<]
TUDelft

Delft University of Technology

Operation and performance analysis of direct hollow fiber nanofiltration
A pilot study at IJsselmeer

Ophorst, Marleen; Grooth, Joris de; Heijman, Sebastiaan G.J.; Vaudevire, Elisabeth M.H.; Jafari, Morez

DOI
10.1016/j.seppur.2024.127786

Publication date
2024

Document Version
Final published version

Published in
Separation and Purification Technology

Citation (APA)

Ophorst, M., Grooth, J. D., Heijman, S. G. J., Vaudevire, E. M. H., & Jafari, M. (2024). Operation and
performance analysis of direct hollow fiber nanofiltration: A pilot study at IJsselmeer. Separation and
Purification Technology, 349, Article 127786. https://doi.org/10.1016/j.seppur.2024.127786

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.seppur.2024.127786
https://doi.org/10.1016/j.seppur.2024.127786

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Separation and Purification Technology 349 (2024) 127786

Contents lists available at ScienceDirect

Separation and
Purification
Technology

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

ELSEVIER

Operation and performance analysis of direct hollow fiber nanofiltration: A
pilot study at IJsselmeer

Marleen Ophorst b7 Joris de Grooth ¢, Sebastiaan G.J. Heijman 4, Elisabeth M.H. Vaudevire ",
Morez Jafari "

@ Nazava Water Filters Ltd, Nairobi PRP6+R7V, Kenya

b PWNT, Nieuwe Hemweg 2, Amsterdam 1013 BG, Netherland

¢ NX Filtrations BV, Josink Esweg 44, Enschede 7545 PN, Netherland

4 Delft University of Technology, Civil Engineering Department, Stevinweg 1, Delft 2628 CN, Netherland
€ Oasen, Nieuwe Gouwe 0O.Z 3, Gouda 2801 SB, Netherland

ARTICLE INFO ABSTRACT

Keywords: This study investigated the performance of direct hollow fiber nanofiltration (dNF40) membranes from NX
Hollow fiber nanofiltration Filtration BV on a pilot scale for the treatment of pre-treated IJsselmeer water from Waterwinstation Prinses
PFAS

Juliana (WPJ) in Andijk, as well as the direct treatment of raw IJsselmeer water. The objective was to evaluate
the long-term fouling potential and the retention of ions and natural organic matter (NOM) using both WPJ pre-
treated IJsselmeer water and raw IJsselmeer water. Additionally, the rejection of organic micropollutants (OMPs)
under artificially elevated conditions, referred to as ‘spiked solution’, using WPJ pre-treated IJsselmeer water
was investigated.

Limited to no fouling was observed on the dNF40 membrane during stable operation when treating both WPJ
pre-treated IJsselmeer water and raw IJsselmeer water, even under changing process conditions. NOM removal
consistently exceeded 90% regardless of process conditions or water type. The retention of per- and poly-
fluoroalkyl substances (PFAS) was above 80%, with even higher retention observed for higher molecular weight
values. Low molecular weight pharmaceuticals, all below the molecular weight cut-off (MWCO) of the dNF40
membrane (400 Da), exhibited approximately 30% retention. The dNF40 membrane showed better retention of
negatively charged pharmaceuticals in the spiked solution compared to positively charged and neutral
pharmaceuticals.

A total cost of ownership (TCO) analysis unveiled that operational expenditures (OPEX) were three times
higher than capital expenditures (CAPEX) for a 5-stage full-scale dNF40 system. Among the components,
membrane replacement costs constituted the majority of OPEX (68%), followed by energy costs (31%) and
chemical costs (<1%). Overall, the study showcased the suitability of the dNF40 membranes for treating IJs-
selmeer water, achieving effective removal of NOM and PFAS.

Fouling potential
Drinking water treatment
Pilot

activated carbon filtration. Following pre-treatment, the water is
transported to a post-treatment facility in Heemskerk, where ultrafil-

1. Introduction

The water supply company PWN provides an annual supply of 112
billion liters of high-quality drinking water to 804.160 households,
businesses, and institutions in the province of North Holland. Their
primary water source is the IJsselmeer, a surface water lake. In Andijk,
the water undergoes pre-treatment at Waterwinstation Prinses Juliana
(WPJ) using conventional methods, including lake aeration, drum
screens, coagulation, sedimentation, rapid sand filtration and granular
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tration and reverse osmosis (UF-RO) processes yield high-quality
permeate. This UF-RO permeate is further conveyed to pompstation
(PS) Bergen and Mensink, where it is blended with dune water to pro-
duce drinking water with reduced hardness.

UF-RO technology provides the advantage of delivering a biologi-
cally stable and high-quality permeate. Nevertheless, the substantial
energy consumption and the considerable costs associated with anti-
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scalant in RO operations pose challenges for PWN. Additionally, the
permeate from UF-RO necessitates post-conditioning with caustic soda
and CO2, owing to low bicarbonate values, before its transportation
from Heemskerk to PS Bergen via concrete pipelines. Consequently,
PWN is assessing alternative processes and/or membrane types to
enhance the UF-RO process.

Recently, drinking water companies have become increasingly vigi-
lant regarding the presence of organic micropollutants (OMPs) and other
emerging contaminants. OMPs encompass a diverse array of chemicals
found in household products, cosmetics, pesticides, and per- and poly-
fluoroalkyl substances (PFAS) [1]. Of particular concern in the drinking
water industry are PFAS compounds, as they are ubiquitous in numerous
consumer products [2]. Their harmfulness resides in both frequent
exposure and their capacity to accumulate within human organisms over
extended periods [3]. These compounds have been associated with
adverse health outcomes such as low infant birth weights, immune
system effects, cancer, and thyroid hormone dysfunction [3]. Conse-
quently, regulatory standards for OMP concentrations in drinking water
are becoming increasingly stringent.

One of the alternative technologies to UF/RO is nanofiltration (NF)
membranes. NF membranes offer distinct separation properties coupled
with reduced operating pressures compared to conventional RO mem-
branes [4]. Traditional NF membranes are commonly utilized for ap-
plications such as hardness reduction, owing to their ability to retain
multivalent ions more effectively than monovalent ions [5]. Addition-
ally, NF membranes have the potential to achieve substantial retention
of small (OMPs) [5]. Furthermore, their larger pore size compared to RO
membranes leads to reduced bicarbonate retention and consequent
reduction in post-conditioning costs.

