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Abstract 14 

Understanding the properties of organic colloids is important for geological disposal of 15 

high-level radioactive waste in terms of radionuclide transport. To analyze organic colloids in 16 

deep groundwater, concentration techniques using adsorption resins and reverse osmosis (RO) 17 

membranes have been widely applied, because their concentrations in deep groundwater are very 18 

low and detection of the organic colloids in raw groundwater is difficult. However, these 19 

techniques have respective disadvantages such as chemical disturbance and membrane fouling 20 

caused by cations. To overcome their disadvantages, we propose a new concentration method 21 

using nanofiltration (NF) membranes to concentrate organic colloids rapidly without chemical 22 

disturbance and to selectively remove monovalent and divalent ions, which may cause inorganic 23 

and/or organic fouling. Concentration performance of the NF and RO membranes for aqueous 24 

solutions for humic acids was evaluated using a laboratory-scale membrane test unit. The time 25 

course of permeate flux and concentration of humic acids were measured. These membranes 26 

were applied to the concentration of actual groundwater obtained at a depth of 300 m at the 27 

Mizunami Underground Research Laboratory in Japan. The permeate flux and concentration of 28 

major ions and organic colloids were measured. The organic colloids concentrated by the NF 29 

membrane were successfully analyzed using pyrolysis gas chromatography coupled with mass 30 

spectrometry (Py-GC/MS) owing to their high concentrations and low concentrations of salts. 31 

The NF membrane was useful for the concentration of organic colloids and rare earth elements 32 

(REEs) in deep groundwater, and the findings of the organic colloid structures revealed by 33 

Py-GC/MS provided valuable information for evaluating the effect of organic colloids on 34 

radionuclide transport. 35 

 36 
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1. Introduction 40 

Colloids, such as particles and macromolecules ranging from 1 to 1000 nm in size, are 41 

widespread in various natural water sources [1]. Groundwater contains inorganic colloids, such 42 

as fragments of rock and clay minerals from dissolution and precipitation of the rock, and 43 

organic colloids such as humic substances [2-5]. Additionally, it has been clearly shown that the 44 

migration velocity of radionuclides can either increase or decrease in the presence of colloids 45 

[6-11]. Therefore, investigation of the physicochemical properties (e.g., concentration, size, 46 

shape, and chemical composition) of colloids is of great importance for geological disposal of 47 

high-level radioactive waste (HLW). In particular, the detailed structures of organic colloids, 48 

which have more complex structures than inorganic colloids, are not yet well understood. 49 

Organic colloids, most of which are humic substances, are metabolized through natural or 50 

biological degradation, and involve mainly aromatic carbon and carboxyl groups [12-15]. 51 

Organic colloids have negative charges in their internal structures and adsorb radionuclides in 52 

groundwater. Although field investigations have been conducted to understand the effect of 53 

organic colloids on radionuclide transport [16,17], precise analysis of organic colloids in 54 

groundwater is difficult owing to their low concentrations [18,19]. To solve this issue, 55 

groundwater concentration techniques using adsorption resins [20,21] and reverse osmosis (RO) 56 

membranes [22,23] have been attempted. Although the method using adsorption resins 57 

concentrates samples into disproportionately enriched organic colloids, the samples are exposed 58 

to severe chemical conditions, resulting in chemical or physicochemical changes of the organic 59 

colloids. The method using RO membranes can concentrate organic colloids highly efficiently 60 

and rapidly without strong chemical exposure. However, this method requires sample 61 

pretreatment using a cation exchange resin to remove cations that cause precipitation onto the 62 
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membrane surface [22,23]. This pretreatment using a cation exchange resin affects the 63 

composition of rare earth elements (REEs) in the sample, which are regarded as analogues of 64 

trivalent actinides [24] and are important for HLW analysis. 65 

In this study, we propose a novel concentration method using nanofiltration (NF) membranes, 66 

which can be operated rapidly without chemical disturbance, and does not require additional 67 

sample treatment such as cation exchange. NF membranes are generally looser than RO 68 

membranes [25]. Typically, monovalent ion rejection of NF membranes is not very high, while 69 

multivalent ions can be rejected at high levels. First, an aqueous solution of commercial humic 70 

acid was concentrated as a model of organic colloids using two types of NF membranes and an 71 

