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Nanofiltration (NF) is a promising technology called to play a relevant role in water reclamation, which lies in
the core of circular economy in the water sector. The aim of this study was to assess two aromatic polyamide-
based NF membranes (the looser NF270 and the tighter NF90 ones) for the treatment of urban impacted phre-
atic water. The focus was centred on the removal of dissolved inorganic and organic solutes and on the differ-
ences observed between solutes. Membrane ions rejection was modelled by the Solution-Electro-Diffusion Film
Model (SEDFM). DOC was tracked by Fluorescence Excitation-Emission Matrices (FEEM) coupled to Parallel
Factor Analysis (PARAFAC) to get insight into the character of DOC rejected by or permeated through the
membranes. Results showed that the NFO0 membrane systematically achieved upper values in the rejection of
ions than the looser NF270 one. Variations between ions could be interpreted by the mechanisms ruling their
rejection, i.e. Donnan and dielectric exclusion phenomena. Experimental rejections were also satisfactorily fit by
the SEDFV, indicating that that the presence of DOC in the phreatic water did affect modelling of ions transport
through the membranes. DOC was rejected at very high percentages (>90%) by both membranes, but FEEM-
PARAFAC analysis revealed that humic- and tryptophan- like components were more rejected (>90% for both
membranes) than tyrosine-like compounds (45% for NF270 and 57% for NF90). The finding is of relevance from
a point of view of disinfection practices, as it has been observed that humic-like substances are strongly corre-
lated with DBPs formation.

1. Introduction

treatments) even at low concentrations. Removal of these constituents
by an appropriate treatment becomes necessary.

Growing demands for domestic and industrial uses of water has led
to a continuous search for alternative hydric resources not yet exploited,
such as poor-quality surface- and ground-water and wastewater. Com-
mon constituents of concern in such waters include ions (e.g. NO3, F"...),
metals (e.g. Fe, Mn, Zn, Cd, Cu, Ni...), metalloids (As), Natural Organic
Matter (NOM), organic micropollutants (e.g. pesticides, pharmaceutical
products and personal care products...) and pathogens, which may pose
a serious hazard to all living beings because of their toxicity (of them-
selves or after reaction with common reagents applied in habitual water
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Nanofiltration (NF) is a promising technology that allows to remove
most of the above-mentioned constituents from water [1-5]. The unique
properties of NF membranes lie between those of Reverse Osmosis (RO)
(which uses dense membranes with a very high rejection of almost all
dissolved solutes, at expenses of a high operation pressure) and Ultra-
filtration (UF) (which uses porous membranes that remove only par-
ticulate and colloidal material at a lower operation pressure). Compared
to RO and UF, NF offers the advantages of providing high removal of
multi-charged ions and NOM, while varying removal ranges for
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single-charged ions and organic micropollutants, together with high
water fluxes at relatively low applied pressures and operational costs
[6-8].

Understanding the mechanisms behind the rejection of solutes by a
NF membrane and the variables that affect them (i.e. active layer
composition, pore size and surface charge, water composition, pH, ionic
strength, hydrodynamic conditions, interactions solution-membrane...)
is complex and remains an ongoing research. The rejection of solutes by
NF membranes are acknowledged to be a combination of steric-
hindrance (size exclusion) and electrostatic (Donnan exclusion and
dielectric exclusion) effects [5,9,10].

The variability of factors and complexity of mechanisms, together
with the limited data provided by the manufacturers on the physico-
chemical properties of their membranes, make prediction of NF per-
formance difficult. Experimentation still remains the most reliable mean
to know the capacity of a NF membrane in removing dissolved solutes.
Some models have been developed and refined over the years (e.g. by
incorporating phenomena such as the concentration-polarization layer
or reactive transport) and can nowadays describe the flux and the
retention of solutes by NF membranes quite satisfactorily [11-15].
However, deviations can arise when complex waters are used, e.g.
containing various ions and NOM. The latter, which exhibits complexity
in structure, character and reactivity, and whose influence on metallic
ions rejection predicted by the models is unknown, may add complexity
if it interferes with metal rejection [16].

Indeed, understanding NOM behaviour is a current challenge in the
water treatment industry. NOM is comprised by a complex and hetero-
geneous mixture of hundreds compounds that can largely differ in their
properties [17]. Although it is known that NOM is generally rejected by
NF at high percentages [5,7,8,18,19] it is the NOM character (e.g.
aromaticity, hydrophobicity...) that determines the hazards posed by
NOM even at the very low concentrations typically found in NF per-
meates (e.g. formation of disinfection by-products after chlorination of
NF permeate) [20]. Advanced techniques for NOM characterisation
beyond its quantification as bulk parameters such as Total or Dissolved
Organic Carbon (TOC or DOC) have drawn the attention in water
treatment research [17].

Three dimensional Fluorescence Excitation-Emission Matrix (FEEM)
spectroscopy is one of these techniques for NOM characterisation.
Thanks to its high sensitivity, relatively low cost, rapidness of data
acquisition at low natural concentrations and potential application as an
on-line monitoring tool, FEEM has received increased attention by re-
searchers in the water treatment sector [17,21,22]. However, the
interpretation of FEEM spectra may be difficult as they contain a large
amount of information on the fluorescence of natural waters, which
typically contain a mix of different fluorescent compounds (fluo-
rophores). For this reason, mathematical tools such as peak-picking
[23], Fluorescence Regional Integration (FRI) [21] and Parallel Factor
analysis (PARAFAC) [24,25] have been developed to decompose over-
lapping spectra and better analyse the data provided by FEEMs.

