate and 94 

the large volume of NF permeate can be combined to yield water with dramatically lower NOM 95 

concentration and ion concentrations appropriate for drinking water.  96 

The total water recovery includes (some or all of) the ED concentrate and the NF 97 

permeate, so varying the ratio of ED concentrate to NF permeate mixed in the final step can be 98 

used to impact the recovery and tailor the resulting NOM and inorganic ion concentrations to 99 

desired values. With low resulting NOM concentration, disinfection of the resulting water by 100 

chlorination would result in acceptably low DBP concentrations. 101 

 102 

Figure 1. The proposed hybrid electrodialysis-nanofiltration (ED-NF) system for drinking water 103 

treatment of freshwaters containing natural organic matter (NOM) and hardness. 104 

In a previous study for the ED part of this hybrid process, we found that NOM can be 105 

sorbed onto the IEM surface but ED can effectively separate alkaline earth metal ions without 106 

separation of NOM and without significant NOM sorption with proper IEMs.32 Here, we focus 107 

on the combination of ED and NF. To achieve the overall objective, tasks in this research were to 108 
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determine whether ED pretreatment is effective in reducing NF membrane fouling, to use 109 

spectroscopic techniques to ascertain the causes of fouling, and to assess the DBP formation 110 

potential of the hybrid ED-NF system product water. Fouling of the IEMs at the ED stage of the 111 

hybrid ED-NF system was not investigated in this study, as it was considered in the previous 112 

work.32 Technical evaluation metrics of the hybrid ED-NF system include the fractional water 113 

yield, product water quality, and fouling characteristics of the NF membrane in the absence and 114 

presence of ED pretreatment. The performance of the hybrid ED-NF system was evaluated for 115 

three synthetic feedwaters containing NOM and one natural feedwater. DBP formation potential, 116 

particularly trihalomethane formation potential, of the product water was evaluated using two 117 

natural feedwaters to real treatment plants and compared to the formation potential of product 118 

waters from the NOM removal processes currently employed at those plants. The fractional 119 

recovery of the natural waters treated with the hybrid system to achieve a trihalomethane 120 

formation potential (THMFP) below the US standard for THMs was estimated. 121 

2 Materials and methods 122 

2.1 Experimental solutions 123 

Table 1 shows feedwater compositions for the experiments performed in this research; additional 124 

details are in Sections 1 and 2 of the Supporting Information. This research employed five 125 

different NOM sources: Lake Austin NOM (LAN), Suwannee River NOM (SNOM), Leonardite 126 

Humic Acid (LHA), Texas Water NOM (TWN), and Florida Water NOM (FWN). SNOM and 127 

LHA were purchased from the International Humic Substances Society (IHSS, St. Paul, MN). 128 

LAN was extracted from Lake Austin in Austin, TX. Three synthetic feedwaters were prepared 129 

using filtered (1.5 µm) stock solutions of LHA, SNOM, and LAN. NOM stock solutions were 130 

diluted to 5 mg/L dissolved organic carbon (DOC) using Milli-Q water (Millipore, Bedford, MA, 131 



 7

USA) and the target amounts of ACS grade NaCl, CaCl2∙2H2O (both from Fisher, Pittsburgh, 132 

PA), and MgCl2∙4H2O (AMResco, Solon, OH) were added to each synthetic feedwater. Since 133 

membrane fouling is known to be exacerbated by divalent cations, all synthetic feedwaters 134 

utilized the same background anion, chloride. Although we focus on cations in this study, ED 135 

pretreatment can also combat membrane fouling/scaling caused by anions (carbonate, sulfate, 136 

phosphate). 137 

Florida Water (FWN) and Texas Water (TWN) were filtered (1.5 µm) and used with their 138 

natural concentrations of all ions and NOM. FWN contains approximately 16.5 mg/L DOC, and 139 

TWN contains approximately 4.5 mg/L DOC (Table 1). SNOM, LHA, LAN, and FWN were 140 

used for the hybrid ED-NF system technical performance evaluation, and FWN and TWN were 141 

used for DBP formation potential experiments. 142 
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Table 1. Feedwater compositions for hybrid ED-NF system technical performance evaluation and disinfection by-product potential 143 

experiments. 144 

Type of feed 
Feed 

Watera Type of NOM 
SUVA254

b 
(L/mg∙m) 

Conductivity 
(𝝁S/cm) 

Ca 
mg/L 

Mg 
(mg/L) 

Na 
mg/L 

DOC 
mg/L 

Ca/DOC 
(mM/mM) 

Notec 

Synthetic 
freshwater 

LAN  Lake Austin 
NOM 
(LAN) 

2.170.11d 12242 68.20.4 7.30.8 11210 5.10.4 4.020.20 
I LAN 

W/ ED 2.130.17 2450.4 7.30.1 0.70.1 25.11.6 5.20.3 0.420.02 

SNOM  Suwannee 
River NOM 

(SNOM) 

3.770.19 9371 28.00.6 7.20.6 1547 5.00.4 1.690.11 
I SNOM 

W/ ED 3.710.15 1870.2 2.81.4 1.20.1 26.31.3 5.00.2 0.160.01 

LHA  Leonardite 
Humic Acid 

(LHA) 

9.090.36 9452 28.11.1 7.20.5 1548 5.10.4 1.660.07 
I LHA 

W/ ED 9.050.41 1890.4 2.70.3 1.40.1 20.69.6 5.00.3 0.160.10 

Natural 
freshwater 

FWN  
Florida Water 
NOM (FWN) 

3.74±0.05 7209 84.40.6 13.30.5 36.82.7 16.50.5 1.540.04 
I, II FWN 

W/ ED 3.640.38 1444 7.31.6 1.61.2 9.70.6 16.70.5 0.130.03 

TWN Texas Water 
NOM 

(TWN) 

2.890.08 4497 61.02.7 10.51.1 22.1±6.8  4.50.1 4.070.10 
II TWN 

W/ ED 2.850.18 901 7.61.5 1.80.3 8.7±0.5 4.50.1 0.510.10 

a. W/ED feeds are the ED pretreatment product waters (ED diluate) that were subjected to NF treatment; feeds without that designation were the 
influent to NF in the NF alone experiments and the influent to ED in the hybrid ED-NF system   
b. Specific Ultra Violet Absorbance (SUVA254) (L/mg∙m) is an indicator of the relative fraction of aromatic NOM components and the 
hydrophobicity of NOM; a SUVA value greater than 4 suggests that the NOM contains high molar mass compounds and exhibits high 
hydrophobicity, whereas SUVA less than 2 suggests lower molar mass compounds and low hydrophobicity17. 
c. Note specifies the experiments in which each feedwater was used: (I) technical performance evaluation tests; (II) DBP formation potential tests 
d. േ indicates 95% confidence intervals 

145 



 9

2.2 Bench-scale Electrodialysis and Nanofiltration experiments  146 

ED experiments were conducted using a batch-recycle ED experimental apparatus 147 

(Figure S2), as described in our previous study.32 This apparatus consists of an electrodialyzer 148 

and three streams: diluate (D), concentrate (C), and electrode rinse (E). ED pretreatment used 8 L 149 

of diluate and 2 L of concentrate (i.e., 80% water recovery) with an 80% conductivity removal 150 

goal. Details of the system are explained in Section 4 of the Supporting Information and are 151 

essentially identical to those reported by Kum et al.32 The details of the specific energy 152 

calculation (SEC) of the ED process are in Section 5 of the Supporting Information. In our 153 

previous work we evaluated several different AEM/CEM pairs to identify a set that yielded the 154 

lowest NOM adsorption; CMX/AMX IEM pair (Tokuyama Soda Co. Ltd. Japan) was chosen in 155 

this study based on its good separation of inorganic ions with minimal organic matter 156 

separation/sorption.32,40 157 

NF experiments were conducted using a laboratory-scale crossflow membrane system 158 

(Figure S3); details of the system and its operation are in Section 6 of the Supporting 159 

Information. The NF270 membrane (DuPont FilmTecTM, Edina, MN) was chosen based on its 160 

high permeate flux and NOM removal reported in previous research.41 All NF experiments were 161 

performed at a constant applied pressure of 4.8 bar (70 psig), the pressure that was applied by the 162 

manufacturer to identify the typical properties of NF270 membranes.42 Performance of the 163 

hybrid ED-NF system was compared to the NF system without any pretreatment. 164 

2.3 Water Sampling and Qualitative Analyses of Samples 165 

Liquid samples were collected from the diluate/permeate and concentrate/feed of the 166 