RO membrane. The recovery yield of humic acid was measured using a UV-vis 72 

spectrophotometer. Then, we sampled groundwater in granite at a depth of 300 m and 73 

concentrated the groundwater using the membranes. To confirm the applicability of this method 74 

for groundwater, concentrations of cations and anions in both the concentrate and permeate water 75 

were measured by ion chromatography (IC). To characterize the chemical structures of the 76 

concentrated organic colloids, the concentrate water was analyzed by pyrolysis gas 77 

chromatography coupled with mass spectrometry (Py-GC/MS). Py-GC/MS is commonly used to 78 

obtain detailed structural information on the components of natural organic matter, although salt 79 

removal is required [26]. Moreover, REE concentrations in the concentrated groundwater 80 

enriched by the two types of NF membranes and the RO membrane were measured by 81 

inductively coupled plasma mass spectrometry (ICP-MS). 82 

 83 

2. Materials and methods 84 

2.1 Materials for performance evaluation of NF and RO membranes 85 
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Two types of commercial NF membranes (NTR7410 and NTR7450; Nitto Denko, Osaka, 86 

Japan) composed of sulfonated polyethersulfone and a commercial RO membrane (ES20; Nitto 87 

Denko, Osaka, Japan) composed of aromatic polyamide were used. All solutions used in this 88 

study were prepared using ultrapure water and analytical-grade chemicals. Humic acid derived 89 

from peat (H16752; Sigma-Aldrich, St. Louis, MO, USA) was used after the following 90 

pretreatment process. The humic acid was dissolved in a NaOH solution (pH 10) and the pH was 91 

adjusted to 1 with a HCl solution to remove fulvic acid and heavy metals. The sample was 92 

centrifuged to remove ash, and then the residue was freeze-dried. The elemental composition of 93 

this humic acid has been previously reported: 55.5% C, 38.9% O, 4.6% H, and 0.6% N [27]. This 94 

humic acid has been used extensively as a model organic colloid by many researchers [28-31] 95 

owing to its easy availability and well-characterized properties.  96 

 97 

2.2 Groundwater sampling 98 

Groundwater was collected from the 09MI20 borehole in the −300 m access/research gallery 99 

of Mizunami Underground Research Laboratory (MIU) on December 25, 2014. The Miocene 100 

sedimentary rocks (Mizunami Group) unconformably overlie the Cretaceous granitic rocks (Toki 101 

granite) at a depth of ~160 m at the MIU site. The groundwater in the granite was weakly 102 

alkaline Na–(Ca)–Cl-type, and the salinity increased with depth as a result of mixing of deeply 103 

lying saline water with recharged meteoric water [32]. The 09MI20 borehole is a horizontal 104 

borehole with a length of 102 m and was designed for investigations of hydrochemical changes 105 

related to facility construction. The borehole is divided into six sections by impermeable packers 106 

and the sections are numbered from 1 to 6 according to the distance from the base of the 107 

borehole. Groundwater samples were collected from section 1. Hydrochemistry of the 108 
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groundwater is summarized in Table 1. 109 

 110 

2.3 Concentration apparatus 111 

A laboratory-scale cross-flow concentration apparatus was used to concentrate aqueous 112 

solutions (Fig. 1) [33]. A feed solution was fed into a membrane cell using a plunger pump 113 

(NPL-120; Nihon Seimitsu Kagaku Co., Tokyo, Japan) with a constant flow rate of 9.0 mL/min. 114 

The applied pressure was maintained at 1.5 MPa using a back pressure valve. The effective area 115 

of sample membranes was 8.0 cm
2
. The permeate solution was collected in a permeate reservoir. 116 