Several NF membrane configurations are available, including spiral
wound membranes, hollow fiber membranes and tubular membranes.
Spiral wound membranes are recognized for their high packing density
and low module cost [5]. However, they lack hydraulic cleaning capa-
bility, necessitating extensive pre-treatment to mitigate fouling [5].
Tubular membranes, on the other hand, allow for hydraulic cleaning and
require less pre-treatment [6], albeit at the expensive of lower packing
density and higher module cost [6]. In contract, hollow fiber membranes
combine the advantages of both spiral wound and tubular membranes
[4]. They offer a low fouling potential attributed to effective hydraulic
cleaning possibilities [5], making them suitable for filtering fouling-
prone feed waters, such as raw surface water.

Among the commercially available hollow fiber NF membranes are
the Layer-by-Layer (LbL) hollow fiber NF membranes produced by NX
Filtration (NXF). The LbL method represents a versatile technology for
the preparation of hollow fiber NF membranes. This method involves the
alternating deposition of polyanions and polycations on a charged sur-
face to create polyelectrolyte multilayers (PEMs) [7]. These PEMs form
an ultrathin separation layer in the nanometer range, resulting in a
chemically and physical stable membrane with versatile retention
properties [7]. While most academic research on LbL hollow fiber NF
membranes has been conducted using bench-scale membranes with
synthetic water [8,9,10], the commercial availability of NXF LbL hollow
fiber NF membranes presents an opportunity for practical application
and further exploration in real-world scenarios.

This research focuses on a pilot-scale study operating at approxi-
mately 1 m® per hour, utilizing hollow fiber NF membranes for the
treatment of WPJ pre-treated IJsselmeer water, as well as the direct
treatment of raw [Jsselmeer water. The primary objective of this study
was to evaluate the long-term fouling potential and the retention of ions
and natural organic matter (NOM) using both WPJ pre-treated LJssel-
meer water and raw IJsselmeer water, along with the retention of OMPs
under artificially elevated conditions (‘spiked solution’) using WPJ pre-
treated IJsselmeer water. The experiments were designed to assess the
impacts of membrane process conditions and the background water
matrix on the fouling potential and the retention of ions, NOM and
OMPs.
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2. Materials and methods
2.1. Pilot-scale membrane system

A pilot-scale membrane system featuring a single hollow fiber
membrane with a length of 1.4 m, was employed to assess various
membrane performance parameters. These parameters included
permeability, transmembrane pressure (TMP), normalized pressure drop
(NPD), as well as the retention for ions, NOM and OMPs such as PFAS
and pharmaceutical compounds. The specific LbL hollow fiber NF
membrane model utilized in this study was the dNF40 membrane
module manufactured by NX Filtration BV, located in Enschede, NL
(Fig. 1). Notably, the dNF40 membrane is characterized by a negative
surface charge and possesses a molecular weight cut-off (MWCO) of 400
Da. Comprehensive specifications and operational limits of the dNF40
membrane, as provided by NX Filtration BV, are listed in Table 1.

The study employed two distinct feed solutions, namely WPJ pre-
treated IJsselmeer water and raw IJsselmeer water. The WPJ pre-
treated IJsselmeer water had undergone a comprehensive pretreat-
ment regimen, including drum screens, coagulation, sedimentation,
rapid sand filtration and granular activated carbon filtration. Table 2
provides a detailed breakdown of the water composition for both WPJ
pre-treated IJsselmeer water and raw IJsselmeer water. The difference
in water quality between pre-treated and raw IJsselmeer water can be
attributed to several factors. Specifically, the introduction of ferric
chloride (FeCl3) during the coagulation process elevates the chloride
concentration, while activated carbon reduces the concentration of
NOM. Additionally, HCO3- ions can form insoluble compounds with
FeCl3 during coagulation, leading to their partial removal during the
sedimentation process.

The pilot system comprised a 150 um cartridge filter preceding the
hollow fiber NF membrane. Operating in a single-stage feed and bleed
mode, the hollow fiber NF membrane module was equipped with a feed
pump to regulate a prescribed flux and a recirculation pump to control a
designated crossflow velocity.

Two distinct experiments were conducted using the pilot system
equipped with a single dNF40 module. The first experiment aimed to
assess membrane performance parameters, including permeability, TMP
and NPD, as well as the retention of ions and NOM. These evaluations
were performed under varying operating conditions such as recovery,
flux and crossflow velocity. Both WPJ pre-treated IJsselmeer water and
raw IJsselmeer water were utilized for this experiment. Notably, the
pilot operated in a feedand bleed system configuration during this
experiment, wherein the permeate and concentrate were discharged into
the sewerage. For simplicity, this experiment will be referred to as

Fig. 1. Dnf 40 membrane module (nx filtration bv, Enschede, NL).
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Table 1
Dnf40 membrane specifications and their operational limits.

Parameters Values
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Table 3
Summary of the feed water, general pilot settings, membrane performance, and
sampled compounds of the feed and bleed experiment and the full recirculation

Membrane parameters
Module length [mm]
External diameter [mm]

Module Material (housing-membrane)

Membrane area [m?]
Membrane MWCO
Membrane charge

Membrane rejection (MgSO,4) [%]

Fiber inner diameter [mm]

Membrane operational limits
Max temperature [°C]
Operating pH

Cleaning pH

Crossflow velocity [m/s]
Max TMP [bar]

Max backwash pressure [bar]

1428

200
PVC-Modified PES
43

400

Negative at pH 7
91

0.7

40
2—12
1—13
-2

6

6

experiment.

Feed and bleed experiment

Spiked experiment

Aim Membrane performance
parameters
Ion retention and NOM
removal
Feed solution WPJ pre-treated IJsselmeer
water
Raw 1Jsselmeer water
General pilot Feed and bleed operation
operation Time duration: 1 week
Backwash frequency: every 2
h
Top-bottom flow direction
Air scouring + BW (every 1
filtration cycle)
Chemical cleaning between

Pilot settings

OMP retention at elevated
concentrations

Spiked WPJ pre-treated
IJsselmeer water

Full recirculation operation
Time duration: 2 h
No backwash frequency

Top-bottom flow direction
Chemical cleaning after
experiment

No anti-scalant dose

Max active chlorine concentration [ppm] 500 at pH > 10

Table 2
Water composition of WPJ pre-treated IJsselmeer water and raw IJsselmeer
water.

Parameter  Unit WPJ pre-treated IJsselmeer Raw LJsselmeer

water water

Ca?" mg/  63.8+3.76 65.9 + 2.21
L

Mg** mg/ 11.5 + 0.21 11.9 + 0.51
L

SOF mg/  61.9+213 57.7 + 2.20
L

Na™ mg/ Not measured 50.8 + 3.64
L

cr mg/  138.1+1.55 91.0 + 5.04
L

HCO3 mg/  149.2+7.48 171.6 + 2.11
L

NO3 mg/  10.4 +0.27 10.1 +0.48
L

TOC mg/  3.5+0.28 6.2 + 0.24
L

the”feed and bleed experiment”. The second experiment focused on
evaluating the retention of OMPs under artificially elevated concentra-
tions, utilizing only WPJ pre-treated IJsselmeer water. During this
experiment, the pilot operated in full recirculation mode, with the
permeate and concentrate being fed back into the feed vessel. This
experiment will be referred to as the “spiked experiment”. Table 3
provides a concise overview of both experiments.