ED/NF systems during experiments. In ED experiments, 10 mL samples were pipetted from each 167 

reservoir after each 10% reduction in conductivity from 10% to 80% to measure concentrations 168 
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of major cations (sodium, calcium, and magnesium) and the ultraviolet (UV) absorbance (254 169 

nm), and 40 mL samples were withdrawn at the beginning and end to measure DOC 170 

concentrations. In NF experiments, 50 mL of feedwater were withdrawn by pipette from the feed 171 

reservoir and 50 mL of permeate were taken directly from the permeate stream at the beginning 172 

of each experiment and every 24 hours for the duration of the NF experiments. Concentrations of 173 

major cations and DOC, and the UV absorbance (254 nm), were measured for NF experimental 174 

samples. NF experiments were run for six days with SNOM, LAN, and FWN, but the LHA 175 

waters were run for only 24 hours due to higher fouling by this hydrophobic NOM. 176 

Because cations significantly impact NOM fouling on membrane surfaces, our attention 177 

was on cation removal rather than anion removal, as noted earlier. Concentrations of major 178 

cations were measured via inductively coupled plasma-optical emission spectroscopy (ICP-OES, 179 

Varian 710-ES, Varian, Inc, Palo Alto, CA). DOC concentrations were analyzed using a total 180 

organic carbon analyzer (TOC-L CPH/CPN, Shimadzu, Japan). The ultraviolet absorbance at a 181 

wavelength of 254 nm was measured using a diode array UV-Vis system (Agilent 8453, Agilent 182 

Technologies, Santa Clara, CA) with a 1 cm path length quartz cell; specific ultraviolet 183 

absorbance (SUVA254) values were calculated as the ratio of UV absorbance and DOC. 184 

2.4 Membrane Surface Analysis 185 

Fouled and virgin NF membranes were dried and stored in a desiccator at atmospheric 186 

pressure. Sections of each NF membrane were cut for ex situ investigation via scanning electron 187 

microscopy (SEM), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-188 

FTIR), and X-ray photoelectron spectroscopy (XPS). SEM (FEI Quanta FEG 650, Thermo 189 

Fisher Scientific, Waltham, MA) was employed to identify foulants on the surface of the NF 190 

membranes. Membrane samples were platinum-coated by a benchtop sputter coater (Cressington 191 
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208, Cressington Scientific Instruments, UK) before SEM analysis. ATR-FTIR measurements 192 

provided detailed information on the functional groups present in the membranes and fouling 193 

layers with a sampling depth of approximately 0.7 µm,43 while surface-sensitive XPS provided 194 

chemical information for the top-most portion of the fouling layer (i.e., sampling depth less than 195 

10 nm).44 Detailed information on ATR-FTIR and XPS measurements is in Sections 11 and 12 of 196 

the Supporting Information, respectively. 197 

Furthermore, ex situ membrane samples were analyzed using near edge X-ray absorption 198 

fine structure (NEXAFS) spectroscopy and tender resonant X-ray scattering (TReXS) near the 199 

calcium K-edge on beamline 12-ID-C at the National Synchrotron Light Source II (Brookhaven, 200 

NY, USA); as explained subsequently, similar measurements for magnesium would require a 201 

different beamline and separate preparation and were not performed. NEXAFS spectroscopy is 202 

sensitive to specific chemical bonds and functional groups, so investigation near the Ca K-edge 203 

provides insight into the chemical environment of calcium in the fouling layers.45 Meanwhile, X-204 

ray scattering probes spatial periodicities to distinguish the structural arrangements and material 205 

morphology. By tuning the X-ray energy near the absorption edge of core-level electronic 206 

transitions in calcium atoms using tender X-rays, TReXS can provide added contrast to help 207 

probe the distribution of calcium in the membrane samples.46 Samples were prepared by 208 

carefully removing the fabric backing of the membranes and mounting the resulting thin films 209 

comprised of a fouling layer, a polyamide/piperazine active layer, and a polysulfone support 210 

layer (~50-60 µm total thickness, Table S4) on 10 mm washers. Fluorescence-yield NEXAFS 211 

spectra and transmission TReXS data were collected at energies near the calcium K-edge (4030-212 

4075 eV) using a Pilatus 300KW detector (Dectris, Philadelphia, PA, USA). Attenuation lengths 213 

of tender X-rays through representative membrane/foulant materials (Table S6) are between 20 214 
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and 50 µm on-resonance and between 95 and 120 µm off-resonance,47 indicating that the fouling 215 

layers (<10 µm thick, Table S4) were fully probed during NEXAFS and TReXS measurements. 216 

Additional information on these measurements is in Section 13 of the Supporting Information.  217 

2.5 Disinfection by-products formation potential experiments 218 

Trihalomethane formation potential (THMFP) experiments were conducted using the two 219 

natural feedwaters (TWN and FWN) to evaluate the water recovery possible when the ED-NF 220 

system is used to limit DBPs in the final product water. The THMFP of product waters from the 221 

hybrid ED-NF system was compared to that obtained by the existing NOM removal processes 222 

employed at the treatment plants. The plant with TWN as its source water uses enhanced 223 

coagulation to reduce NOM concentrations; poly-aluminum chloride coagulant was acquired 224 

from the plant and used for this research. The plant with FWN as its source water applies NF to 225 

reduce hardness and NOM concentration, so we compared the hybrid ED-NF treated water to 226 

water treated by NF alone. Since FWN has a very high NOM concentration, only 50% of the ED 227 

concentrate was mixed with the NF permeate in the hybrid ED-NF system. THMFP tests were 228 

conducted based on Standard Method 5710B48 and THM analyses were performed following US 229 

Environmental Protection Agency (US EPA) Method 551.1.49 Briefly, samples were spiked with 230 

free chlorine (to yield residuals of 2 - 5 mg/L at day 7) and reacted for 7 days in the dark at 25 231 

℃, followed by extraction of THMs into pentane and determination of THM concentrations via 232 

gas chromatography with an electron capture detector. 233 
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3 Results and Discussion 234 

3.1 ED pretreatment provides selective removal of cations 235 

Using four NOM sources, the ED pretreatment performance as a function of NOM source 236 

characteristics could be examined (Figure 2). In Figure 2, the abscissa is the specific energy 237 

consumption (SEC, a normalized measure of the energy use to accomplish gen amounts of 238 

separation), the left ordinate is the normalized concentration of Na+, Ca2+, and Mg2+, and the 239 

right ordinate is the normalized UV absorbance (taken as a measure of NOM content). In ED 240 

experiments with all four NOM sources, the CMX membrane provided greater relative 241 

separation of Ca2+ and Mg2+ compared to Na+, at least in the early stages of the experiments. This 242 

cation separation trend is more obvious in the concentrate stream, which could reach at most five 243 

times the initial feed concentration of cations (the volumes of concentrate and diluate are 2 L and 244 

8 L, respectively). This result is consistent with previous studies32,50,51 and is attributed to the 245 

selectivity of sulfonic acid groups in the CMX membrane for multivalent cations over 246 

monovalent cations.52 (Note, however, that for all but FWN, the molar concentration of Na+--and 247 

therefore the molar flux through the CEM--was substantially higher than that of the divalent 248 

cations.)  249 

For both LAN (Figure 2a) and SNOM (Figure 2b), the relative UV absorbance ratio in 250 

the diluate and concentrate streams stayed near one throughout the entire ED experiment, and 251 

DOC concentrations and SUVA254 values in the diluate before and after ED pretreatment were 252 

similar (Table 1). Each of these trends indicates that little NOM separation and little NOM 253 

sorption to the IEMs occurred; total NOM mass loss during ED pretreatment was less than 1% 254 

for both LAN and SNOM. Generally, if a NOM contains a large number of hydrophobic 255 

components, the NOM likely has a SUVA254 value over 4 and contains substantial fraction of 256 
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NOM with molecular weights over 10000 Da.16,17,53 According to the SUVA254 values (Table 1) 257 

and NOM molecular weight distributions (Figure S4), both NOMs have the SUVA254 value less 258 

than 4, and the weight-averaged molecular weights (Table S3) of LAN and SNOM are 750 Da 259 

and 1260 Da, respectively, indicating LAN and SNOM are less likely to contain hydrophobic 260 

components; the results were consistent with this expectation in that the LAN and SNOM 261 

sorption to the IEMs during ED pretreatment was minimal. 262 

 263 

Figure 2. Electrodialysis pretreatment separates inorganic ions (Ca2+, Mg2+, Na+) but does not 264 

provide significant NOM separation at 80% water recovery and 80% conductivity separation. 265 