The feed solution was recycled into the feed reservoir and was concentrated from 500 mL to a 117 

minimum of 25 mL. The feed solution side of the membrane cell was magnetically stirred at 150 118 

rpm. The permeate flux was calculated from the weight gain. 119 

 120 

2.4 Concentration test of humic acid 121 

A feed solution of 1 mg/L of humic acid was used. The recovery yield was evaluated through 122 

the concentration ratio of humic acid in the feed solution before and after the concentration test. 123 

The concentration of the humic acid was measured using a UV-vis spectrometer at 254 nm 124 

(V-650; Jasco Corp., Tokyo, Japan). 125 

 126 

2.5 Concentration of groundwater 127 

The groundwater was concentrated from 500 mL to 25 mL using the NF membranes 128 

(NTR7410, NTR7450) and from 500 mL to 80 mL using the RO membrane (ES20). Organic 129 

colloid concentration was calculated on the assumption that all organic colloids were humic acid. 130 

The recovery yield of organic colloids was evaluated by using the organic colloid concentrations 131 
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in the concentrated solution and raw solution. Cationic species (Na
+
, K

+
, Ca

2+
) and anionic 132 

species (F
−
, Cl

−
, SO4

2−
) in the concentrate and permeate water of the groundwater were analyzed 133 

by ion chromatography (ICS-3000; Dionex Corp., Sunnyvale, CA, USA). For cation separations, 134 

an IonPac CS16 (250 × 5 mm, Dionex Corp.) analytical column and IonPac CG16 (50 × 5 mm, 135 

Dionex Corp.) guard column were used, and the eluent was CH3SO3H. For anion separations, an 136 

IonPac AS18 (250 × 4 mm, Dionex Corp.) analytical column and IonPac AG18 (50 × 4 mm, 137 

Dionex Corp.) guard column were used, and the eluent was KOH. REE concentrations in the raw 138 

and concentrated groundwater were measured by ICP-MS (Agilent 7000x; Agilent Technologies 139 

Inc., Palo Alto, CA, USA). The REE isotopes monitored with ICP-MS were 
139

La, 
140

Ce, 
141

Pr, 140 

146
Nd, 

149
Sm, 

151
Eu, 

157
Gd, 

159
Tb, 

163
Dy, 

165
Ho, 

166
Er, 

169
Tm, 

172
Yb, and 

175
Lu. The calibration 141 

curves were constructed from 1, 5, 10, 50, 100, and 500 ng/L REE solutions prepared from a 10 142 

mg/L REE standard solution (SPEX CertiPrep Ltd., London, UK). The detection limit values of 143 

the REEs were 1 ng/L. After concentration of the groundwater, membranes were dried and 144 

analyzed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). 145 

These measurements were carried out using a Nicolet iS5 FT-IR spectrometer with an iD5 146 

diamond advanced attenuated total reflectance attachment (Thermo Fisher Scientific, Waltham, 147 

MA, USA). 148 

 149 

2.6 Characterization of concentrated organic colloids 150 

The groundwater concentrated by NF7450 was further evaporated, dried under N2, and 151 

analyzed by Py-GC/MS. The Py-GC/MS analysis was performed using a double-shot pyrolyzer 152 

(PY-2020id; Frontier Laboratories Ltd., Fukushima, Japan) attached to a GC/MS instrument 153 

(Agilent 6890N/Agilent 5973; Agilent Technologies Inc., Palo Alto, CA, USA) with a DB-5ms 154 
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fused silica column (30 m × 0.25 mm i.d. × 0.25 μm film thickness, Agilent Technologies Inc.). 155 

The sample was heated at 600 °C for 1 min, and the evolved gases were then directly injected 156 

into the GC/MS instrument for analysis. Helium was used as a carrier gas at a constant flow of 1 157 

mL/min. The column temperature was programmed from 40 to 300 °C at 10 °C/min and held at 158 

300 °C for 15 min. The mass spectrometer was operated in electron impact ionization mode with 159 

an ionizing energy of 70 eV. Compound identification was based on comparisons of the mass 160 

spectra and relative retention times with those in the NIST and Wiley library databases. 161 

 162 

3. Results and discussion 163 

3.1 Concentration of model humic acid 164 

Fig. 2 shows the time courses of the permeate flux and humic acid concentration in the 165 

concentrated solutions in the concentration tests using the three types of membranes (NTR7410, 166 