To date, numerous investigations on NF have targeted inorganic
solutes in synthetic water [26] and in a number of actual source waters,
including groundwater [27,28], surface water [7,29] and hydrometal-
lurgical waste streams [30], where NOM was not considered. There are
also relatively abundant studies on NOM, usually focusing on its mem-
brane fouling potential, sometimes including FEEM analysis but rarely
coupled with PARAFAC [18,19,22,31]. Much fewer are the studies that
have evaluated NF membranes for the simultaneous rejection of inor-
ganic solutes and NOM [5,32,33]. In these cases, only few have
modelled the rejection of solutes and/or have tracked NOM by FEEM
with PARAFAC ([32], focusing on inorganic colloid-NOM mixtures).

The aim of this study was to treat urban phreatic water by NF and
evaluate its performance in the simultaneous removal of ions and NOM
as analysed by FEEM. Two different aromatic polyamide-based NF
membranes were evaluated: Dow Filmtec NF270 and NFO0 membranes.
The removal of inorganic ions was assessed and modelled by the
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Solution-Electro-Diffusion Film Model (SEDFM), which takes into ac-
count the formation of a concentration-polarization (CP) layer and
considers that the transport of solutes through it is due to diffusion,
electromigration and convection phenomena. NOM was characterised
by FEEM coupled to PARAFAC analysis to identify the nature of NOM
that preferentially permeated through the membrane.

2. Materials and methods
2.1. Phreatic water

Phreatic water was collected from a well located approx. 25 m away
from the Besos river in Sant Adria de Besos in Barcelona (Spain). The
area has been recognised with a high phreatic water level providing
huge amounts of water with potential for environmental, municipal and
industrial reuse after appropriate treatment [34]. The average compo-
sition of the phreatic water is given in Table 1, together with the
maximum allowed concentrations set by the EU Directive 2020/2184.
As can be seen, CI', Mn and As appeared to be of particularly major
concern as they exceeded the legal thresholds (in bold in Table 1). This
composition agreed fairly well with that of previous campaigns [34].
Samples were stored in cold conditions without any chemical
pre-treatment before being used in our experiments.

2.2. Membranes

Two commercial NF membranes were used in this study: NF270 and
NF90 (provided as flat sheet samples by Dow Filmtec). They both are
thin-film composite membranes having a three-layered structure
comprised of a non-woven polyester, a porous polysulfone supportive
layer and an active aromatic/semi-aromatic polyamide layer. The semi-
aromatic polyamide layer of the NF270 membrane is fabricated by
piperazine (PIP) and trimesoyl chloride, and the fully aromatic poly-
amide layer of the NFOO membrane by 1,3-benzenediamine and tri-
mesoyl chloride.The polyamide top layer, with a thickness of a few
hundred nanometers (<150 nm) but being responsible for the mem-
brane performance, has ionisable carboxylic (RCOOH/R-COO’) and
amine (R-NH3/R-NH,) groups, that, depending on pH, confer the
membrane a positive or negative charge [14]. The ionization behaviour

Table 1

Composition of the phreatic water used in this study and comparison against the
European drinking water legislation thresholds. In bold those exceeding the EU
directive 2020/2184.

Parameter Feed water composition EU Directive 2020/2184
pH 8.0+ 0.2 6.5-9.5
Na mg/L 167.9 + 14.6 200

K 17.8 £ 1.5 -

NH} 0.3+0.1 0.5

Mg 48.4 +12.7 -

Ca 199.0 + 28.2 -

cr 318.0 + 29.8 250
NO3 11.8 +£1.1 50

S0 131.8 £13.6 250
HCO3 438.9 + 8.8 -

F < 0.5

Br < 0.5

HPO% <0.5

B pg/L 155.5 + 7.5 1500

Al 36.5 + 14.4 200

Mn 139.4 + 53.9 50

Ni 53+1.6 20

Cu 5.1+ 0.7 2000
As 24.2 + 2.3 10

Pb <1 5

Cd <1 5

Cr <1 25

Fe <1 200
TOC mg/L 2.3+0.1 Without abnormal changes
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of amine groups in polyamide-based NF membranes is described with
one pKa (with a value of 3.6), while that of carboxylic groups is
described with two pKa (with values in the ranges 5.4-5.7 and 8.7-9.8)
depending, among others, on the pore size and the dielectric constant of
the microenvironment surrounding them [35]. The main difference
between the two membranes is that NF270 is considered “loose”
(exhibiting good rejection of high molecular weight NOM and varying
rejection of ions while permitting a relatively high flux) whereas the
NF90 is considered “tight” (exhibiting high removal of most ions and
organic compounds but permitting a low flux).