Error bars represent 95% confidence intervals. 266 
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Since the initial conductivity of FWN is the lowest among the four NOM solutions (Table 267 

1), the total SEC of ED to achieve the separation goal for FWN was less than that of the others. 268 

In FWN, the calcium removal was greater than sodium in the diluate stream, but the degree of 269 

calcium separation in the concentrate stream at the end of the experiment was not as significant 270 

as observed in LAN and SNOM experiments; these observations could be due to calcium 271 

carbonate precipitation and/or the IEM fouling in the concentrate. FWN is a natural freshwater 272 

containing alkalinity and a relatively high calcium concentration. As ED removes inorganic ions 273 

in the diluate, both the calcium and carbonate concentration in the concentrate increases; 274 

therefore, there is a chance for calcium carbonate precipitation since the pH of concentrate 275 

stream is above 7.8 and the saturation index (the ratio of the ion activity product to the saturation 276 

equilibrium constant) of calcite (CaCO3) rises to 55 (log SI > 1, oversaturated) at the end of the 277 

ED experiment. In experiments with FWN, we again observed that the UV absorbance and DOC 278 

concentrations in the diluate (Figure 2c and Table 1) before and after ED pretreatment did not 279 

change significantly, but there was a nearly 14% UV absorbance and 5% DOC decrease in the 280 

concentrate after ED pretreatment. These losses suggest that some NOM from the concentrate 281 

stream sorbed to the IEMs during ED pretreatment, but minimal sorption occurred to the diluate 282 

side of the membranes. The greater reduction in UV compared to DOC suggests that the more 283 

hydrophobic fraction of NOM sorbed preferentially. This IEM fouling in the concentrate could 284 

be due to the relatively high initial divalent ion concentration in the FWN solution; the calcium 285 

and magnesium concentrations in the concentrate stream rose to nearly 8.5 mM and 2.2 mM, 286 

respectively at 80% water recovery. In addition to high hardness concentrations, the high DOC 287 

of FWN (16.5 mg/L) could have contributed to the observed NOM mass loss in the concentrate.  288 
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The inorganic ion separation trends with LHA are similar to those for the other waters, 289 

but the organic separation trends show differences. Since LHA is a soil NOM and more 290 

hydrophobic than the other NOM sources, it has greater tendency to sorb to the IEMs during ED, 291 

and our results show LHA separation during ED not because of actual organic compound 292 

separation through the IEMs but due to sorption to the IEMs in the concentrate.32 Meanwhile, 293 

minimal changes in UV absorbances, DOC concentrations, and SUVA254 values in the diluate 294 

stream (Figure 2d and Table 1) indicate that IEM fouling only occurred in the concentrate 295 

stream. At the end of ED pretreatment, the losses of UV and DOC were similar to those for 296 

FWN; UV absorbance and DOC decreased by 17% and 7% in the concentrate, respectively. 297 

Moreover, the amount of NOM sorption increased as the inorganic ion concentration increased in 298 

the concentrate stream (Figure 3d). As the ionic strength rises with the percent of water recovery, 299 

NOM molecules become coiled and compact,15 thereby increasing the likelihood of membrane 300 

surface adsorption and bridging by the increased divalent cation concentrations in the 301 

concentrate. Additionally, both the AEM and CEM can be fouled by NOM in the concentrate, 302 

but AEMs tends to exhibit greater fouling by NOM than CEMs because AEMs attract negatively 303 

charged NOM to the membrane surface;32 therefore, if the feed solution for ED pretreatment is 304 

similar to FWN (high NOM and calcium concentrations) or LHA (high SUVA254 values), 305 

additional efforts such as controlling pH, adding antiscalants, or choosing AEMs with minimal 306 

NOM interaction, might be required to prevent NOM adsorption to the IEMs from the 307 

concentrate and allow ED pretreatment to realize its full potential. 308 
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3.2 Improvements in NF permeate flux and water recovery following ED 309 

pretreatment  310 

To evaluate the impact of ED pretreatment on NF performance, NF experiments without 311 

and with ED pretreatment were operated for 144 hours with LAN, SNOM, and FWN and for 24 312 

hours with LHA due to increased fouling by this hydrophobic NOM. The normalized permeate 313 

flux decline as a function of the cumulative normalized volume throughput for the four NOM 314 

sources without and with ED pretreatment is shown in Figure 3. 315 

In all cases, the normalized permeate fluxes with ED pretreatment are higher than without 316 

ED pretreatment immediately after the experiment begins; that is, ED pretreatment delays NOM 317 

fouling on the membrane surface and improves the water production rate at constant applied 318 

pressure due to the lower ion concentrations in the NF feed solution following ED (Table 1). The 319 

permeate fluxes without ED pretreatment decreased immediately at the beginning of system 320 

operation, an indication that the presence of divalent cations (Figure S6) and relatively high ionic 321 

strength of the untreated water led to rapid NOM fouling of the NF membrane. Indeed, a set of 322 

experiments with SNOM that isolated the effects of the three cations (Na+, Ca2+, and Mg2+) and 323 

reported in Section 10 of the Supporting Information showed that the presence of calcium or 324 

magnesium ions leads to approximately 20% more permeate flux decline and 7-8% less water 325 

production after 144 hours relative to experiments with SNOM and sodium.  326 

The results in Figure 3 indicate that the flux decline rate slowed at the end of NF 327 

operation in SNOM and LAN, but FWN and LHA had continuous flux decline throughout the 328 

experiments. The higher NOM concentration in FWN, the greater hydrophobicity of LHA, and 329 

the high molecular weight fractions of these two NOM sources (Figure S4) are the likely causes 330 

for this observed behavior. ED pretreatment improved the flux in all cases, but the impacts of the 331 
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composition and concentration of the NOMs on NF fouling persisted. In this work, the ED 332 

system targeted only 80% removal of conductivity; however, optimization of ion removal during 333 

ED could yield greater improvement of NF flux.  334 

Pressure membranes are often cleaned when the normalized permeate flux declines by 10 335 

to 15% from the initial stabilized flux.54,55 On Figure 3, the 10% and 15% permeate drop points 336 

are marked on the trend lines and the associated cumulative normalized volume throughput 337 

values are indicated. At the 10% flux decline, ED pretreatment improves the product water yield 338 

by approximately 100% for LAN, 60% for SNOM and FWN, and 400% for LHA. ED 339 

pretreatment increases the product water yield, extends the NF operating period, and thereby 340 

reduces chemical use. 341 
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 342 

Figure 3. Normalized permeate flux decline as a function of cumulative normalized volume 343 

throughput in the NOM feed solutions without and with ED pretreatment reveal an increase in 344 

permeate flux and total volume throughput following ED pretreatment: a) Lake Austin NOM 345 

(LAN), b) Suwannee River NOM (SNOM), c) Florida Water NOM (FWN), and Leonardite 346 

Humic Acid (LHA). Smoothing lines are provided to highlight trends. 347 
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3.3 Increased removal of NOM and cations by ED-NF relative to NF 348 

The NF270 membrane is relatively hydrophilic and negatively charged, and has a 349 

molecular weight cut-off of 155 Da (Table S2);56,57 therefore, it impedes some substances from 350 

passing through the membrane by electrostatic repulsion and rejects substances larger than 155 351 