2.2. Feed and bleed experiment

A series of experiments were conducted to investigate the long-term
fouling potential and retention of ions and NOM by the dNF40 mem-
brane when subjected to WPJ pre-treated IJsselmeer water and raw
LJsselmeer water. Throughout these experiments, the pilot system was
operated under varying process conditions, with alterations made to
recovery, flux, or crossflow velocity (designated as rounds A — J, as
detailed in Table 4). The chosen process conditions aimed to explore the
operational extremes of the pilot system while adhering to the system
limits specified by NXF (refer to Table 1). Additionally, these conditions
were designed to mitigate fouling potential and minimize water loss.
Each experimental round spanned a continuous operation period of 7
days. During filtration, the pilot system operated in a cyclic mode,
featuring filtration cycles lasting 120 min, alternated with 60 second
hydraulic cleaning cycles. The hydraulic cleaning cycles comprised

each round
No anti-scalant dose

Process conditions ~ See Table 4 See Table 4
Membrane permeability, TMP, NPD N.A.

performance
Retention Ions and NOM OMP under elevated

conditions

backwash and air scour procedures in combination with forward flush.
Notably, the flow direction during filtration was from top to bottom,
while it was reversed during hydraulic cleaning cycles. This hydraulic
cleaning protocol, recommended by NXF, aimed to mitigate fouling
formation.

Membrane performance parameters, including permeability, TMP,
and NPD, were generated for each experimental round to evaluate the
membrane’s fouling potential (Equations (1)-(3)). The parameters were
normalized to a temperature of 20°C to adjust for temperature varia-
tions, ensuring consistency. This normalization process followed
empirical Equations (5)-(8). It is worth noting that these formulas do not
account for osmotic pressure, which is also temperature-dependent.

Ion and NOM retention were determined by calculating the differ-
ence between the concentrations of ions and NOM in the feed and
permeate streams (Equation (4)). In this study, NOM was quantified as
total organic carbon (TOC). Duplicate samples of ions and TOC were
collected after 7 days of pilot operation. Subsequently, ion and TOC
concentrations were analyzed at het Waterlaboratorium N.V. (HWL) in
Haarlem, the Netherlands. In round F, additional parameters related to
NOM, including acids, biopolymers, building blocks, hydrophobic
organic compounds, humic substances, neutrals, and particulate organic
matter, were analyzed using liquid chromatography — organic carbon
detection (LC-OCD).

J
Permeability = —— 1
ermeability = (€]
Py + P,
™p = 2P EC Py + staticheightcorrection 2
NPD = Py — P — staticheightcorrection 3
Cp\ .
R= (1 ——> *100% @
Cr
TMPyc = TMP*497%(42.5 + T)'° (5)
247.8
NPDy¢ = NPD*0.02582*107+133 (6)
NPDjo,. = |NPD1c — staticheightcorrection| @
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Table 4
Timeline process settings and conditions.

Separation and Purification Technology 349 (2024) 127786

Experiment Start date Water type Recovery [%] Flux [LMH] Crossflow velocity [m/s]
Round A 07-04-2021 Pre-treated IJsselmeer 70 20 0.2
Round B 14-04-2021 80 20 0.2
Round C 28-04-2021 90 20 0.2
Round D 06-05-2021 90 25 0.2
Round E 02-08-2021 90 20 0.3
Round F 01-11-2021 Raw IJsselmeer 70 20 0.2
Round G 08-11-2021 80 20 0.2
Round H 15-11-2021 90 20 0.2
Round I 22-11-2021 70 25 0.2
Round J 29-11-2021 70 20 0.5
Round K 26-08-2021 Spiked pre-treated 1Jsselmeer 70 30 0.2

_ 2478
0.02414*10T+273-140

Permeability. = Permeability* 578
0.02414%1020+273-140

(€))

2.3. Spiked experiment

The OMP retention of the dNF40 membrane was assessed using
spiked WPJ pre-treated IJsselmeer water. For this experiment, the pilot
operated at 70% recovery, 30 LMH flux, and 0.2 m/s crossflow velocity
(designated as round K in Table 4). These process conditions were
carefully selected to minimize fouling potential and water loss. During
the experiment, the pilot system operated in full recirculation mode,
wherein the permeate and concentrate were continuously recycled back
to the feed vessel. This operational approach aimed to prevent any po-
tential leakage of harmful OMPs into the environment. It is noteworthy
that operating in full recirculation mode resulted in a 1°C temperature
increase after 2 h of pilot operation.

The OMP retention experiment was conducted using spiked WPJ pre-
treated IJsselmeer water. To encompass a broad spectrum of OMPs, a
multi-element solution containing PFAS, negatively charged, neutral,
and positively charged pharmaceuticals was introduced into the water.
These OMPs in the multi-element solution were representative of those
found in the IJsselmeer. The spiked feed solution was prepared by
diluting 1 L of the OMP-containing stock solution into the 1000 L feed
vessel with WPJ pre-treated IJsselmeer water. The concentrations of the
OMPs in the spiked feed solution are detailed in Table 5. Notably, the
concentration in the multi-element solution was 100 times higher than
that of the OMPs in the pre-treated 1Jsselmeer water. This ensured that
even with maximum removal efficiency, the measured concentration in
the permeate remained above the analytical detection limit.

OMP retention was determined by comparing the concentrations of
OMPs in the feed and permeate streams using Equation (4). Samples for
OMP analysis were collected after 2 h of operation. This duration was

Table 5
PFAS and pharmaceutical compounds in the spike solution, their molecular
weights, and the intended concentration.

Category Compound MW [g/  Concentration in spike
mol] solution [pg/L]
PFAS PFOS 500 0.1
PFNA 464 0.02
PFOA 414 0.1
PFHxS 400 0.1
Negative Diclofenac 296 2
pharmaceuticals Sulfamethoxazole 253 2
Neutral Carbamazepine 236 2
pharmaceuticals Gabapentin 171 2
Benzotriazole 119 2
Pyrazol 68 2
Positive Sotalol 272 2
pharmaceuticals Metoprolol 267 2
Metformin 129 2
Melamine 126 2

selected to reach a steady-state filtration regime and ensure that PFAS
adsorption on the membrane surface reached saturation. PFAS and
pharmaceutical concentrations were analyzed at het Waterlaboratorium
N.V. (HWL) in Haarlem, the Netherlands.