Membrane manufacturers do not usually offer many details about
their membranes beyond the membrane chemistries, the rejection per-
centage of NaCl and MgSO, in standardized solutions (e.g. 2 g/L) and
molecular weight cut-off (MWCO). In this study, data on the membranes
found in the literature were compiled (Table 2). It must be highlighted
that there is a lack in uniformity in experimental protocols for the
measurement of membrane properties, which are often strongly influ-
enced by operating conditions and system design, making comparison
between different studies difficult. Table 2 reports data only from
studies that characterised both membranes under the same conditions.
Despite disparity in values, all studies concur that looser NF270 mem-
brane is less hydrophobic (with lower contact angle) and more nega-
tively charged (with lower zeta potential) than tighter NF90. NF270 also
has a lower surface roughness and thickness of the active layer than
NF90. With regard to the effective pore radius shown in Table 2, it must
be bear in mind that it represents an imaginary pore radius fitted from
experimental results that, in practice, should be viewed only as a guide.
Actually, NF and RO dense membranes are considered not to act as an
array of cylindrical pores through which solutes molecules pass but to
contain intermolecular voids between or interspaces within the poly-
meric chains of the membrane material through which solute molecules
permeate.

2.3. Bench-scale pilot description

The bench-scale filtration system consisted of a thermostated 30-L
feed tank (25 + 2 °C), a flat sheet cross-flow filtration test cell (GE

Table 2
Main properties of the NF270 and NF90 membranes.

Parameter NF270 (loose) NF90 (tight)

Active layer material semi-aromatic fully aromatic polyamide

polyamide

Functional groups Carboxylic acid, amine  Carboxylic acid, amine
(secondary) (primary and secondary)

MWCO (Da) 400%, 155°, 150-180°, 2007, 100°, 120, 90¢
1504

Effective pore radius 0.36 £ 0.06°, 0.42°, 0.29 + 0.04¢, 0.34°, 0.27

(nm) 0.35%,0.408 0.318
Active layer thickness 14+1" 138 + 33"

(nm)
Average roughness (nm)

Static contact angle (°)

Isoelectric point (IEP)

Zeta potential at pH 7
(mV)

Effective charge density
(mol/m?%)

Effective number of
pores (10%/m?)

Pure water permeability
(L/m*h-bar)

MgSO4 rejection (%)(at
4.8 bar)

Nacl rejectionn (%) (at
4.8 bar)

2.1-4.6" 3.68%,5.18, 4
+1h
27°,18.38,49 + 21,

10.8%,17.58,27.45 f
> 978b

40-60?, 40-58°

10.8-38.8°,27.75,64.98, 29

+6h
54°, 55,28 73 + 21 63!

4i
138, — 15.19"

15961

1.102)
6.7-8.5%,98,10.16 1
> 973b

85-95%, 70-90°

aManufacturer’s data; °[36]; °[37]; 4[38]; °[1]; f[2]; 8[39]; "[40]; [41];I[6]
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Osmonics SEPA™ CF II) accommodating the membrane coupon (0.014
m?) and a high pressure diaphragm pump (Hydra-Cell, USA) to pump
feed water from the feed tank into the membrane cell. The system was
operated in full-recycle mode, i.e. both permeate and retentate were
recirculated back into the feed tank (except during sampling), providing
thus a fairly constant composition of feed water. The pilot was equipped
with required valves (a by-pass valve prior to the test cell and a needle
valve placed in the retentate stream) to control transmembrane pressure
(TMP) and transmembrane flux. Meters for flow, pressure, conductivity,
pH and temperature were also installed for on-line measurements at
different locations. A pre-filter cartridge (100 pm, polypropylene) was
placed just before the discharge of the retentate to the tank for mem-
brane protection. An arrangement of the lab-scale unit is shown sche-
matically in Fig. 1.

2.4. Experimental procedure

Prior to any experiment, the virgin membrane coupon was immersed
in Milli-Q water for 24 h to remove any preservative product that might
be present. Then, the membrane was placed in the cross-flow cell and
pressurized for 2 h with distilled water at 32 bar (5 L/min, cross-flow
velocity of 1 m/s) for 90 min and at 22 bar for 30 min. Next, the
membrane was compacted for 2 additional hours with feed solution
(phreatic water from the Besos aquifer) under the same conditions
before the start of an experiment. Once an experiment started, the
membrane was characterised in terms of hydraulic permeability and ion
and dissolved organic carbon (DOC) rejection. For this purpose, the TMP
was gradually varied from 5 bar to 32 bar while maintaining constant
the cross-flow velocity at 0.7 m/s (3.46 mL/min). As stated above each
experiment was carried out under full recirculation of both retentate and
permeate. Samples of permeate were collected at each TMP tested after
stabilization of the system, which was ascertained from constant flux
and conductivity value in the permeate. On the completion of the
experiment, feed water was exchanged with distilled water, which was
used to clean the membrane and the whole system ata 5 L/min at 10 bar
(for 30 min) and at 22 bar (for 90 min). All experiments were done in
duplicate.