Da by size exclusion. Table 2 presents inorganic ions and organic (i.e., DOC) removal 352 

efficiencies achieved by NF without and with ED pretreatment. The removal efficiency of 353 

inorganic cations increased after ED pretreatment as a result of fewer inorganic ions in the NF 354 

feed solution after ED pretreatment and an increase in the permeate flux in NF experiments 355 

following ED pretreatment. Although the differences in NOM removal efficiency between NF 356 

experiments without and with ED pretreatment are quite small, these differences were found to 357 

be statistically significant (P-value ≤ 0.05) for LAN, SNOM, and LHA. Moreover, as the NOM 358 

fouling layer on the membrane surface continuously builds, the NOM removal efficiency 359 

remained fairly consistent throughout NF experiments, suggesting that fouling has little impact 360 

on NOM removal efficiency. Regardless, ED pretreatment improves the quality of the product 361 

water due to the partial desalination of the NF feedwaters. 362 



 21

Table 2. Rejection of inorganic cations and NOM by the NF270 membrane without and with ED 363 

pretreatment. (Values in table represent % removal in NF treatment) 364 

Type of NOM LAN SNOM FWN LHA Control** 

Pretreatment None ED None ED None ED None ED None 

Removal 

Efficiency* 

(%) 

Ca 42±2 73±2 47±1 71±4 34±5 80±2 46±1 76±4 45±2 

Mg 62±1 70±1 74±2 77±3 45±3 80±3 51±2 74±1 76±2 

Na 22±1 43±1 32±0.3 48±2 18±4 56±3 32±1 56±4 19±2 

DOC 
89.9 

±0.6 

93.1 

±0.8 

92.5 

±0.9 

93.9 

±0.6 

94.8 

±0.4 

95.5 

±0.5 

89.9 

±3.5 

91.9 

±3.3 
N/A 

*േ indicates 95% confidence intervals 

**Control experiment were carried out with the synthetic feed water for SNOM and LHA without NOM 

3.4 Investigation of fouling-related benefits of the ED-NF system 365 

3.4.1 Reduced visual fouling of NF membranes following ED pretreatment 366 

Photographic and SEM images of NF membranes before and after fouling experiments 367 

are presented in Figure 4. Recall that the NF operation duration was 24 hours for LHA and 144 368 

hours for the other three NOMs. NOM fouling is evident for all four NOMs based on the color 369 

change from the original white virgin membrane (Figure 4a), and SEM images of fouled 370 

membranes confirm that the fouling of the membrane is mainly due to accumulation of NOM 371 

rather than mineral scaling (e.g., calcite). The degree of NOM fouling depends on the type and 372 

initial concentration of NOM, and the absence/presence of ED pretreatment. Optically, the 373 

degree of NOM fouling by LAN is the least among the four NOMs, but NOM aggregates are 374 

observed in SEM images (Figure 4, parts b and c). Both photographic and SEM images of 375 

SNOM fouled membranes (Figure 4, parts d and e) are similar to LAN except for the notably 376 

darker color due to the color of SNOM (Figure S1). Visible differences between the membrane 377 

surfaces without and with ED pretreatment for LAN and SNOM are observed with careful 378 

examination—more dark area in the membrane surface without ED pretreatment. Although flux 379 
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decline results for LAN and SNOM (Figure 3, parts a and b) highlight differences in fouling 380 

between the experiments without and with ED pretreatment, visible differences between the 381 

membrane surfaces without and with ED pretreatment for LAN and SNOM are less significant, 382 

suggesting that fouling mechanisms are similar in these experiments (Figure 4, parts b to e). 383 

 384 

Figure 4. Photographic and SEM images of the virgin NF270 membrane (top) and membranes 385 

fouled by the four NOM sources without (left) and with (right) ED pretreatment show a visual 386 

decrease in NOM fouling following ED pretreatment. 387 
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Visible differences in the NF membrane surfaces between the experiments without and 388 

with ED pretreatment are observed for FWN and LHA. The high NOM concentration in FWN 389 

promotes additional NOM accumulation on the membrane surface (Figure 4, parts f and g), and 390 

these solutions had the second most dramatic flux declines (Figure 3). Additionally, 391 

colloids/particles in FWN (observed via nanoparticle tracking analyses, Figure S5) may 392 

contribute to fouling via deposition/cake layer formation. Although the operation time for LHA 393 

was only 1/6 of that for the other NOMs, the images in Figure 4, parts h and i, clearly 394 

demonstrate that LHA caused significant NOM fouling. In fact, cracking of the LHA foulants 395 

occurred upon drying due to excessive accumulation of NOM on these membranes. These results 396 

explain the dramatic permeate flux declines of LHA (Figure 3d). The higher fouling potential of 397 

LHA can be explained by its higher average molecular weight (Figure S4) and its greater 398 

hydrophobicity, as it is a soil NOM.58 The NF270 membrane is a very hydrophilic membrane 399 

(i.e., its water contact angle is 27°, Table S2), but it is semi-aromatic polyamide thin-film 400 

composite membrane, containing some hydrophobic structure in it, as a result, hydrophobic 401 

fractions of the NOM likely sorbed to the membrane. Although high NOM concentration (FWN) 402 

and high NOM hydrophobicity (LHA) enhance NOM fouling during NF, both FWN and LHA 403 

visibly show significant fouling mitigation after ED pretreatment.  404 

Another benefit of the ED pretreatment is the significant reduction in conductivity and 405 

ionic strength that was evident in the NF feed waters (Table 1). Variation in ionic strength 406 

influences NOM size/shape (e.g., coiling and aggregation), which likely impact the density and 407 

compaction of the fouling layers. The lower ionic strengths associated with ED pretreatment may 408 

have also contributed to reductions in flux and fouling. 409 
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3.4.2 Elucidation of fouling mechanisms using spectroscopy and scattering 410 

To further unravel the important fouling mechanisms that influence the performance of 411 

this hybrid ED-NF system, several conventional- and synchrotron-based characterization 412 

techniques were employed. The goals of these analyses were to determine the contributions of 413 

calcium to NF membrane fouling and to elucidate the mechanisms of NF membrane fouling in 414 

the ED-NF system. While magnesium also contributes to NOM fouling of NF membranes 415 

(Section 10 of the Supporting Information), calcium was chosen as the model inorganic species 416 

for this investigation due to its presence in the feedwaters at higher concentrations than 417 

magnesium (Table 1) and the absence of any magnesium signal during preliminary XPS survey 418 

scans. 419 

Figure 5 presents Ca K-edge TReXS (a) and NEXAFS (b) results of the NF membranes 420 

fouled by waters without ED pretreatment; results were similar for the membranes fouled by ED 421 

pretreated waters, as shown in Figure S11. TReXS results of the fouled membranes near the Ca 422 

K-edge reveal broad scattering features in the q-range 0.2-0.5 Å-1 (Error! Reference source not 423 

found.a) that are not present in the virgin NF270 membrane. The broad features in the q-range 424 

0.2-0.5 Å-1 are specific to the fouling layers and correspond to characteristic length scales, 425 

d=2π/q, in the range 1.7-2.8 nm. Meanwhile, the feature near 1.2 Å-1 present in all samples is 426 

attributed to the so-called amorphous halo that is typically seen for amorphous polymers and it is 427 

likely coming from the polysulfone support layer of the NF270 membrane.59 Scattering at 428 

energies near an elemental absorption edge enhances the contrast of the absorbed element due to 429 

changes in the complex index of refraction such that the spatial distribution of the absorbed 430 

element can be probed with greater sensitivity60, as highlighted in previous research that 431 

employed TReXS near the sulfur K-edge to determine the phase segregation of perfluorinated 432 
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sulfonic acid membranes.61 In this study, characteristic length scales obtained near the Ca K-433 

edge likely correspond to the average spacing between calcium atoms within the fouling layers.  434 

 435 

Figure 5. (a) TReXS results of NF membranes fouled by the four NOM sources following ED 436 

pretreatment and the virgin NF270 membrane near the Ca K-edge reveal distinct scattering 437 

features in fouled membranes that represent the spacing of NOM-calcium-NOM and/or NOM-438 

calcium-membrane complexes within the fouling layers. (b) Calcium K-edge NEXAFS spectra 439 

of membranes fouled by the four NOM sources with ED pretreatment suggest calcium bridging 440 

of carboxylate groups as a fouling mechanism, per their agreement with the spectra of calcite and 441 

calcium acetate (taken from Guo et al.62). The results are similar regardless of ED pretreatment, 442 

see Section 13 of the Supporting Information. 443 

The characteristic length scales of calcium in the fouling layers obtained from Ca K-edge 444 