2.4. Chemical cleaning of the membrane

During the feed and bleed experiment, the pilot operated in cyclic
mode, alternating between filtration mode and backwash mode, along
with air scour mode combined with a forward flush.

No chemical enhanced backwash was utilized and anti-scalant was
not introduced during the experiments.

Chemical cleaning of the membrane was conducted after each
change in process condition. This cleaning-in-place (CIP) procedure
involved alkaline cleaning (30 ppm NaOH, 130 ppm NaOCl, pH 12, 30
min), followed by a 1-minute rinse with permeate, and subsequently,
acid cleaning (3200 ppm citric acid, pH 3, 30 min), followed by another
1-minute rinse with permeate.

2.5. Economic analysis

Following the outcomes of the raw IJsselmeer water studies con-
ducted on the pilot, NX Filtration BV has provided a projection report of
a full-scale hollow fiber NF plant utilizing dNF40 membranes for an
economic analysis. The production capacity of this full-scale hollow
fiber NF plant is comparable with that of the UF-RO plant in Heemskerk
(15 M m3/year). The projection report depicts details such as the
number of membranes, applied pressure, and chemical requirements for
the full-scale dNF40 plant. Comprehensive specifications for the full-

Table 6
Plant specifications, feed water parameters and membrane performance pa-
rameters of the full-scale dNF40 plant.

Variables Units Full-scale dNF40 plant

Plant characteristics

Feed water source [-1 Raw IJsselmeer water
Years of operation Years 5

Production capacity m®/year 15.000.000

Water recovery % 85

Membrane type [-1 WRC200-dNF40-IRD
CIP frequency CIP/year 13

CIP duration hours/event 1

Number of stages [ 5

Number of modules [-1 1535

Performance parameters

Average applied pressure kWh/m? 0.19

Design flux LMH 22.3

Chemical information

NaOH (30 %) ton/year 0.68

NaOCl (12.5 %) ton/year 1.14

Citric acid (50 %) ton/year 6.29
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scale ANF40 plant are presented in Table 6.

A total cost of ownership (TCO) analysis was conducted according to
these specifications. The TCO has been simplified into operational
expenditure (OPEX) and capital expenditure (CAPEX). The OPEX com-
prises the energy cost, chemical cost, and membrane replacement cost
[11]. Waste disposal costs and labor cost were neglected from consid-
eration due to the absence of information specific to NF. The CAPEX
encompassed the equipment and installation cost [11]. Other potential
CAPEX, such as land acquisition, planning, and construction of buildings
were neglected as they are highly case-dependent and subjective.

The energy cost, chemical cost, and membrane replacement cost
were calculated using Equations (9)-(11) respectively, where Ps repre-
sents the average applied pressure (including feed pump, recirculation
pumps, and hydraulic cleaning pumps), Qf stands for the feed flow,
Vchemical denotes the volume of the chemical, t represents the operation
time (set as 5 years, as per Table 6), and Nyodule represents the number
of modules. Additional relevant cost factors for the OPEX calculations
are outlined in Table 7.

The equipment and installation cost were determined by considering
the number of membrane modules and the unit price of each module
(Cfmodule)- For auxiliary components such as pipes, pumps and valves, a
comparable price to that of the membrane was applied. The calculation
of the equipment and installation cost was calculated using Equation
(12).

€y = Jep40 ©
€chemical = Z Cf .*Vehemical (10)
Emembrane = %%Nmodule an
€ cquipmentinstallation = 2* Cf rmodute Nmodute 12)

3. Results and discussion
3.1. Membrane performance parameters: Fouling potential

The membrane performance parameters, including permeability,
TMP, and NPD were monitored to assess the long-term fouling potential
of the dNF40 membrane. These parameters were normalized to a tem-
perature of 20°C using Equations (5)-(8) to facilitate fair comparisons.
Fig. 2 illustrates the trends in (a) permeability, (b) TMP, and (c) NPD
observed during filtration rounds A — E when using WPJ pre-treated
LJsselmeer water. Fig. 3 depicts the trends in (a) permeability, (b)
TMP, and (c) NPD observed during filtration rounds F — J with raw
IJsselmeer water. Each vertical line in the figures represents a change in
operating conditions as shown in Table 4.

A smaller operational interval was observed during rounds E, I, and J
as indicated in both Fig. 2 and Fig. 3. These interruptions were primarily
due to emergency shutdowns triggered by various factors. In round E,
the shutdown was prompted by the pump operating near its maximum
capacity, a consequence of elevated feed water temperature (typical of

Table 7

Cost factors for the OPEX calculations.
Cost factor Symbol Unit Value
Power supply efficiency n [-1 0.8 [12]
Electricity cost Cf, €/kWh 0.10 [12]
NF membrane module price Cfimodule €/module 2500 °
Chemical cleaning cost Cf,
NaOH (30 %) €/ton 300
NaOCl (12.5 %) €/ton 240
Citric acid (50 %) €/ton 1500

? Indicative total nanofiltration (NF) module price (inside battery limits).

Separation and Purification Technology 349 (2024) 127786

summer conditions) and high recovery rates. In round I, the pump
neared its maximum capacity owing to lower feed water temperature
(typical of winter conditions), reduced recovery rates, and higher flux.
In round J, the pilot was inactive during the weekend as it lacked access
to the feed water. Following these emergency shutdowns, the pilot was
restarted to resume the experimental procedures.

The membrane performance parameters were monitored to assess
the long-term fouling potential under constant process conditions
(Table 4). Against expectations, limited to no fouling was observed on
the dNF40 membrane when the pilot was operated with WPJ pre-treated
IJsselmeer water (Fig. 2) and raw IJsselmeer water (Fig. 3). Remarkably,
all membrane performance indicators remained stable between each
vertical line, contradicting numerous reports in the literature citing
decreases in NF membrane permeabilities due to fouling formation
[13—17]. For instance, Frank et al. [6] observed a decline in flux
attributable to fouling when using bench-scale spiral wound and hollow
fiber NF membranes operated with raw surface water from the river
Rhine at Arnhem. Compared to spiral wound NF membranes, hollow
fiber NF membranes exhibit lower fouling potential due to the absence
of a spacer and the possibility of backwash cleaning [6]. One possible
explanation for the limited to no fouling observed could be attributed to
the regular backwash cleaning every 2 h and the low surface roughness
of the membrane. It is known that the hydrophilic and smooth surfaces
of PEMs are less prone to fouling [18].

The slight fluctuations in membrane performance observed in spe-
cific rounds may be attributed to temperature variations. Although
permeability, TMP, and NPD were adjusted to a standard temperature of
20°C to accommodate the alterations in viscosity and density resulting
from varying feed water temperatures, it appears that not all factors
influencing membrane performance were fully accounted for during
normalization. Relying solely on viscosity and density adjustments
might not have been comprehensive enough for complete
normalization.