2.5. Water sampling and analysis

2.5.1. Bulk parameters and inorganic ions

A follow-up of the permeate flow rate and composition was carried
out throughout the experiments. The flow rate was measured by
weighing permeate volumes for a given period of time. During the
experiment, electrical conductivity and pH were measured by means of
an EC-Metro GLP31 and a GLP22, respectively (both provided by Cri-
son). Major and minor ions were analysed after filtration (0.22 um) by
several techniques. Hydrogencarbonate (HCO3) was analysed by titra-
tion using an autotitrator model T70/Rondolino controlled with LabX
titration software and HCI as titrator. Major ions (in the range of mg/L)
were analysed by ionic chromatography (IC) (Dionex, ICS-1000,
Thermo-Fisher Scientific, USA) coupled to cationic and anionic de-
tectors (ICS-1000 and ICS-1100, respectively) and controlled by the
chromatographic software Chromeleon®. Columns CS16 (4 x250 mm)
and AS23 (4 x250 mm) (Phenomenex, Barcelona, Spain) were used for
cation and anion determination, respectively. Minor ions (in the range of
pg/L) were analysed by inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent, 5100 ICP-OES) and mass spectrometry
(ICP-MS, Agilent, 7800 ICP-MS) after filtration (0.22 um) and acidifi-
cation of the samples (2% HNOs3). DOC in filtered (0.45 pm) samples was
quantified using a TOC analyser (Shimadzu TOC-V CPH) by measuring
the difference between the total carbon and inorganic carbon (acidifi-
cation with 2 M HCI). Analytical precision and accuracy were tested
against Reference Material provided by the DOC-CRM program (Uni-
versity of Miami-D.A. Hansell). The quality assurance/quality control
(QA/QC) protocol comprised the calibration of the instruments with five
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CACLO)

Pre-filter
cartridge

@ Needle valve

Refrigerated
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Cross-flow
membrane
test cell

Fig. 1. Scheme of the cross-flow filtration experimental set-up used in this study. In-line monitoring sensors and auxiliary components are also shown (P: pressure, F:

flow, EC: electrical conductivity).

standards covering the range of the experimental concentrations before
each use. Furthermore, one blank and one duplicate sample were ana-
lysed after every 15 experimental samples.

2.5.2. FEEM-PARAFAC analysis

FEEM spectra were collected on an Agilent Cary Eclipse fluorescence
spectrophotometer, controlled by Cary Eclipse Scan Application version
1.2, using a PC running the Microsoft Windows 7 operating system.
Fluorescence intensities were measured using a 1 cm path length Hellma
QS quartz cuvette at excitation wavelengths (Aex) of 225-400 nm and
emission wavelengths (Aep,) of 250-500 nm, both in 5 nm increments,
using a scan speed of 600 nm/min. The slit widths on excitation and
emission modes were both set at 5 nm. The photomultiplier tube voltage
was set to 600 V. MilliQ water was run as blank and its FEEM spectrum
was subtracted from the sample one in order to reduce the influence of
Raman scattering. The processed FEEM spectra were then plotted using
Origin Lab.

Decomposition of the FEEM spectra into their underlying chemical
components was accomplished by PARAFAC analysis. Data treatment
was performed using the DOMfluor Toolbox [24] and N-way Toolbox
[42] under the MATLAB environment (The MathWorks, Inc., Natick,
LEVEL, USA). The number of fluorescence components was determined
by examination of residual errors. Component spectra were also
compared against the on-line repository of published fluorescence
spectra OpenFluor (www.openfluor.org) to evaluate spectral matching
and component identification [25].

2.6. Mas transport model for description of ions rejection by NF
membranes

For each experiment the rejections of major and minor inorganic
solutes versus transmembrane flux were fitted with the Solution-Electro-
Diffusion Film Model (SEDFM). This model takes into account the for-
mation of a concentration-polarization (CP) layer and considers that the
transport of a solute through the CP layer is due to diffusion, electro-
migration and convection while its transport through the membrane
(which has no pores but a free-volume where no convective flux occurs)
is due to diffusion and electromigration. The fluxes can be described by
the following equations [11]:

. (dc, dy .
Flux through the CP layer : J; = — P} i — zici—q), +Jyc; D
dx dx
d i d
Flux through the membrane : J; = — P;- Ci_ z;c,-—(p (@3]
dx dx

where J; and J, are the molar transmembrane fluxes of solute i and
solvent (umol/(m2s) and pm/s, respectively), respectively, P and
P; are the permeances to solute i of the CP layer and the membrane,

respectively, (um/s), C; and ¢; are the concentrations of solute i in the

CP layer and membrane, respectively (mol/m3), ¥ and x are the
normalized positions in the CP layer and membrane, respectively (from
0to 1) (-), z; is the charge of solute i, and ¢ and gare the dimensionless
electrostatic potentials within the CP layer and membrane, respectively
(—). The terms on the right-hand side of Eq. 1 represent the transport of
the solute due to diffusion, electro-migration and convection, respec-
tively. A deeper description of the model and the protocol of data
treatment for the SEDFM has been reported in previous works [15,43,
44].

3. Results and discussion

3.1. Solutes rejection by NF membranes as a function of trans membrane

Sflux

Fig. 2 shows the dependence of permeate flux on transmembrane
pressure (TMP) during the filtration experiments. For both membranes
the permeate flux at steady-state increased, as expected, with the
applied TMP following a linear relationship according to the well-known
equation of water transport through membranes. Also as expected, and
in accordance with published works [2,26,27], the looser NF270
membrane displayed a slightly greater average value of permeability
(2.50 um/s-bar) than the tighter NF90 membrane (1.73 um/s-bar).

Fig. 3 shows the rejection of major and minor inorganic solutes
versus transmembrane flux for membranes NF270 (Figs. 3a and 3b) and
NF90 (Figs. 3c and 3d). Rejections from duplicates experiments differed
by less than 5%. The figure also plots the fitting of these experimental
values with the SEDFM model (continuous lines).