NTR7450, and ES20). In this figure, the calculated concentrations in the concentrated solutions 167 

with 100% recovery yield are plotted as dotted lines. Fig. 3 shows the relationship between the 168 

humic acid concentration in the concentrated solution and the concentration magnification. The 169 

concentration magnification is defined as the volume of the raw solution divided by that of the 170 

concentrated solution. The dotted lines in these figures show the calculated relationships in the 171 

case of 100% recovery yield. The concentration test using NTR7410 showed the highest initial 172 

permeate flux followed by an immediate decrease (Fig. 2a and 3a). The humic acid 173 

concentrations in concentrated solutions were below the dotted line, indicating low recovery 174 

yields. The recovery yield at 20-fold concentration was only 26%. The decrease in the permeate 175 

flux and the low recovery yield were probably due to the membrane fouling caused by humic 176 

acid. Large amounts of the humic acids were adsorbed on the membrane surface and reduced the 177 

water permeation. On the other hand, the water flux hardly decreased throughout the 178 
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concentration test using NTR7450, and the recovery yield of humic acid at 20-fold concentration 179 

was as high as 81% (Fig. 2b and 3b). Although the two membranes are basically composed of the 180 

same material, sulfonated polyethersulfone, the tendencies of the flux changes were clearly 181 

different, suggesting that the high initial flux causes severe flux decline and low recovery yield 182 

of humic acid. This result is consistent with those of previous studies [29-31,33], which reported 183 

that humic acid fouls membranes via a hydrodynamic drag force caused by the water flux toward 184 

a membrane surface. The concentration using ES20 hardly showed a permeate flux decrease and 185 

achieved the highest recovery yield of 90% at 20-fold concentration (Fig. 2c and 3c). Although 186 

the initial fluxes of NTR7450 and ES20 were similar, the difference in the membrane materials, 187 

sulfonated polyethersulfone of NTR7450 and aromatic polyamide of ES20, probably affected the 188 

membrane fouling by humic acid. 189 

 190 

3.2 Concentration of groundwater 191 

3.2.1 Concentration of organic colloids in groundwater 192 

Fig. 4 shows the time courses of the permeate flux and organic colloid concentration in the 193 

concentrated solutions in the groundwater test. Fig. 5 shows the relationship between the organic 194 

colloid concentration in the concentrated solution and the concentration magnification. The 195 

permeate flux of NTR7410 decreased slightly throughout the concentration test, and the recovery 196 

yield of the organic colloids at 20-fold concentration was only 8.8% (Fig. 4a and 5a). The 197 

permeate flux decline and low recovery yield were considered to be due to organic colloid 198 

fouling, similar to the case of the humic acid experiment. In the case of using NTR7450, the 199 

recovery yield at 20-fold concentration was 57%, and the initial permeate flux was maintained 200 

throughout the concentration test (Fig. 4b and 5b). In the case of using ES20, the permeate flux 201 
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was constant for approximately 300 min, and then declined suddenly over the twofold 202 

concentration (Fig. 4c and 5c). Therefore, it was difficult to concentrate the solution to more than 203 

6-fold concentration. This drastic decline in the permeate flux did not occur in the concentration 204 

test of model humic acid. Therefore, it is suggested that inorganic substances in the groundwater 205 

precipitate on the membrane surface and bring about the permeate flux decline. This will be 206 

discussed in section 3.2.2. 207 

 208 

3.2.2 Effect of inorganic substances on concentration of organic colloids 209 

To understand the effect of the inorganic substances on the recovery yield of the organic 210 

colloids and the decline of the permeate flux, the concentrations of major ions Na
+
, K

+
, Ca

2+
, Cl

−
, 211 

F
−
, and SO4

2−
 in both the concentrated and permeate solutions from the groundwater were 212 

measured. As shown in Table 1, since the major components of the groundwater were Na
+
, K