The influence of the different compositions of the two water sources,
pre-treated IJsselmeer water and raw IJsselmeer water (Table 2), on the
fouling potential was assessed by monitoring membrane performance
parameters. Despite the higher concentrations of NOM in raw [Jsselmeer
water compared to WPJ pre-treated IJsselmeer water (6.2 mg/L C and
3.5 mg/L C respectively), fouling formation on the membrane was not
observed (Figs. 2 and 3). This finding contradicts with existing litera-
ture, as NOM typically serves as a primary fouling constituent in surface
water and significantly contributes to fouling on membrane surfaces
[19]. The membrane’s resistance to fouling formation suggests its suit-
ability for direct application to feed waters prone to fouling, such as raw
surface water.

The effect of changing process conditions was systematically evalu-
ated by monitoring the membrane performance parameters. The re-
covery was incrementally increased from 70% to 80% and 90% in
rounds A, B and C with WPJ pre-treated LJsselmeer water and rounds F,
G, and H with raw IJsselmeer water (Table 4). An increase in recovery
with WPJ pre-treated 1Jsselmeer water exhibited marginal impact on the
permeability (7.0 LMH/bar) (Fig. 2a). Interestingly, in the case of raw
IJsselmeer water (Fig. 3a), a slight increase in permeability was
observed between rounds F and G (8.5 LMH/bar) compared to round H
(9.1 LMH/bar). This unexpected trend may be attributed to factors such
as temperature elevation from 6.8 °C in round F and G to 9.6 °C in round
H, or other operational parameters. For instance, Emamjomeh et al. [20]
demonstrated that elevated water temperatures induce expansion of the
membrane material, leading to an enlargement of pores and conse-
quently higher permeability. Further investigation into this phenome-
non will be conducted in Chapter 3.3.

The flux was increased from 20 LMH to 25 LMH in rounds C and D
with WPJ pre-treated IJsselmeer water and rounds F and I with raw
IJsselmeer water (Table 4). An increase in flux resulted in a corre-
sponding increase in TMP, rising from 4.5 bar in round C to 5.5 bar in
round D (Fig. 2b). This observation aligns with existing literature,
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Fig. 2. The a) permeability, b) trans membrane pressure, and c¢) normalized pressure drop temperature corrected during filtration with pre-treated IJsselmeer
water. The red line indicates the temperature of the feed water. With each filtration round, denoted by the vertical lines, there was a modification in process
conditions, as detailed in Table 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

suggesting that membrane fouling may occur when the critical flux is
surpassed, causing the module to operate beyond the linear relationship
between flux and TMP [6]. In the absence of fouling, TMP should rise
proportionally with increasing flux [21], hence the higher TMP recorded
in round D compared to round C for WPJ pre-treated IJsselmeer water.
However, with raw IJsselmeer water, an increase in flux had minimal
impact on TMP, with readings of 4.8 bar in round F and 4.6 bar in round
I (Fig. 3b). This occurrence could potentially be attributed to the slightly
higher temperature in round I (9.0 °C) compared to round F (6.9 °C).
Elevated feed water temperatures necessitate lower TMP to sustain the
desired flux due to material expansion in the membrane [20].

The crossflow velocity was increased from 0.2 m/s in round C to 0.3
m/s in round E with WPJ pre-treated IJsselmeer water, and from 0.2 m/s
in round F to 0.5 m/s in round J with raw [Jsselmeer water, (Table 4). It
is anticipated that the risk of fouling diminishes as crossflow velocity
increases [22]. With raw IJsselmeer water (Fig. 3c), the increased
crossflow velocity influenced NPD values by nearly a factor of 2, with
0.83 bar in round F compared to 0.44 bar in round J. Increased crossflow
velocities require greater energy input for feed circulation, thereby
resulting in higher NPD values. An increase in crossflow velocity with
WPJ pre-treated IJsselmeer water (Fig. 2¢) showed minimal impact on
the NPD, possibly attributed to the high temperature increase.
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detailed in Table 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

3.2. Ion retention WPJ pre-treated and raw IJsselmeer water

The evaluation of ion retention using the dNF40 membrane entailed
conducting experiments under various process conditions (refer to
Table 4) utilizing both pre-treated and raw 1Jsselmeer water. Fig. 4 il-
lustrates the ion retention observed during each filtration round using
WPJ pre-treated IJsselmeer water, while Fig. 5 presents the ion retention
observed during each filtration round using raw LJsselmeer water.

Ions are predominantly retained by size (steric) exclusion and
Donnan (charge) exclusion [9]. The membrane’s retention mechanism is
primarily governed by divalent ions such as SO%, Ca%*, and Mg?* rather

than monovalent ions like Na*, CI', HCO3 and NO3 (Figs. 4 and 5), owing
to their larger hydrated size and charge (Table 8)) [9,23]. The negative
terminal layer of the hollow fiber NF membrane exhibits typical Donnan
exclusion behavior, resulting in higher retention values for the negative
multivalent ion SOZ compared to the positive multivalent ions Ca®* and
Mg2". 1t is noteworthy that Donnan exclusion also contributes to the
rejection of positive charged ions like Ca®" and Mg?™, facilitated by the
alternating positive and negative layers within the LbL membrane
structure. Within a polyanion-polycation multilayer, an excess of poly-
cations can generate surplus positive charge, thereby repelling the cat-
ions [24]. However, this repulsion of cations is impeded by the negative
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Table 8
Molecular weight (MW), hydrated radius, and ionic radius of the ion compounds
[20].

Ion compound MW [g/ Hydrated radius Ionic radius
mol] [mm] [mm]

Ca*! 40.1 0.412 0.100

Mg?+ 24.3 0.428 0.072

SOy 96.1 0.379 0.290

Na® 23.0 0.358 0.102

cr 35.5 0.332 0.181

HCO3 61.0 0.364 0.156

NO3 62.0 0.335 0.264

terminal layer of the membrane, explaining the lower retention values
for Ca®* and Mg?*.

Cheng et al. [9] investigated cation retention using bench-scale
positively charged LbL. NF membranes with synthetic water. Their
study indicated that Mg?* exhibited greater retention than Ca?*, fol-
lowed by Na™, owing to differences in hydrated radius and ionic radius
(Table 8). Consistent with Cheng et al. [9], experiments conducted on
the pilot-scale with WPJ pre-treated IJsselmeer water yielded similar
findings, with the retention order of Mg?" > Ca" > Na' (Fig. 4).
Conversely, experiments with raw IJsselmeer water on the pilot-scale
revealed a retention order of Ca?* > Mg?*' > Na® (Fig. 5). The
slightly elevated rejection of Ca>" compared to Mgt (25% over 21% at
70% recovery with raw IJsselmeer water) could potentially be linked to
higher NOM concentrations in raw IJsselmeer water compared to WPJ
pre-treated IJsselmeer water (Table 2). Divalent ions like Ca?* have a

tendency to form complexes with NOM by binding to the acidic func-
tional groups of NOM (such as the carboxylic group) in surface water,
thereby increasing the size of the molecule.