TReXS (1.7-2.8 nm) are similar to the estimated NOM molecule sizes per size exclusion 445 

chromatography results (1.2–2.6 nm, Table S3). Although the distribution of interacting 446 

functional groups varies as a function of NOM source/composition, the general agreement 447 
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between length scales obtained from the two techniques suggests that interactions between 448 

calcium and NOM contribute to fouling of the NF membranes. The FWN-fouled membranes 449 

exhibit a more intense scattering peak centered at lower q compared to the other samples, 450 

suggesting a greater number of scatterers (i.e., more calcium atoms) and a larger characteristic 451 

length (i.e., more spacing between calcium atoms) in FWN fouling layers relative to other 452 

samples. The increased amount of calcium in the FWN fouling layers may be due in part to the 453 

higher NOM and calcium concentrations in the FWN feedwater, which led to increased 454 

incorporation of calcium in FWN fouling layers relative to the other samples. The larger 455 

characteristic length in FWN fouling layers is attributed to the high molecular weight fraction of 456 

FWN observed in size exclusion chromatography (Figure S4), which likely consists of 457 

macromolecules and/or polysaccharides with larger spacing of interacting functional groups 458 

relative to low molecular weight NOM fractions.  459 

The Ca K-edge TReXS results indicate contributions of interactions between calcium, 460 

NOM, and membrane surfaces to NF fouling, so further spectroscopic investigation aimed to 461 

determine the mechanisms by which fouling occurs during NF. Ca K-edge NEXAFS spectra of 462 

the fouled membranes reveal a similar local chemical bonding environment around calcium 463 

among the samples (i.e., all NOM sources, with and without ED pretreatment) that is consistent 464 

with the spectrum of calcium acetate, a surrogate compound to represent calcium bridging of two 465 

carboxylate groups (Error! Reference source not found.b).63,64 The agreement in these spectra 466 

to that of calcium acetate indicates that calcium bridging of carboxylate groups is the primary 467 

mechanism by which calcium interacted with NOM and the membrane surface during NF 468 

fouling experiments. ATR-FTIR spectra (Figure S7) and C 1s XPS spectra (Figure S8) of fouled 469 

membranes confirm the presence of carboxyl groups in the fouling layers, in agreement with 470 
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previous studies on NOM fouling of NF membranes.19 SEM images (Figure 4) and Ca K-edge 471 

NEXAFS (Figure 5b) show no signs of calcite scaling, ruling out this fouling mechanism in the 472 

current study.  473 

Surface-sensitive Ca 2p XPS results (Figure S9) suggest a decrease in the amount of 474 

calcium in the top-most surface region of fouling layers formed during experiments with ED 475 

pretreatment relative to experiments without ED pretreatment for all four NOM sources. The 476 

XPS spectra predominantly captured NOM-Ca-NOM interactions due to the low penetration 477 

depth (<10 nm) of XPS measurements. Meanwhile, Ca K-edge jump ratios based on NEXAFS 478 

spectroscopy (Section 13 of the Supporting Information), which have been proposed by Osawa65 479 

to represent the relative amount of an element in a homogeneous material, are similar between 480 

NF experiments without and with ED pretreatment; differences range from 1.0 percent for 481 

SNOM to 6.8 percent for FWN. Given that the thickness of the fouling layers without and with 482 

ED are similar for a given NOM (Table S4) and the NEXAFS measurements fully probed the 483 

fouling layers, the similarity in the Ca K-edge jump ratios suggests that similar amounts of Ca 484 

were present throughout the entire fouling layer thickness without and with ED pretreatment. 485 

Perhaps, the increased depth penetration in NEXAFS compared to XPS captured both the NOM-486 

Ca-membrane interactions as well as the NOM-Ca-NOM interactions. Taken together with the 487 

XPS data, which shows a decrease in Ca in the top surface of the fouling layer with ED 488 

pretreatment, it is possible that a gradient in calcium concentration developed in the fouling layer 489 

with ED pretreatment. The gradient of calcium in the fouling layers could be due to 490 

concentration polarization, among other factors.  491 

The conventional ATR-FTIR and XPS and synchrotron TReXS and NEXAFS results all suggest 492 

the importance of Ca-bridging as a major NF fouling mechanism associated with all of the 493 
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NOMs regardless of pretreatment. However, additional contributions to fouling from other 494 

mechanisms (e.g., hydrophobic interactions, mineral scaling) also influence the performance of a 495 

hybrid ED-NF system. For instance, LHA-fouled membranes exhibit peaks characteristic of soil 496 

NOM fractions such as aromatic C=C stretching (Figure S7), suggesting that hydrophobic 497 

interactions between LHA and the membrane surface significantly contributed to fouling by this 498 

NOM. In this study, the inclusion of the Ca-specific synchrotron data highlighted the ability to 499 

identify Ca-carboxylate length scales within the fouling layers. The NEXAFS results allowed 500 

identification of Ca-bridging to carboxylate groups at greater depth penetration than XPS, 501 

thereby providing additional insight into interactions, including those at the membrane-fouling 502 

layer interface. While synchrotron techniques have previously been employed to study calcium 503 

bridging of organic matter and mineral surfaces,66 this work is among the first to apply these 504 

tools, especially resonant X-ray scattering, to describe membrane fouling, thus opening the door 505 

for future work in this space.67,68 In particular, a complementary synchrotron investigation at the 506 

Mg K-edge would be insightful regarding the specific interactions between divalent cations and 507 

NOM that influence membrane fouling. 508 

4 Engineering Applications for the ED-NF system 509 

The two major advantages of the hybrid ED-NF system are the greater productivity of an 510 

NF system and the potential to reduce DBP formation. The two raw waters from actual treatment 511 

plants in Texas and Florida were put through the hybrid ED-NF system. For the TWN, ED was 512 

operated at 80% recovery and 80% conductivity reduction, and the diluate was then applied to 513 

the NF stage. The entire volume of the ED concentrate (20% of the original water) was then 514 

mixed with the NF permeate; the water recovery from this system is intrinsically greater than 515 

with NF alone because of the greater volume throughput prior to the need for membrane cleaning 516 
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(as shown in Figure 3) and the use of the entire ED concentrate. The trihalomethane formation 517 

potential (THMFP) of TWN of this mixture was 76േ3 𝜇g/L, just below 80.0 𝜇g/L, the 518 

Maximum Contaminant Level (MCL) of total THMs regulated by US EPA.69 The THMFP of 519 

TWN after treatment by the existing enhanced coagulation process was 150േ3 𝜇g/L, far 520 

exceeding the MCL. 521 

The Florida water, with its much higher concentrations of inorganic ions and NOM, is 522 

more complicated. With 80% recovery and 80% conductivity reduction in ED, mixing the full 523 

ED concentrate with the NF permeate would not yield sufficient NOM reduction because the ED 524 

concentrate has the original NOM concentration. Even using only half of the concentrate yielded 525 

a THMFP of 112േ10 𝜇g/L, well in excess of the MCL; the results are shown as Case I (with 526 

50% ED concentrate) in Error! Reference source not found.. However, a major advantage of 527 

the proposed hybrid system is that it affords far greater flexibility in achieving treatment goals. A 528 

lower DOC and resulting THMFP could be achieved in this hybrid ED-NF system in three 529 

different ways, either singly or in combination: reducing the percent of ED concentrate in the 530 

final blend, achieving higher ED recovery, or choosing a different NF membrane. The latter 531 

would likely change removal efficiencies of all constituents as well as the NF water recovery. 532 

Our experimentation did not include investigating all of these possibilities, but combining 533 

results we did investigate with reasonable assumptions leads to the values shown in Case II in 534 

Error! Reference source not found.. The primary difference from Case I is the higher recovery 535 

from the ED process (90% rather than 80%). Using the measured DOC and TTHMFP values and 536 

assuming that the TTHMFP is proportional to the DOC70 resulted in the determination that the 537 

final DOC after blending the NF permeate and a fraction of the ED concentrate needed to be ≤ 538 

1.7 mg/L to achieve a TTHMFP value below 80 µg/L. For Case I with 80% ED recovery, that 539 
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value could be achieved by blending 25% of the ED concentrate with the NF permeate, thereby 540 

achieving an estimated 77% overall recovery; in Error! Reference source not found., these 541 

results are shown in the far-right column for Case I. For Case II with 90% ED recovery, the 542 

maximum DOC of 1.7 mg/L could be achieved by blending 55% of the ED concentrate with the 543 