Two general observations can be drawn from Fig. 3. First, rejection
for all solutes was clearly lower (or equal) for the looser NF270 mem-
brane than for the tighter NFO0 membrane, in agreement with published
studies comparing the NF270 and NF90 membranes [2,6]. The reason of

80

60 -
50 A
40 4
30 A
20 A
10 A1

—8— NF270
—8— NF90

Transmembrane flux (um/s)

TMP (bar)

Fig. 2. Permeate flux dependence on transmembrane pressure during the
filtration experiments.
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Fig. 3. Variation of major and minor inorganic solutes removal versus transmembrane flux for membrane NF270 (a and b) and NF90 (c and d). Full lines correspond

to the fitting of experimental values (points) with the SEDFM.

the higher rejection values by the NF90 membrane lies in its minor
effective radius pore, which intensifies the mechanisms governing the
solutes’ rejection (described below). Second, regardless of the mem-
brane used, rejection for a given solute increased with transmembrane
flux, indicating that at higher TMPs the CP was partially mitigated by
shear forces, with the subsequent decrease of solute concentration on
the vicinity of the membrane and of solute permeation. Moreover, at
higher TMPs, the increase in permeation of water (while that of ions
remaining unchanged as it happens with dense membranes with no
coupling between transport of solute and water) diluted the solute
concentration in the permeate side and increased the observed solute
rejection [37].

Beyond these general trends, further considerations must be made to
explain variations observed between solutes, particularly with regards
to the electrostatic interactions between charged solutes (i.e. ions) and
the membrane. The transport of an ion through a charged membrane is
governed by two exclusion mechanisms: the Donnan and the dielectric
phenomena. The first postulates that co-ions (the ions having the same
sign of charge as that of the membrane surface) are repelled by the
membrane (resulting in a higher rejection), while counter-ions are
attracted by the membrane (resulting in an easier approach to and
permeation through the membrane). However, the gradient of concen-
trations between the bulk phase (with higher concentration of co-ions)
and the membrane (with higher concentration of counter-ions) creates
a potential difference (the Donnan potential) that prevents counter-ions
from passing the membrane in order to maintain electroneutrality on the
feed side of the membrane [5,12]). Nevertheless, the Donnan exclusion

mechanism alone cannot explain the differences in rejections between
single- and multi-charged ions. The second phenomenon stems from the
resistance of a hydrated ion to penetrate the membrane (which has a
dielectric constant different from that of water) due to the hydration
shell. As the energy required for the shedding of the hydration shell is
proportional to the square of the ion charge (and independent of the
charge sign) double-charged solutes (irrespective of the charge sign) are
more rejected than single-charged solutes [12,14]. Whatever the elec-
trostatic phenomena taking place, electroneutrality must be achieved in
both sides of the membranes, so that the passage of most mobile ions (i.
e. with lowest charge and size) through the membrane will be prefer-
ential. With regard to neutral species, they are not affected by the
membrane charge and their rejection is ruled only by size-exclusion
phenomenon.

For all this, charges of membranes and solutes must be identified. In
this study, pH of feed water (8.1) was higher than IEP of both NF270 and
NF90 membranes (3.0-4.0, see Table 2), and therefore they were ex-
pected to have their functional groups amine and carboxylic groups
deprotonated (R-NHj3 and R-COO, respectively) and, thus, exhibit a
negative charge on their surface. With regard to the charges of solutes, it
must be bear in mind that not all of them were necessarily found as free
ions. Table 3 gives the speciation for each solute considering the matrix
of the water treated using the software packages Hydra and Medusa
[45]. For elements with more than one species, the table shows the
prevalence percentage and the charge for each species. Fig. 4 shows the
speciation diagram for sulphate as an example. As seen in Table 3,
although free ions were the prevalent species for all elements (e.g. Ca2™,
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Table 3
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Predicted speciation for each solute in feed water, showing the prevalence percentage and the charge for each species. Percentages should be viewed as an estimation,
as calculations used with the numerical code Hydra and Medusa [45] are based on assuming chemical equilibrium conditions.

Major solutes

Minor solutes

Species Charge Species Charge
Calcium Ca%*: 85% +2 Boron H3BO3: 100% 0
CaSO4(aq): 11% 0 Aluminium
CaHCO3: 4% +1 Manganese Mn?*: 67% +2
Magnesium Mg2+: 84% +2 MnHCO3: 17% +1
MgS04(aq): 12% 0 MnSO4(aq): 9% 0
MgHCO3: 4% +1 MnCO3(aq): 7% 0
Sulphate SOZ: 43% 2 Arsenic HAsO%: 95% 2
CaSO04(aq): 35% 0 HyAs0%: 5% -1
MgSO4(aq): 20% 0
NaSOy: 2% 1
Bicarbonate HCO3: 92%; -1
CaHCO{: 3% +1
H>CO3 (as CO3): 2% 0
CO3: 3% 2
MgHCO3: 1% +1
Sodium Na*t: 100% +1
Potassium K*: 100% +1
Ammonium NH3: 95% +1
NHs: 5%
Chloride Cl: 100% -1
Nitrate NO3: 100% -1

* Aluminium can be found in multiple forms including mononuclear species (e.g. AI(OH)*", AI(OH), Al(OH)3(aq), Al(OH)3.), polymerised forms ([Al,(OH)5]*",
[Alg(OH);51°7...), ion complexes with co-existing anions (AlSOZ.) or complexes with organic ligands.
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Fig. 4. Species distribution diagram (built using Hydra Medusa [45]) as a
function of pH for sulphate in phreatic water from Sant Adria de Besos used in
the experiments. The concentration of each species is expressed on a logarith-
mic scale. The grey bar indicates the pH range of the phreatic water.