The ions Cl" and NO3 exhibited negative retention (Figs. 4 and 5).
Negative retention of ions in NF can be elucidated by the principle of
charge neutrality [25]. LbL hollow fiber NF membranes are primarily
designed to reject divalent ions over monovalent ions. The monovalent
ions CI" and NO3 compete with the divalent ion SO% and the monovalent
ion HCO3 (which have a larger hydrated radius than Cl" and NO3, as
shown in Table 8). The membrane’s permeability to SO and HCO3 is
lower than its permeability to Cl" and NO3. In order to maintain charge
neutrality on both sides of the membrane, the only anions available to
neutralize the permeate stream are Cl" and NO3 [26,27]. Consequently,
Cl' and NOj3 are transported to the permeate side, resulting in the
negative retention of these two ions.

The influence of recovery, flux, and crossflow velocity on the ion
retention was assessed by varying process conditions throughout each
experimental round. Recovery was incrementally increased from 70% to
80% and to 90% in rounds A, B, and C with WPJ pre-treated [Jsselmeer
water and rounds F, G, and H with raw IJsselmeer water (refer to
Table 4). An increase in recovery from 70% to 90% resulted in a notable
reduction in ion retention for both WPJ pre-treated IJsselmeer water
(Fig. 4) and raw 1Jsselmeer water (Fig. 5). Generally, higher recovery
values result in elevated ion concentrations in the crossflow loop,
consequently yielding higher permeate concentrations (assuming
consistent membrane retention), and thereby lower ion retentions. This
observation was confirmed by an increased concentration factor from
1.58 at 70% recovery to 2.06 at 90% recovery for Ca®*. A decline in ion
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retention was also documented by Song et al. [14] in their study
involving pilot-scale spiral wound NF membranes, where recovery
values increased from 40% to 65%, accompanies by a corresponding rise
in concentration factor values from 1.25 to 1.52. Nevertheless, the
reduction in retention for SO%’ was less pronounced (1% decrease)
compared to the decrease observed for SOF in raw IJsselmeer water
(44% decrease), which may be attributed to the different selective layer
chemistry employed in a spiral wound NF thin film composite
membrane.

Flux was increased from 20 LMH to 25 LMH in rounds C and D with
WPJ pre-treated IJsselmeer water and rounds F and I with raw IJssel-
meer water (Table 4). This increase in flux exhibited minimal impact on
ion retention with WPJ pre-treated IJsselmeer water (Fig. 4), whereas a
reduction in ion retention was observed with the increased flux using
raw IJsselmeer water (Fig. 5). The decrease in ion retention with
elevated flux on raw IJsselmeer water could potentially be attributed to
the increase in permeability from 8.5 LMH/bar in round F to 9.8 LMH/
bar in round I (Fig. 3a). An increase in permeability implies a larger pore
size in the membrane, thereby facilitating increased ion passage [7].
Round C exhibited an identical permeability value as round D, namely
7.2 LMH/bar (Fig. 2a), confirming the minimal impact on ion retention
with pre-treated [Jsselmeer water. Additionally, an increase in flux can
lead to heightened diffusive transport of ions to the permeate side. With
increasing flux, concentration polarization near the membrane in-
tensifies, resulting in a decline in ion retention [20,28]. An increased
flux may also enhance convective transport across the membrane,
leading to greater feed water passing to the permeate side [28].
Consequently, the ion concentration gets diluted in a larger volume of
water on the permeate side, resulting in higher ion retention. It appears
that with raw IJsselmeer water, ion retention may be more influenced by
diffusive transport than convective transport due to the decrease in ion
retention with elevated flux. This could potentially be linked to the low
crossflow velocity (0.2 m/s), which amplifies the effect of concentration
polarization near the membrane.

Crossflow velocity was increased from 0.2 m/s in round C to 0.3 m/s
in round E with WPJ pre-treated IJsselmeer water, and from 0.2 m/s in
round F to 0.5 m/s in round J with raw IJsselmeer water (Table 4).
Interestingly, an increase in crossflow velocity corresponded with a
reduction in ion retention, observed in both pre-treated IJsselmeer water
(Fig. 4) and raw IJsselmeer water (Fig. 5). This finding contradicts
existing literature. Typically, an increase in crossflow velocity would
result in a decrease in concentration polarization and therefore a
reduction in the thickness of the boundary layer near the membrane
surface. This would subsequently lead to a decrease in diffusive trans-
port across the membrane [29,30], consequently increasing ion reten-
tion. Junker et al. [4] observed an increase in MgSO4 retention with
elevated crossflow velocity using both bench-scale and pilot-scale LbL
hollow fiber NF membranes with synthetic water. The decrease in ion
retention with increased crossflow velocity on the dNF40 membrane
could possibly be attributed to the increase in permeability between
round C (7.2 LMH/bar) and round E (8.2 LMH/bar) for pre-treated
IJsselmeer water (Fig. 2a), and round F (8.5 LMH/bar) and round J
(10.3 LMH/bar) for raw IJsselmeer water (Fig. 3a). An increase in
permeability with elevated crossflow velocity could potentially be
attributed to temperature elevation or other operational parameters. An
increase in temperature potentially signifies a larger apparent pore size
in the membrane, facilitating greater ion passage [7]. Further investi-
gation into this phenomenon will be conducted in Chapter 3.3.

In summary, the experiments revealed intriguig trends. Increasing
recovery led to a notable reduction in ion retention, particularly for Ca®*
ions, across both WPJ pre-treated and raw IJsselmeer water. Flux had
minimal impact on ion retention with pre-treated IJsselmeer water but
resulted in decreased retention for raw IJsselmeer water, likely due to
increased permeability. Surprisingly, higher crossflow velocity corre-
sponded with reduced ion retention for both water types, contrary to
literature findings. This unexpected trend suggests a need for further
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investigation into the underlying factors, such as increased permeability
due to temperature elevation, to better understand ion retention
mechanisms under varying operational conditions.