NF permeate, achieving an estimated 87% overall recovery; this result is shown on the far right 544 

of Case II in Error! Reference source not found.. This recovery exceeds the estimated 80% 545 

recovery if NF was used as the sole treatment; although the DOC and THM values would be 546 

higher with the hybrid ED-NF process, the water would comply with DBP regulations, the 547 

recovery would be greater, and the need for NF cleaning would be reduced. More generally, the 548 

hybrid ED-NF system would need to be optimized for specific waters and applications, but this 549 

example showcases its potential for achieving treatment goals with high water recovery for 550 

challenging waters.  551 
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 552 

Figure 6. The product water quality control examples of FWN in the ED-NF system. Water 553 

quality calculations are based on ED experimental results in Figure 2 and NF experimental 554 

results in Figure 3 and Table 2. We assume that no DOC mass loss occurs at the ED concentrate 555 

stream in this calculation and that TTHMFP is proportional to DOC. 556 

5 Conclusions 557 

This study evaluated a hybrid ED-NF membrane system to treat freshwater with 558 

moderate to high hardness and NOM concentrations. Compared to NF alone, the hybrid ED-NF 559 

system provides increased product water yield, increased removal of inorganic cations and NOM 560 

by NF, and reduced NF membrane fouling. Furthermore, some or all of the ED concentrate, 561 

which contains most of the original ions, can be added to the NF permeate as an efficient means 562 

of remineralization. ED pretreatment shows excellent ion separation and minimal NOM 563 
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55% ED 
concentrate

Volume: 0.91 V
DOC: 2.4 mg/L
Ca: 86.9 mg/L

Volume: 0.86 V
DOC: 1.6 mg/L
Ca: 46.7 mg/L

Volume: 0.87 V
DOC: 1.7 mg/L
Ca: 50.9 mg/L

THMFP test condition
in this study

NF Permeate

Volume: 0.8 V
DOC: 0.8 mg/L
Ca: 55.7mg/L

Control: 
Only NF

NF only

Volume: 0.8 V
DOC: 0.8 mg/L
Ca: 55.7 mg/L

Max acceptable vol. 
of ED concentrate

Max acceptable vol. 
of ED concentrate
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separation, but natural waters with hydrophobic NOM and high NOM and calcium 564 

concentrations require additional efforts to prevent NOM adsorption to the IEMs in the ED 565 

concentrate. A reduction of NOM fouling on the NF membrane after ED pretreatment was 566 

observed in all tested NOM sources, and that reduction is primarily caused by the lowered ionic 567 

strength and, particularly, the lowered divalent cation concentration. Spectroscopic and resonant 568 

scattering measurements near the calcium K-edge confirm a significant contribution of calcium-569 

carboxyl interactions to fouling during NF, and the fouling mechanisms were similar among 570 

several NOM sources without and with ED pretreatment. 571 

The water produced from the hybrid ED-NF system would offer greater protection 572 

against health issues associated with DBP formation (resulting from the interaction of NOM and 573 

chlorine-based disinfectants). But, the amount of ED concentrate for remineralization should be 574 

carefully determined to avoid excessive DBP formation and, perhaps, minimize the presence of 575 

other toxic components. The hybrid ED-NF system is a promising treatment option, with a niche 576 

in the drinking water industry for treating waters with moderate to high hardness and NOM 577 

concentrations in their supply. The hybrid system would be worthwhile if the increased water 578 

production by NF, extended NF membrane lifetime, reduced chemical use for the membrane 579 

cleaning, and substituted remineralization process by ED concentrate stream offset the cost of an 580 

ED system. Moreover, the operational flexibility that allows the operator to control the final 581 

water TDS and DOC concentration is a major advantage of the hybrid system. This hybrid ED-582 

NF system with its operational flexibility could also be applied to other water sources with 583 

charged inorganic ions and neutral charge constituents that synergistically impact fouling of NF 584 

membranes. 585 



 33

Supporting Information 586 

The Supporting Information is available free of charge at https://pubs.acs.org/doi/XXXX. 587 

 Details on preparation of natural organic matter and synthetic feed waters (Section 1 and 588 

2); two fresh water quality data (Section 3); ED and NF experimental methods (Section 4 589 

and 5); the Specific Energy Consumption Calculation at the ED process (Section 6); 590 

properties of NF270 membrane (Section 7); normalized permeate water flux calculation 591 

(Section 8); details on source water characterization using HP-SEC and nanoparticle 592 

tracking analyses and results (Section 9); impact of different cations on NF membrane 593 

NOM fouling (Section 10); and details on ATR-FTIR, XPS, Synchrotron techniques and 594 

further discussion of results (Section 11 to 13) (PDF) 595 



 34

Acknowledgements 596 

This research was funded primarily by the US EPA Water Innovation Network for 597 

Sustainable Small Systems (WINSSS) project part C (EPA Grant Number: R835602). Work by 598 

S.K. and M.R.L. was supported as part of the Center for Materials for Water and Energy Systems 599 

(M-WET), an Energy Frontier Research Center funded by the U.S. Department of Energy, Office 600 

of Science, Basic Energy Sciences under Award #DE-SC0019272. This research used the Soft 601 

Matter Interfaces (SMI, Beamline 12-ID) of the National Synchrotron Light Source II, a U.S. 602 

Department of Energy (DOE) Office of Science User Facility operated for the DOE Office of 603 

Science by Brookhaven National Laboratory under Contract No. DE-SC0012704. The authors 604 

sincerely acknowledge W. Shane Walker who originally designed and implemented the lab ED 605 

system that we use, Hugo Celio and Andrei Dolocan at Texas Materials Institute for their 606 

assistance with the spectroscopic measurements, and DuPont FilmTecTM for providing the 607 

NF270 membranes. We also thank the reviewers of the original submission for their comments, 608 

all of which strengthened the paper considerably. The views expressed in this paper are those of 609 

the authors, not of either funding agency. 610 



 35

References 611 

(1)  Aiken, G. R. Humic Substances in Soil, Sediment, and Water: Geochemistry, Isolation, 612 

and Characterization; Wiley: New York, 1985. 613 

(2)  Leenheer, J. A.; Croué, J.-P. Peer Reviewed: Characterizing Aquatic Dissolved Organic 614 

Matter. Environ. Sci. Technol. 2003, 37 (1), 18A-26A. 615 

(3)  Bond, T.; Goslan, E. H.; Parsons, S. A.; Jefferson, B. A Critical Review of 616 

Trihalomethane and Haloacetic Acid Formation from Natural Organic Matter Surrogates. 617 

Environ. Technol. Rev. 2012, 1 (1), 93–113. 618 

(4)  Barrett, S. E.; Krasner, S. W.; Amy, G. L. Natural Organic Matter and Disinfection By-619 

Products: Characterization and Control in Drinking Water—An Overview. In Natural 620 

Organic Matter and Disinfection By-Products; ACS Symposium Series; American 621 

Chemical Society, 2000; Vol. 761. 622 

(5)  Bond, T.; Goslan, E. H.; Parsons, S. A.; Jefferson, B. Treatment of Disinfection By-623 

Product Precursors. Environ. Technol. 2011, 32 (1), 1–25. 624 

(6)  Li, X.; Mitch, W. A. Drinking Water Disinfection Byproducts (DBPs) and Human Health 625 

Effects: Multidisciplinary Challenges and Opportunities. Environ. Sci. Technol. 2018, 52, 626 

1681–1689. 627 

(7)  de la Rubia, Á.; Rodríguez, M.; León, V. M.; Prats, D. Removal of Natural Organic 628 

Matter and THM Formation Potential by Ultra- and Nanofiltration of Surface Water. 629 

Water Res. 2008, 42 (3), 714–722. 630 

(8)  Edzwald, J. K.; Tobiason, J. E. Enhanced Coagulation: US Requirements and a Broader 631 

View. Water Sci. Technol. 1999, 40 (9), 63–70. 632 

(9)  US EPA. Enhanced Coagulation and Enhanced Precipitative Softening Guidance 633 



 36

Manual; 1999. 634 

(10)  Gary C. Schafran and Uday G. Kelkar. Enhanced Coagulation Can Load Residuals 635 

Concerns; 2003; Vol. Module 3. 636 

(11)  Matilainen, A.; Sillanpää, M. Removal of Natural Organic Matter from Drinking Water by 637 