Mg%", S0%, Na™, CI, Mn®"...), uncharged or charged ion complexes (e.
g. CaS04(aq), MgHCO3, MnHCOJ...) could also be present.

As seen in Fig. 3, double-charged ions (such as SO?{, HASO%', Caz+,
Mg%" and Mn?") were the most rejected ions by both membranes (with
rejection percentages between 73-99% for the looser NF270 and >95%
for the tighter NFO0 membrane), in accordance with the dielectric
exclusion phenomenon. Differences between these ions can be explained
by the Donnan exclusion phenomenon: negatively charged sulphate and
arsenic oxyanion (found mostly as double-charged species SO and
HAsOZ with contributions of single-charged and/or neutral species as
shown in Table 3) were more repelled by the negatively charged
membrane and therefore more rejected than positively charged calcium
and magnesium (found mostly as double-charged free ions Ca®" and
Mg?" with moderate percentages of as single-charged CaHCO3 and
MgHCO3). The unexpected lower As rejection for the tighter NF90
membrane can be related to the higher acidification observed for this
membrane (see sub-Section 3.2 below), with a pH observed in the
permeate of 6.8, lower than the observe done in the NF270-permeate

(7.7). Considering that pKag of H3AsOy4 is 7.0, it was expected that As
was found as single-charged species HoAsOj at a higher percentage for
the NF90 membrane (54%) than for the NF270 membrane (16%) and
consequently less rejected.

On the other hand, single-charged ions clearly showed lower re-
jections than double-charged ones (below 66% for the looser NF270 and
between 50-95% for the tighter NF90). These included cations X",
NHj, Na'™ and H") and anions (NO3 and CI). Despite the Donnan
mechanism, anions permeated through the membrane (particularly
NO3) to ensure electroneutrality at both sides of the membrane. Protons
H', although being at a very low concentration in comparison to the
other ions, deserve a discussion apart, as done below.

It is worth noting that HCO3, despite being a single-charged ion,
showed a remarkably high rejection (>90%). These high values can be
due to a likely calcite scaling on the membranes. Similar high HCOj3
rejections have been observed by Lopez et al. [15] and Owusu-Agyeman
et al. [46].

Finally, boron, the only monitored element found entirely in an
uncharged form (H3BO3, pKa=9.25 at 298 K) at the neutral pH of the
feed water, exhibited the lowest rejection among the dissolved species
(below 20% for looser the looser NF270 and between 25-59% for the
tighter NF90). The neutral character of H3BOs3, together with its small
size (its radius has been estimated to be 0.155 nm [47] relative to the
pore radius of the membrane (Table 2), explains the low rejection over
the whole TMP range tested, which took place solely by size exclusion.
Similar low rejection for B at neutral pH by polyamide-based NF
membranes can be found in the literature [48].

The rejection percentages observed in this study were consistent with
published works reporting the superiority of the NFOO membrane over
the NF270 membrane, with the former showing high rejections (>90%)
for multi-charged ions but high-to-moderate (50-90%) for single-
charged species, and the latter showing similar high rejections
(>90%) for multi-charged species but something lower (50-70%) for
positively charged calcium and magnesium and moderate-to-low
(30-60%) for single-charged species (but much lower for chloride and
nitrate) [7,26-29]. When included as monitored species, B was seen to
be hardly rejected (<30% for NF90 and <10% for NF270) similarly to
our study. Slight discrepancies in rejection percentages between studies
may come from differences in waters treated, which included
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groundwater [27,28], surface water [7,29] or synthetic water [26]
whose matrices naturally affected the speciation of solutes but also the
properties of the membranes. For instance, Ca?" and Mg?" have been
found to bind to carboxylic and amine groups of the membrane material,
weakening ions rejection by charge exclusion [5,10]. On the other hand,
NOM can form metal-NOM complexes altering the behaviour of metal
ions [16]. The Ca, Mg and TOC contents in the aforementioned studies
ranged from 0 mg/L [26] to, respectively, 280 mg/L, 240 mg/L and
8 mg/L [29], comprising intermediate values [7,27,28].

3.2. Bicarbonate ions permeation and permeate pH

Worth mentioning was the effect of the different HCOj3 rejection by
NF270 and NF90 membranes on permeate pH. When negatively-charged
HCO3 (and also the small amounts of CO3” present at feed pH of 8.1) was
rejected (but not neutral HoCOs3), the equilibrium with H,CO3 got dis-
rupted in the permeate side. In order to recover the equilibrium, HyCO3
dissociated providing HCO3 and H' and decreasing pH in the permeate.
In other words, higher rejections of HCO3 were expected to be accom-
panied by lower permeate pHs. This was in consonance with what was
observed in the experiments: the higher removal of HCO3 by the NFOO
membrane was accompanied by an acidification of the permeate (in
comparison with the NF270) (Fig. 5).