3.3. Comparison between pre-treated and raw 1Jsselmeer water

From Figs. 2a and 3a, it is evident that the permeability remained
stable under constant process conditions within each interval. Fig. 6 il-
lustrates the average permeability, temperature-corrected, for rounds A,
B and C with WPJ pre-treated IJsselmeer water, and rounds F, G and H
with raw IJsselmeer water. Filtration rounds utilizing WPJ pre-treated
LJsselmeer water were conducted employing the pristine dNF40 mod-
ule, while the subsequent experiments with raw IJsselmeer water were
performed utilizing the same dNF40 module one year later. Addition-
ally, Fig. 7 depicts the ion retention with increasing recovery from 70%
to 90% for rounds A, B and C with WPJ pre-treated IJsselmeer water and
rounds F, G and H with raw IJsselmeer water. Notably, filtration rounds
with raw IJsselmeer water exhibited diminished retention values
compared to those with WPJ pre-treated IJsselmeer water, particularly
concerning the divalent ions SO, Ca®*, and Mg?".

An increase in permeability of 1.5 LMH/bar was observed during
operation with raw IJsselmeer water in comparison to WPJ pre-treated
IJsselmeer water, utilizing the same membrane and under similar feed
water temperature conditions (Fig. 6). Consequently, a reduction in ion
retention was observed during filtration with raw IJsselmeer water
relative to WPJ pre-treated IJsselmeer water (Fig. 7). The lower ion
retention during filtration with raw IJsselmeer water was accompanied
by an increase in permeability. A higher permeability can imply larger
pore sizes in the membrane or a thinner active membrane layer [7],
facilitating increased ion passage through the membrane. The observed
increase in permeability by 1.5 LMH/bar over long-term operation
contrasts with findings in the literature. In a long-term study, Beyer et al.
[15] reported a decrease in permeability of NF membranes after 5 years
of operation, while Jafari et al. [17] noted similar trends in RO mem-
branes after 2 years of operation, predominantly attributed to fouling
formation. Even chemical cleaning procedures proved inadequate in
restoring the permeability of these membranes to their original levels.
Furthermore, RO membranes are recognized to experience an increase
in solute passage over time, as indicated by an increase in salt perme-
ability coefficient [31,32].

An integrity test was executed utilizing a direct cell count (DCC) to
evaluate the presence of potential broken fibers within the membrane
element. NF membranes are recognized for their capacity to eliminate
bacteria and viruses by at least 4 logs, whereas fiber failure typically
diminishes removal efficacy to less than 2 logs [33]. The log-removal of
the dNF40 membrane was evaluated through DCC analysis. As shown in
Table 9, both DCC-living and DCC-total log-removal values are
approximately 4 logs, indicative of the typical log-removal for NF
membranes. This indicates that fiber failure is unlikely to be the cause of
the observed higher permeability and lower ion retention. Additionally,
a pressure decay test conducted on the membrane module confirmed the
absence of broken fibers within the membrane.

The surprising observed increase in permeability over the long term
may be attributed to the change in membrane active layer properties
caused by multiple CIP events (due to insufficient flushing process after
every CIP cycle), as depicted in Fig. 3a. Moreover, temperature can also
play a role in an observed permeability trend as explained before in
Chapter 3.1 and 3.2. A possible explanation for the permeability in-
crease could be the excessive frequency of chemical cleaning; the dNF40
membrane underwent 21 CIP cycles within its last operational year,
surpassing the recommended limit of 13 CIP cycles per year at full scale
[34]. Another potential factor contributing to the increased perme-
ability might be the insufficient flushing duration of the module between
high pH and low pH cleaning, resulting in the production of chemical
species that could impact the membrane. Inadequate removal of NaOCl
and NaOH residues may lead to the formation of free residual chlorine
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Table 9
The concentration of DCC-living and DCC-total in the feed and permeate stream
and the log-removal.

Feed concentration Permeate concentration Log-
[cells/ml] [cells/ml] removal
DCC- 830,000 40 4.3
living
DCC- 1,764,000 215 3.9
total

upon reaction with citric acid [35], which could adversely affect the
membrane support [36]. Moreover, exposure of an RO membrane to free
residual chlorine can induce irreversible changes in the structure of the
active layer, causing an increase in water flux and a reduction in salt
retention [37]. Nevertheless, further comprehensive research is needed
to ascertain whether the membrane properties were affected by the
excessive frequency of chemical cleaning or insufficient flushing
duration.

3.4. NOM removal

The efficacy of NOM removal using the dNF40 membrane was
examined in Table 10 through experiments conducted under varied
process conditions (Table 4) using both WPJ pre-treated and raw

10

Table 10

Feed concentration TOC and TOC removal based on concentrations measured in
feed and permeate stream during filtration with pre-treated and raw IJsselmeer
water.

Water type Feed concentration [mg/L  TOC removal
Cl [%]
Round Pre-treated 3.5 97
A IJsselmeer
Round B 3.6 96
Round C 3.6 92
Round 3.7 96
D
Round E 3.1 87
Round F  Raw IJsselmeer 5.8 +£0.31 95 + 0.01
Round 6.1 £0.31 95 + 0.65
G
Round 6.3 £ 0.15 92 + 0.13
H
Round I 6.5 £ 0.29 95 £+ 0.26
Round J 6.2 £ 0.16 93 + 0.26

IJsselmeer water. The quantification of NOM in water primarily relies on
measuring the total organic carbon (TOC). TOC removal was determined
by comparing concentrations measured in the feed and permeate.
Table 10 presents the feed concentration and TOC removal achieved by
the dNF40 membrane during each filtration round. The average TOC



M. Ophorst et al.

concentration in WPJ pre-treated IJsselmeer water was 3.5 mg/L C,
whereas in raw IJsselmeer water, it averaged 6.2 mg/L C.

The TOC removal consistently exceeded 87% across all water types
and process conditions. These consistently high removal percentages
indicate that variations in process conditions, such as recovery, flux, or
crossflow velocity did not significantly affect TOC removal. This robust
removal performance can be attributed to the fact that the pore size of
the dNF40 membrane is generally smaller than that of typical organic
compounds. Similar high TOC removal percentages have been reported
in the literature. For instance, Haddad et al. [38] demonstrated that
NOM removal using a bench-scale crossflow filtration setup equipped
with thin-film hollow fiber NF membranes with a molecular weight
cutoff (MWCO) of 200 Da, operated with synthetic water, consistently
exceeded 90%.

An LC-OCD analysis was conducted on round F to depict the fraction
of TOC removed by the membrane. TOC encompasses various fractions,
including acids, biopolymers (BP), building blocks (BB), hydrophobic
organic compounds (HOC), humic substances (HS), neutrals, and par-
ticulate organic matter (POC). Fig. 8 illustrates the NOM removal of TOC
fractions during filtration round F (using raw IJsselmeer water, 70%
recovery, 20 LMH flux, and 0.2 m/s crossflow velocity). It is noteworthy
that the removal of the acids and POC fractions was not analysed due to
their low concentrations in the feed stream (0 pg/L C and 10.5 pg/L C,
respectively).