Advanced Oxidation Processes. Chemosphere 2010, 80 (4), 351–365. 638 

(12)  Sillanpää, M.; Ncibi, M. C.; Matilainen, A. Advanced Oxidation Processes for the 639 

Removal of Natural Organic Matter from Drinking Water Sources: A Comprehensive 640 

Review. J. Environ. Manage. 2018, 208, 56–76. 641 

(13)  Fettig, J. Characterisation of NOM by Adsorption Parameters and Effective Diffusivities. 642 

Environ. Int. 1999, 25 (2–3), 335–346. 643 

(14)  Cho, J.; Amy, G.; Pellegrino, J. Membrane Filtration of Natural Organic Matter: Initial 644 

Comparison of Rejection and Flux Decline Characteristics with Ultrafiltration and 645 

Nanofiltration Membranes. Water Res. 1999, 33 (11), 2517–2526. 646 

(15)  Hong, S.; Elimelech, M. Chemical and Physical Aspects of Natural Organic Matter 647 

(NOM) Fouling of Nanofiltration Membranes. J. Memb. Sci. 1997, 132 (2), 159–181. 648 

(16)  Nilson, J. A.; DiGiano, F. A. Influence of NOM Composition on Nanofiltration. J. / Am. 649 

Water Work. Assoc. 1996, 88 (5), 53–66. 650 

(17)  Metsämuuronen, S.; Sillanpää, M.; Bhatnagar, A.; Mänttäri, M. Natural Organic Matter 651 

Removal from Drinking Water by Membrane Technology. Sep. Purif. Rev. 2014, 43 (1), 652 

1–61. 653 

(18)  Yu, W.; Liu, T. T.; Crawshaw, J.; Liu, T. T.; Graham, N. Ultrafiltration and Nanofiltration 654 

Membrane Fouling by Natural Organic Matter: Mechanisms and Mitigation by Pre-655 

Ozonation and PH. Water Res. 2018, 139, 353–362. 656 



 37

(19)  Sari, M. A.; Chellam, S. Relative Contributions of Organic and Inorganic Fouling during 657 

Nanofiltration of Inland Brackish Surface Water. J. Memb. Sci. 2017, 523 (1 February 658 

2017), 68–76. 659 

(20)  Childress, A. E.; Elimelech, M. Effect of Solution Chemistry on the Surface Charge of 660 

Polymeric Reverse Osmosis and Nanofiltration Membranes. J. Memb. Sci. 1996, 119 (2), 661 

253–268. 662 

(21)  Ahn, W. Y.; Kalinichev, A. G.; Clark, M. M. Effects of Background Cations on the 663 

Fouling of Polyethersulfone Membranes by Natural Organic Matter: Experimental and 664 

Molecular Modeling Study. J. Memb. Sci. 2008, 309 (1–2), 128–140. 665 

(22)  Adusei-Gyamfi, J.; Ouddane, B.; Rietveld, L.; Cornard, J. P.; Criquet, J. Natural Organic 666 

Matter-Cations Complexation and Its Impact on Water Treatment: A Critical Review. 667 

Water Res. 2019, 160, 130–147. 668 

(23)  Cruz-Silva, R.; Takizawa, Y.; Nakaruk, A.; Katouda, M.; Yamanaka, A.; Ortiz-Medina, J.; 669 

Morelos-Gomez, A.; Tejima, S.; Obata, M.; Takeuchi, K.; et al. New Insights in the 670 

Natural Organic Matter Fouling Mechanism of Polyamide and Nanocomposite 671 

Multiwalled Carbon Nanotubes-Polyamide Membranes. Environ. Sci. Technol. 2019, 53 672 

(11), 6255–6263. 673 

(24)  Crittenden, J. C.; Trussell, R. R.; Hand, D. W.; Howe, K. J.; Tchobanoglous, G. MWH’s 674 

Water Treatment: Principles and Design, 3rd ed.; John Wiley & Sons, Inc: Hoboken, New 675 

Jersey, 2012. 676 

(25)  Indarawis, K. A.; Boyer, T. H. Evaluation of Ion Exchange Pretreatment Options to 677 

Decrease Fouling of a Reverse Osmosis Membrane. Desalin. Water Treat. 2014, 52 (25–678 

27), 4603–4611. 679 



 38

(26)  Haddad, M.; Ohkame, T.; Bérubé, P. R.; Barbeau, B. Performance of Thin-Film 680 

Composite Hollow Fiber Nanofiltration for the Removal of Dissolved Mn, Fe and NOM 681 

from Domestic Groundwater Supplies. Water Res. 2018, 145, 408–417. 682 

(27)  Shen, J.; Schäfer, A. I. Factors Affecting Fluoride and Natural Organic Matter (NOM) 683 

Removal from Natural Waters in Tanzania by Nanofiltration/Reverse Osmosis. Sci. Total 684 

Environ. 2015, 527–528, 520–529. 685 

(28)  Bergman, R. A. Membrane Softening versus Lime Softening in Florida: A Cost 686 

Comparison Update. Desalination 1995, 102 (1–3), 11–24. 687 

(29)  Gorenflo, A.; Velázquez-Padrón, D.; Frimmel, F. H. Nanofiltration of a German 688 

Groundwater of High Hardness and NOM Content: Performance and Costs. Desalination 689 

2003, 151 (3), 253–265. 690 

(30)  Strathmann, H. Electrodialysis, a Mature Technology with a Multitude of New 691 

Applications. Desalination 2010, 264 (3), 268–288. 692 

(31)  Tanaka, Y. Ion Exchange Membranes : Fundamentals and Applications. In Ion Exchange 693 

Membranes : Fundamentals and Applications; Elsevier Inc.: Amsterdam, Netherlands, 694 

2007. 695 

(32)  Kum, S.; Lawler, D. F.; Katz, L. E. Separation Characteristics of Cations and Natural 696 

Organic Matter in Electrodialysis. Sep. Purif. Technol. 2020, 250, 117070. 697 

(33)  SenGupta, A. K. Ion Exchange in Environmental Processes: Fundamentals, Applications 698 

and Sustainable Technology, 1st ed.; John Wiley & Sons Inc, 2017. 699 

(34)  Miyoshi, H. Diffusion Coefficients of Ions through Ion-Exchange Membranes for Donnan 700 

Dialysis Using Ions of the Same Valence. Chem. Eng. Sci. 1997, 52 (7), 1087–1096. 701 

(35)  Vetter, T. A.; Perdue, E. M.; Ingall, E.; Koprivnjak, J. F.; Pfromm, P. H. Combining 702 



 39

Reverse Osmosis and Electrodialysis for More Complete Recovery of Dissolved Organic 703 

Matter from Seawater. Sep. Purif. Technol. 2007, 56 (3), 383–387. 704 

(36)  Koprivnjak, J. F.; Perdue, E. M.; Pfromm, P. H. Coupling Reverse Osmosis with 705 

Electrodialysis to Isolate Natural Organic Matter from Fresh Waters. Water Res. 2006, 40 706 

(18), 3385–3392. 707 

(37)  Landsman, M. R.; Lawler, D. F.; Katz, L. E. Application of Electrodialysis Pretreatment 708 

to Enhance Boron Removal and Reduce Fouling during Desalination by 709 

Nanofiltration/Reverse Osmosis. Desalination 2020, 491 (May), 114563. 710 

(38)  Haddad, M.; Ohkame, T.; Bérubé, P. R.; Barbeau, B. Performance of Thin-Film 711 

Composite Hollow Fiber Nanofiltration for the Removal of Dissolved Mn, Fe and NOM 712 

from Domestic Groundwater Supplies. Water Res. 2018, 145, 408–417. 713 

(39)  Plottu-Pecheux, A.; Democrate, C.; Houssais, B.; Gatel, D.; Cavard, J. Controlling the 714 

Corrosiveness of Blended Waters. Desalination 2001, 138 (1–3), 237–249. 715 

(40)  Galama, A. H.; Daubaras, G.; Burheim, O. S.; Rijnaarts, H. H. M.; Post, J. W. Seawater 716 

Electrodialysis with Preferential Removal of Divalent Ions. J. Memb. Sci. 2014, 452, 219–717 

228. 718 

(41)  Gur-Reznik, S.; Koren-Menashe, I.; Heller-Grossman, L.; Rufel, O.; Dosoretz, C. G. 719 