+
, 213 

Ca
2+

, Cl
−
, F

−
, and SO4

2-
, we measured these ion concentrations. Fig. 6 shows the relationship 214 

between the cation concentrations in both the concentrated and the permeate solutions and the 215 

concentration magnification in the concentration tests using the three types of membranes. Fig. 7 216 

shows the results of the anions. The dotted lines in both figures represent the calculated 217 

concentrations in the case of 100% recovery yield. In the case of using NTR7410, the 218 

concentrations of all ions in the permeate solution and concentrated solution were approximately 219 

equal, suggesting that these ions were not rejected by this membrane (Fig. 6a and 7a). In the 220 

NTR7450 test, although the concentrations of monovalent ions in the permeate solution were 221 

slightly lower than those in the concentrated solution, the concentrations of Ca
2+

 and SO4
2−

 222 

increased more than those of monovalent ions (Fig. 6b and 7b). On the other hand, for ES20, 223 

most ions were not detected in the permeate solution and recovery yields were almost 100% 224 
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except for Ca
2+

 and F
−
 in the regions of high concentration magnification (Fig. 6c and 7c). This 225 

result indicates that Ca
2+

 and F
−
 may form less-soluble salts such as CaCO3 and CaF2, and 226 

precipitated on the membranes when the concentrations exceeded the supersaturation values. 227 

The FTIR spectra of the membrane surfaces after the concentration test are shown in Fig. 8. A 228 

strong broad band at 1400 cm
−1

 was observed in the FTIR spectrum of ES20, but not in the 229 

spectra of NTR7410 and NTR 7450. The strong broad band was generally attributed to CO3 [34]. 230 

This result indicates that CaCO3 precipitated on ES20. However, it was difficult to confirm the 231 

precipitation of CaF2, because CaF2 shows no band. A previous study reported that less-soluble 232 

salts were supersaturated by membrane concentration, precipitated on the membrane surface, and 233 

blocked the membrane pore [22,23]. Moreover, the high calcium concentration induces severe 234 

membrane fouling in the presence of humic acid. Increasing calcium concentrations significantly 235 

reduces negative net charges of humic acids [27,29-31,35], resulting in a more compact, 236 

energetically stable conformation [35,36]. In addition, Ca
2+

 ions bridge humic acid molecules 237 

[37]. Thus, the bridged humic acid molecules caused by the increased Ca
2+

 concentration 238 

accelerated the membrane fouling. Therefore, in the concentration test using ES20 with high 239 

rejection properties, it is suspected that Ca
2+

 was concentrated over the supersaturation value by 240 

concentration polarization and precipitated on the membrane surfaces, resulting in the sudden 241 

flux decrease shown in Fig. 4c. 242 

 243 

3.2.3 Applicability of NF and RO membranes for concentration of organic colloids 244 

As shown in Fig. 5, organic colloids were concentrated from 0.4 mg/L to 1.7 mg/L using ES20. 245 

However, it was difficult to concentrate further owing to the precipitation of the concentrated 246 

inorganic substances on the membrane surfaces and the fouling of the organic colloids caused by 247 
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concentrated Ca
2+

. In the case of using NTR7410, organic colloids were only concentrated from 248 

0.4 mg/L to 0.7 mg/L owing to organic fouling caused by the high initial permeate flux. In the 249 

case of using NTR7450, the organic colloids were concentrated from 0.4 mg/L to 4.6 mg/L with 250 

high recovery yield due to prevention of concentration polarization by removing ions. The 251 

NTR7450 membrane has high applicability for concentration of organic colloids in groundwater 252 

because of the moderate initial permeate flux and ion rejection. 253 

 254 

3.2.4 Structure of organic colloids 255 

The organic colloids in the concentrated groundwater samples were analyzed by Py-GC/MS. 256 