A second effect can contribute to the acidification in the permeate
side: the high rejection of cations (by the negatively charged membrane)
through the Donnan mechanism and the need to keep electroneutrality
in the permeate side made cations with highest mobility be forced to
permeate (preferentially over other cations with lower mobility).
Among cations, the most mobile one was H', resulting in a decrease of
pH in the permeate. This effect was more evident in the case of the
tighter NFO0 membrane, where higher rejection of cations were
attained, with the subsequent lower pH in the permeate. Similar acidi-
fication of NF permeates due to H" permeation have been reported [15,
38].

3.3. Modelling of observed rejections with SEDFM

The experimentally obtained solute rejections were fitted by the
SEDFM, whose predictions are represented with full lines in Fig. 3. As
can be seen, the SEDFM model showed good fit with the experimental
data, pointing out that the assumptions of the SEDFM were correct and
that the presence of organic matter in the phreatic water did not seem to
affect modelling of transport of inorganic species through the mem-
brane. This was probably because the level of TOC in the phreatic water
in Sant Adria de Besos was low (2.3 mg/L). Haddad et al. [5] observed
that the presence of NOM at concentrations < 1 mg/L did not affect the
rejection of Mn and Fe, and attributed this marginal influence to the low
levels of NOM and the subsequent low formation of NOM complexes
with Fe.

Table 4 shows the permeance values provided by the model for all

10

9 4

—o— NF270
—8— NF90

4 T T T T T

0 10 20 30 40 50 60

Transmembrane flux (um/s)

Fig. 5. Changes in permeate pH vs transmembrane flux for membranes NF270
and NF90.
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Table 4
Permeance values for inorganic solutes through NF270 and NF90 membranes
provided by the SEDFM.

Membrane permeances to solutes, P; (um/s)

NF270 NF90
Calcium 4.6 0.1
Magnesium 3.2 0.1
Sulphate 0.2 <0.1
Bicarbonate 0.3 0.2
Sodium 22.7 1.3
Potassium 78.3 12.2
Ammonium 45.2 6.4
Chloride 14.9 0.8
Nitrate 67.9 1.9
Boron 68.7 8.0
Aluminium 0.1 0.4
Manganese 3.1 0.1
Arsenic 0.5 44.7

solutes. The order of permeance values were in general agreement with
the rejections observed. For instance, permeances for well rejected
double-charged ions were all < 5 um/s for NF270 and < 0.5 um/s for
NF90, while permeances for generally poorly rejected single-ions were
mostly > 15 um/s for NF270 and > 1 um/s for NF90. For the neutral B
species, permeance value was approx. 69 um/s for NF270 and 8 pm/s for
NF90. Moreover, the values obtained supported the fact that both
membranes presented a negative charge at the operating conditions. As
example, the membrane permeances to anions were lower than the ones
for cations, in agreement with Donnan exclusion. For example, the
membrane permeance to CI" was 14.93 and 0.84 ym/s for NF270 and
NF90, respectively, while the values to Na™ were 22.73 and 1.28 um/s.
Moreover, the effect of dielectric exclusion can be observed as mem-
brane permeances to multi-charged elements were always lower than
the one for mono-charged ones. As example, permeances to SO were up
to 2 orders of magnitude than the ones for CI’, having values of 0.23 and
0.02 pm/s for NF270 and NF90, respectively.

3.4. DOC rejection by NF membranes and quantification by FEEM

As expected and in agreement with published studies with NF270
and NF90 [5,7,8,18,19], DOC was rejected at very high percentages
(>90%) by both membranes. Retention of NOM by these polymeric
membranes was attributed to both size effects (as most NOM compounds
are >1000 Da in size and thus sieved by the NF membranes) and charge
effects (as most NOM compounds are negatively charged at neutral pHs
and thus repelled by the negatively charged NF membranes) [7].

However, the relevance of residual DOC in permeate lies not only in
its concentration but also in its character. The FEEM spectra of feed
water and a representative NF permeate for both NF270 and NF90
membranes are depicted in Fig. 6. The spectra are divided into five re-
gions according to the operational definition given by Chen et al. [21],
in which region I-II corresponds to aromatic protein-like material, re-
gion II to fulvic acid-like material, region IV to microbial
by-product-like material and region V to humic acid-like material.

Fluorescence of feed water was clearly dominated by region III
(fulvic acid-like fluorophores), whereas contribution of fluorophores in
regions I-II, IV and V were weaker (Fig. 6a and c). Permeate FEEM
spectra reflected substantial reduction in intensity of fulvic acid- and
humic acid-like materials (regions III and V), whereas signal of protein-
like (region I-II) and soluble microbial by-product-like (region IV)
remained more unchanged (Fig. 6b and d), suggesting that these latter
fluorophores better permeated through both NF membranes.

In this study, PARAFAC analysis was applied to FEEM spectra to get
further insight into the fluorescent substances. A 6-components model
best fitted the FEEMs obtained and therefore it was the one considered
for further analysis. Fig. 7 plots the excitation and emission spectra of
each of the six components. The excitation loadings exhibited two
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Fig. 6. FEEM contours of feed water and permeate for NF270 membrane (a and b, respectively) and NF90 membrane (c and d, respectively).

maxima whereas the emission loadings a single maximum for almost all
components.