Influence of Seasonal and Operating Conditions on the Rejection of Pharmaceutical 720 

Active Compounds by RO and NF Membranes. Desalination 2011, 277 (1–3), 250–256. 721 

(42)  DuPont. Product Data Sheet: FILMTECTM NF270 Nanofiltration Membranes. 2019, pp 1–722 

3. 723 

(43)  Smith, B. C. Fundamentals of Fourier Transform Infrared Spectroscopy, 2nd ed.; CRC 724 

Press: Boca Raton, 2011. 725 



 40

(44)  Ratner, B. D.; Castner, D. G. Electron Spectroscopy for Chemical Analysis. In Surface 726 

Analysis – The Principal Techniques; Wiley Online Books; 2009; pp 47–112. 727 

(45)  Calvin, S. XAFS for Everyone, 1st ed.; CRC Press: Boca Raton, FL, 2013. 728 

(46)  Stribeck, N. X-Ray Scattering of Soft Matter, 1st ed.; Springer: Berlin, Heidelberg, 2007. 729 

(47)  Henke, B. L.; Gullikson, E. M.; Davis, J. C. X-Ray Interactions: Photoabsorption, 730 

Scattering, Transmission, and Reflection at E = 50-30, 000 EV, Z = 1-92. Atomic Data 731 

and Nuclear Data Tables. 1993, pp 181–342. 732 

(48)  American Public Health Association; American Water Works Association; Water 733 

Environment Foundation. 5710 B. Trihalomethane Formation Potential (TFP). In 734 

Standard methods for the examination of water and wastewater; Baird, R. B., Eaton, A. 735 

D., Rice, E. W., Eds.; American Public Health Association: Washington, DC, 2017; pp 5-736 

66-5–75. 737 

(49)  US EPA. Method 551.1: Determination of Chlorination Disinfection Byproducts, 738 

Chlorinated Solvents, and Halogenated Pesticides/Herbicides in Drinking Water by 739 

Liquid-Liquid Extraction and Gas Chromatography with Electron-Capture Detection, 740 

Revision 1.0; Cincinnati, OH, 1995. 741 

(50)  Lee, H. J.; Song, J. H.; Moon, S. H. Comparison of Electrodialysis Reversal (EDR) and 742 

Electrodeionization Reversal (EDIR) for Water Softening. Desalination 2013, 314, 430–743 

449. 744 

(51)  Hannachi, C.; Ali, M. B. S.; Hamrouni, B. Determination of the Selectivity Coefficient of 745 

the CMX Cationic Membrane at Various Ionic Strengths. Desalin. Water Treat. 2009, 10, 746 

47–52. 747 

(52)  Sata, T. Studies on Ion Exchange Membranes with Permselectivity for Specific Ions in 748 



 41

Electrodialysis. J. Memb. Sci. 1994, 93 (2), 117–135. 749 

(53)  Zularisam, A. W.; Ismail, A. F.; Salim, M. R.; Sakinah, M.; Ozaki, H. The Effects of 750 

Natural Organic Matter (NOM) Fractions on Fouling Characteristics and Flux Recovery 751 

of Ultrafiltration Membranes. Desalination 2007, 212 (1), 191–208. 752 

(54)  Kucera, J. Reverse Osmosis: Industrial Processes and Applications, 2nd ed.; Scrivener 753 

Publising LLC., 2015. 754 

(55)  DOW FILMTECTM Membranes. Cleaning Procedures for DOW FILMTEC FT30 755 

Elements 756 

http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_060a/0901b8038060a66f.p757 

df?filepath=liquids.. (accessed Jun 3, 2019). 758 

(56)  Boussu, K.; Zhang, Y.; Cocquyt, J.; Van der Meeren, P.; Volodin, A.; Van Haesendonck, 759 

C.; Martens, J. A.; Van der Bruggen, B. Characterization of Polymeric Nanofiltration 760 

Membranes for Systematic Analysis of Membrane Performance. J. Memb. Sci. 2006, 278 761 

(1–2), 418–427. 762 

(57)  Tang, C. Y.; Kwon, Y. N.; Leckie, J. O. Fouling of Reverse Osmosis and Nanofiltration 763 

Membranes by Humic Acid-Effects of Solution Composition and Hydrodynamic 764 

Conditions. J. Memb. Sci. 2007, 290 (1–2), 86–94. 765 

(58)  Yuan, W.; Zydney, A. L. Humic Acid Fouling during Ultrafiltration. Environ. Sci. 766 

Technol. 2000, 34 (23), 5043–5050. 767 

(59)  Roe, R. J. Methods of X-Ray and Neutron Scattering in Polymer Science; Oxford 768 

University Press: New York, 2000. 769 

(60)  Wang, C.; Lee, D. H.; Hexemer, A.; Kim, M. I.; Zhao, W.; Hasegawa, H.; Ade, H.; 770 

Russell, T. P. Defining the Nanostructured Morphology of Triblock Copolymers Using 771 



 42

Resonant Soft X-Ray Scattering. Nano Lett. 2011, 11, 3906–3911. 772 

(61)  Su, G. M.; Cordova, I. A.; Yandrasits, M. A.; Lindell, M.; Feng, J.; Wang, C.; Kusoglu, A. 773 

Chemical and Morphological Origins of Improved Ion Conductivity in Perfluoro Ionene 774 

Chain Extended Ionomers. J. Am. Chem. Soc. 2019, 141 (34), 13547–13561. 775 

(62)  Guo, C.; Zhou, L.; Lv, J. Effects of Expandable Graphite and Modified Ammonium 776 

Polyphosphate on the Flame-Retardant and Mechanical Properties of Wood Flour-777 

Polypropylene Composites. Polym. Polym. Compos. 2013, 21 (7), 449–456. 778 

(63)  Odin, G. P.; Vanmeert, F.; Farges, F.; Gand, G.; Janssens, K.; Romero-Sarmiento, M. F.; 779 

Steyer, J. S.; Vantelon, D.; Rouchon, V. Alteration of Fossil-Bearing Shale (Autun, 780 

France; Permian), Part II: Monitoring Artificial and Natural Ageing by Combined Use of 781 

S and Ca K-Edge XANES Analysis, Rock-Eval Pyrolysis and FTIR Analysis. Ann. 782 

Paleontol. 2015, 101 (3), 225–239. 783 

(64)  Guo, X.; Wu, J.; Yiu, Y. M.; Hu, Y.; Zhu, Y. J.; Sham, T. K. Drug-Nanocarrier Interaction 784 

- Tracking the Local Structure of Calcium Silicate upon Ibuprofen Loading with X-Ray 785 

Absorption near Edge Structure (XANES). Phys. Chem. Chem. Phys. 2013, 15 (36), 786 

15033–15040. 787 

(65)  Osawa, T. Quantitative Estimation Methods for Concentrations and Layer Thicknesses of 788 

Elements Using Edge-Jump Ratios of X-Ray Absorption Spectra. Anal. Sci. 2010, 26 (2), 789 

281–284. 790 

(66)  Sowers, T. D.; Adhikari, D.; Wang, J.; Yang, Y.; Sparks, D. L. Spatial Associations and 791 

Chemical Composition of Organic Carbon Sequestered in Fe, Ca, and Organic Carbon 792 

Ternary Systems. Environ. Sci. Technol. 2018, 52 (12), 6936–6944. 793 

(67)  Bone, S. E.; Steinrück, H. G.; Toney, M. F. Advanced Characterization in Clean Water 794 



 43

Technologies. Joule 2020, 4 (8), 1637–1659. 795 

(68)  Fiske, P.; Crumlin, E. J. Water-Energy Synchrotron Research. Synchrotron Radiat. News 796 

2020, 33 (4), 2. 797 

(69)  US EPA. National Primary Drinking Water Regulations https://www.epa.gov/ground-798 

water-and-drinking-water/national-primary-drinking-water-regulations#Byproducts 799 

(accessed Jan 26, 2020). 800 

(70)  Golea, D. M.; Upton, A.; Jarvis, P.; Moore, G.; Sutherland, S.; Parsons, S. A.; Judd, S. J. 801 

THM and HAA Formation from NOM in Raw and Treated Surface Waters. Water Res. 802 

2017, 112, 226–235. 803 

 804 