The samples concentrated by NTR7410 or ES20 were not applied to Py-GC/MS due to their low 257 

concentrations of organic colloids and/or high concentrations of salts. The Py-GC/MS pyrogram 258 

of the organic colloid in the groundwater concentrated by NTR7450 is presented in Fig. 9. More 259 

than 30 compounds were detected, which are listed in Table 2. Most of the compounds are the 260 

same as those detected in previous pyrolysis studies of humic substances from soil, peat, lignites, 261 

and aquatic sources [38-41]. The main pyrolysis compounds can be identified by source polymer 262 

such as carbohydrates, proteins, lignin, and lipids [42]. As shown in Fig. 9, pyrolysis compounds 263 

arising from carbohydrates such as furan and its derivatives were not detected, while trace 264 

amounts of N-containing compounds (n = 1, 10) arising from proteins were detected. Phenol (n = 265 

10) and alkyl phenols (n = 14) arising from lignin-derived subunits in wood material [43,44] 266 

were weakly detected. The series of aliphatic compounds (n = 3, 7, 11, 16, 19, 21, 24, 26) arising 267 

from polymethylene structures such as lipids with long aliphatic chains and paraffinic material 268 

was detected, but relatively weakly. Thus, the major pyrolysis products of organic colloids were 269 

aromatic products. Lu et al. [42] reported that a high abundance of aromatic products indicates 270 
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high humification, and carbohydrates are lost during humification. Therefore, it is suspected that 271 

most parts of the organic colloid structures in deep groundwater were similar to humic 272 

substances with high humification. The concentration method using NTR7450 enabled the 273 

analysis of organic colloids in groundwater without adsorption resins or cation exchange, which 274 

affect the REE composition. 275 

 276 

3.2.5 Concentration of REEs 277 

For concentrated groundwater, the composition of REEs was measured. Table 3 shows the 278 

REE concentrations in the raw and concentrated groundwater in the concentration tests using the 279 

three types of membranes. Some REE concentrations in the groundwater concentrated by 280 

NTR7450 and ES20 could be detected by ICP-MS, while those in the raw groundwater were 281 

lower than the detection limit. Although the obtained REE concentrations were not very high, 282 

NTR7450 could concentrate the samples to much higher concentrations for a longer time for a 283 

more accurate analysis. Thus, this concentration method would be promising for concentrating 284 

organic colloids and REEs in groundwater efficiently and for understanding the interaction 285 

between organic colloids and REEs. 286 

 287 

4. Conclusions 288 

In this study, we applied NF and RO membranes to the concentration of organic colloids. 289 

Although the recovery yield using the RO membrane was high in the model humic acid 290 

concentration test, concentration of groundwater was difficult owing to the precipitation of 291 

inorganic substances on membranes and membrane fouling caused by organic colloids with Ca
2+

. 292 

On the other hand, an NF membrane with moderate initial flux and ion rejection achieved 293 
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20-fold concentration of groundwater with 57% recovery yield of organic colloids. Based on the 294 

Py-GC/MS measurement of the concentrated groundwater, it is suspected that organic colloid 295 

structures in granite groundwater at a depth of 300 m are similar to those of humic substances 296 

with high humification. Thus, the groundwater concentration technique using NF membrane 297 

presented in this work could be a useful method to investigate the physicochemical properties of 298 

colloids in the groundwater. 299 
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Table 1 Hydrochemistry of groundwater sampled from 09MI20 borehole section 1 at a depth of 300 m on December 25, 2014. 414 

pH 
EC Na+ K+ Ca2+ Cl− F− SO4

2− Mg Al Fe Mn 
Dissolved 

inorganic carbon 

Dissolved 

organic carbon 
M-Alkalinity 

[mS/m] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [meq/L] 

8.5  43  76 0.4 9.0 64 9.8 13 0.11 <0.01 <0.005 <0.003 13 <0.5 1.19  

 415 

  416 
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Table 2 Typical pyrolysis compounds of organic colloids in groundwater concentrated by NTR7450 417 