All six components (C1-C6) have been reported in the literature of
DOC fluorescence (and mostly match other works with a minimum
similarity score of 0.95 in the database Openfluor). Components C1, C2
and C3 are associated to humic-like substances, C4 to protein-like
tryptophan-containing substances, and C5 and C6 to protein-like tyro-
sine-containing substances [17,19,22,49].

The maximum fluorescence intensity (Fpax) of each component was
used to represent its relative concentration. Fig. 8 shows Fp,x signals of
the six components for feed water and three permeate samples (corre-
sponding to three different operation pressures) for both NF270 (Fig. 8a)
and NF90 (Fig. 8b) membranes. Feed water exhibited higher Fy,,« for C1
and C2, whereas F,« for C4 and C6 were much lower. Surprisingly, feed
water for NF90 did not show any fluorescence for C5 and that of C3 was
much lower in comparison to feed for NF270. The reason behind this
might be fluctuations in composition of groundwater during the sam-
pling campaign.

For both NF membranes the greatest reductions in Fy,,x was observed
for C1, C2, C3 and C4, with reduction percentages generally > 90% (for
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both NF270 and NF90 membranes), as opposite to C6, whose peak was
reduced at average percentages of only 45% for NF270 and 57% for
NF90. When present in feed water for NF270, peak for C5 was reduced
by even a lower percentage (20%). Interestingly, these results high-
lighted differences in rejection among types or fluorescent organic
substances: while components C1-C4 (humic- and tryptophan-like
compounds) were successfully rejected, components C5 and C6 (tyro-
sine-like compounds) were not. The TMP did not seem to exert any
remarkable effect on the reduction of Fp,,x for any component, at least in
the range 7.7-59.6 bar.

The reason of this diversity in rejection between components may lie
in the differences in their molecular sizes and hydrophobicity. In fact, it
has been reported that “DOM fluorescence shown at longer Aer, could be
associated with larger sized molecules and a more hydrophobic nature”
[22]. C5 and C6 showed the shortest Ao (Fig. 7) and likely showed the
lowest size, explaining thus its lower rejection in comparison with
C1-C4, which showed longer Aer, (Fig. 7). This finding agrees with that of
Li et al. [19], who observed that NF could almost entirely remove all
components excepting that corresponding to tyrosine-like compounds.
The finding is also in line with other works focused on the fouling
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Fig. 8. Reductions in maximum fluorescence intensity (Fmax) for components
C1-C6 by a) NF270 and b) NFO0 membranes as a function of the transmembrane
pressure (TMP).

potential of NOM fractions tracked by FEEM that report that
tyrosine-like was associated with lower molecular weight molecules
and, as such, represented a key foulant in NF membranes in opposition
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to larger molecular weight molecules [22,31,49]. The finding would
also be in concordance with Meylan et al. [3] and Owusu-Agyeman et al.
[46], who concluded that the small fraction of DOC that permeated their
NF membranes was mostly composed of neutral low molecular weight
compounds. The finding that humic-like substances were preferentially
rejected by NF is of relevance from a point of view of disinfection
practices, as it has been observed that humic-like substances are strongly
correlated with DBPs formation [50]).

4. Conclusions

Two different polyamide NF membranes (the Dow Filmtec looser
semi-aromatic NF270 and the tighter fully aromatic NF90) were evalu-
ated for the treatment of phreatic water. Results showed that these
membranes performed differently: overall, the tighter membrane
(NF90) resulted in higher rejections of ions, at expenses of a lower flux,
than the looser membrane (NF270). In accordance with the Donnan and
dielectric exclusion mechanisms, double-charged ions were more
rejected (with rejection percentages >95% for the NF90 membranes and
between 73-99% for the NF270 membrane) than single-charged ions
(between 50-95% for the NFOO membrane and <66% for the NF270
membrane), and anions were generally more rejected than cations by
both negatively-charged NF90 and NF270 membranes. In order to keep
electroneutrality in the permeate side, H" showed an enhanced
permeability, with the subsequent acidification of the permeate. This
decrease in pH was more evident for the NFOO membrane, as rejection of
ions was higher. The SEDFM proved to satisfactorily fit the experimental
results, pointing out that the assumptions of the model were correct and
that the presence of organic matter in the phreatic water did not affect
modelling of ion transport through the NF membranes. Dissolved
organic carbon (DOC) was rejected at very high percentages (>90%) by
both membranes, but revealing differences between fractions as ana-
lysed by FEEM: while humic- and tryptophan- like components were
highly rejected (at percentages generally >90% for both NF270 and
NF90 membranes), tyrosine-like compounds were rejected at compara-
tively lower percentages (45% for NF270 and 57% for NF90). The
finding is of relevance from a point of view of disinfection practices, as it
has been observed that humic-like substances are strongly correlated
with DBPs formation. The capacity of distinguishing behaviours of
different organic fractions provides FEEM+PARAFAC a great potential
in fast tracking NOM in treatment water processes. From a point of view
of the possible uses of treated water, it must be stated that, despite the
differences in solutes rejection percentages, the permeates obtained
from both membranes exhibited high quality, with all analysed pa-
rameters below the threshold set by the EU Directive 2020/2184 for
drinking water and by the Spanish RD 1620/2007. This highlighted that
phreatic water from the aquifer of Sant Adria de Besos has potential for
safe potable water production if adequately treated by nanofiltration.
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