Peak No. Compound Group 

1 Pyrrole N-containing  

2 Toluene Aromatic  

3 Octene Aliphatic carbon 

4 Ethylbenzene Aromatic  

5 Xylene Aromatic  

6 Styrene Aromatic  

7 Nonene Aliphatic carbon 

8 C3-Alkylbenzene Aromatic  

9 Methylstyrene Aromatic  

10 Phenol and Benzonitrile Hydroxy benzene and N-containing  

11 Decene and C3-Alkylbenzene Aliphatic carbon and aromatic 

12 C3-Alkylbenzene Aromatic  

13 Indene Aromatic  

14 Cresol Hydroxy benzene 

15 Methylbenzaldehyde Aromatic  

16 Undecene Aliphatic carbon 

17 C4-Alkylbenzene Aromatic  

18 Naphthalene Aromatic  

19 Dodecene Aliphatic carbon 

20 C5-Alkylbenzene Aromatic  

21 Tridecene Aliphatic carbon 

22 Methylnaphthalene Aromatic  

23 Biphenyl Aromatic  

24 Tetradecene Aliphatic carbon 

25 Methylbiphenyl or Dimethylnaphthalene Aromatic  
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26 Pentadecene Aliphatic carbon 

27 Fluorene Aromatic  

28 Dihydrophenanthrene or Dihydroanthracene Aromatic  

29 Phenanthrene Aromatic  

30 Anthracene Aromatic  

31 Methylphenanthrene and Methylanthracene Aromatic  

32 Pyrene Aromatic  

33 Methylpyrene Aromatic  

 418 

  419 
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Table 3 REE concentrations of raw and concentrated groundwater 420 

  La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

  [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] 

Raw groundwater <1 <1 <1 1 <1 <1 <1 <1 1 <1 2 <1 2 <1 

20-fold concentrate (NTR7410) 1 2 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

20-fold concentrate (NTR7450) <1 3 <1 2 <1 <1 <1 <1 1 <1 3 <1 5 2 

6.25-fold concentrate (ES20) <1 2 <1 3 <1 <1 1 <1 4 2 7 2 6 2 

 421 



 
Fig. 1. Schematic diagram of the cross-flow concentration apparatus 
  



 

Fig. 2. Time courses of the permeate fluxes and humic acid concentrations in the 
concentrated solutions in the concentration tests of humic acid with (a) NTR7410, (b) 
NTR7450, and (c) ES20. Black circles and black triangles indicate permeate flux and 
humic acid concentration, respectively. Dotted lines indicate calculated concentrations if 
recovery yield = 100%. 
  



 
Fig. 3. Relationship between the humic acid concentration in the concentrated solution 
and the concentration magnification of (a) NTR7410, (b) NTR7450, and (c) ES20. Dotted 
lines indicate the calculated concentration if recovery yield = 100%. 
  



 
Fig. 4. Time courses of the permeate fluxes and organic colloid concentrations in the 
concentrated solutions in the concentration tests of the groundwater using (a) NTR7410, 
(b) NTR7450, and (c) ES20. Black circles and black triangles indicate permeate flux and 
humic acid concentration, respectively. Dotted lines indicate the calculated value if 
recovery yield = 100%. 
  



 
Fig. 5. Relationship between the organic colloid concentration in the concentrated 
solution and the concentration magnification of (a) NTR7410, (b) NTR7450, and (c) 
ES20. Dotted lines indicate the calculated value if recovery yield = 100%. 
  



 
Fig. 6. Relationship between the cation concentrations in both the concentrated and 
permeate solutions from groundwater and the concentration magnification in the 
concentration tests using (a) NTR7410, (b) NTR7450, and (c) ES20. Black circles and 
white triangles indicate the concentration in the concentrate and permeate, respectively. 
Dotted lines indicate the calculated value if recovery yield = 100%. 
  



 
Fig. 7. Relationship between the anion concentrations in both the concentrated and 
permeate solutions from groundwater and the concentration magnification in the 
concentration tests using (a) NTR7410, (b) NTR7450, and (c) ES20. Black circles and 
white triangles indicate the concentration of the concentrate and permeate, respectively. 
Dotted lines indicate the calculated value if recovery yield = 100%. 
  



 

Fig. 8. FTIR spectra of the membrane surfaces after the concentration tests of 
groundwater using (a) NTR 7410, (b) NTR7450, and (c) ES20. 
  



 
Fig. 9. Py-GC/MS pyrogram of organic colloids in groundwater concentrated by 
NTR7450. Peak numbers are shown in Table 2. 
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