Typically, NOM exhibits high molecular weights and a negative
charge, particularly within the pH range of natural waters. Conse-
quently, the removal mechanisms employed by hollow fiber NF mem-
branes to eliminate NOM fractions involve both size (steric) exclusion
and Donnan (charge) exclusion [38]. The characteristics of the various
fractions are outlined in Table 11.

The BP and HS fractions, with molecular weight values exceeding the
MWCO of the dNF40 membrane (400 Da), exhibited the highest removal
percentages: 99.4% and 97.8%, respectively. Conversely, BB fractions
and neutrals possess molecular weight values around or below the
MWCO of the dNF40 membrane. However, BB fractions, being nega-
tively charged, demonstrated a higher removal percentage compared to
neutrals, namely 96.1% for BB fractions and 88.7% for neutrals. This
trend aligns with the substantial retention observed for negatively
charged ions like SO%. Similar observations were reported by Meylan
et al. [39] and Owusu-Agyeman et al. [40], who found higher removal
percentages for BP, HS, and BB fractions compared to neutrals using NF
membranes. Furthermore, Meylan et al. [39] demonstrated that bench-
scale negatively charged NF membranes generally retain neutrals less
effectively than negatively charged compounds with comparable mo-
lecular weights (e.g., acids or BB fractions). The HOC fraction exhibited
the lowest removal percentage at 46.1% (Fig. 8). In LC-OCD analysis,
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Table 11

Properties of the fractions of NOM [38].
Fraction Hydrophobic or hydrophilic Charge MW [g/mol]
Acids N.A. - <350
Biopolymers Hydrophilic 0 >10.000
Building blocks Hydrophilic - 300-500
HOC Hydrophobic 0 N.A.
Humic substances Hydrophilic - 800-1000
Neutrals Hydrophilic 0 <350

HOC is calculated as the difference between DOC and the sum of BP, HH,
BB, acids, and neutrals. Due to its hydrophobic nature, the HOC fraction
tends to adsorb onto the column, resulting in inaccurate measurements
via LC-OCD analysis [41]. This could introduce uncertainties in the
removal percentage of HOC by the dNF40 membrane, as evidenced by
the high standard deviation between individual samples.

3.5. PFAS retention

The retention of PFAS with the dNF40 membrane was assessed in
Fig. 9 through experiments conducted using spiked WPJ pre-treated
IJsselmeer water at 70% recovery, 30 LMH flux, and 0.2 m/s cross-
flow velocity. The intended concentrations of PFAS in the spiked solu-
tion are outlined in Table 5. In Fig. 9, the purple bars represent PFAS
retention based on the background PFAS in WPJ pre-treated IJsselmeer
water, while the yellow bars depict PFAS retention based on the spiked
solution added to WPJ pre-treated IJsselmeer water. The background
PFAS compounds exhibited retention values ranging from 71% to 100%,
whereas the spiked PFAS compounds demonstrated retention values
ranging from 86% to 93%.

When interpreting the results, a clear distinction is made between the
four background PFAS bars and the four spiked PFAS bars. Size (steric)
exclusion emerges as the primary retention mechanism over Donnan
(charge) exclusion, particularly for high molecular weight PFAS com-
pounds [10,42]. Both background PFAS and spiked PFAS exhibited an
increase in retention values with rising molecular weight due to size
(steric) exclusion (Fig. 9), with the exception of PFNA, which showed a
slight decrease in retention value compared to PFOA. Similarly, an in-
crease in retention values with higher molecular weight was noted by
Liu et al. [43] using pilot-scale, spiral wound NF membranes, and by
Appleman et al. [44] using bench-scale, flat-sheet NF membranes.
However, the retention values for low molecular weight PFBA and PFBS
were relatively lower (<70%) compared to the aforementioned studies,
where retention values consistently exceeded 90% for all PFAS. This
variance can be attributed to the higher MWCO of the dNF40 membrane
(400 Da) compared to 180 Da for the membrane in Liu et al. [43] and
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Fig. 8. Fractions of NOM removal based on concentrations measured in feed stream and permeate stream during filtration with raw Ijsselmeer water at 70 % re-
covery, 20 LMH flux, and 0.2 m/s crossflow velocity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
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11



M. Ophorst et al.

100

Separation and Purification Technology 349 (2024) 127786

801

60 1
40 1
201
0

Removal [%]

PFBA PFBS  PFHxXA PFHpA PFHxS PFOA  PFNA  PFOS
[212]  [300]  [314] [364] [400]  [414] [464]  [500]

Fig. 9. PFAS retention based on concentrations measured in feed stream and permeate stream during filtration with spiked WPJ pre-treated IJsselmeer water. The
purple bars show PFAS retention based on background PFAS concentrations in pre-treated IJsselmeer water. The yellow bars show PFAS retention based on spiked
concentrations in pre-treated IJsselmeer water. The number in between the brackets is the molecular weight of the PFAS compound. The PFAS compounds are sorted
based on molecular weight. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

between 150—200 Da for the membrane in Appleman et al. [44].

The concentrations of background PFAS (including PFBA and PFBS)
measured in the permeate were below the detection limit; therefore,
these bars only indicate the minimum retention of these PFAS com-
pounds. Conversely, the spiked PFAS compounds demonstrated reten-
tion values above 80%, consistent with findings in the literature. Wang
et al. [10] demonstrated retention values above 80% for high molecular
weight PFAS compounds PFOA and PFOS using bench-scale negative
LbL hollow fiber NF membranes.

3.6. Pharmaceutical retention

The retention of pharmaceuticals using the dNF40 membrane was
assessed in Fig. 10 through experiments conducted with spiked WPJ pre-
treated IJsselmeer water under conditions of 70% recovery, 30 LMH

flux, and 0.2 m/s crossflow velocity. The target concentrations of
pharmaceuticals in the spiked solution are detailed in Table 5.

The retention of uncharged pharmaceuticals primarily occurs
through size (steric) exclusion, whereas for charged pharmaceuticals, it
involves a combination of size (steric) exclusion and Donnan (charge)
exclusion. Table 12 provides an overview of the chemical and physical
properties of the spiked pharmaceuticals. All pharmaceuticals tested
have molecular weights below the MWCO of the dNF40 membrane,
which is 400 Da. Therefore, establishing a direct relationship between
molecular weight and retention for a specific pharmaceutical is chal-
lenging. Notably, the compound pyrazol exhibited negative retention by
the membrane (Fig. 10). Given its neutral charge, pyrazol is retained
solely via size (steric) exclusion, with its small molecular weight
contributing to its limited retention by the dNF40 membrane.

The membrane exhibited better retention of negative
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Fig. 10. Pharmaceutical retention based on concentrations measured in feed stream and permeate stream during filtration with spiked pre-treated IJsselmeer water.
The symbol between the parentheses represent the charge of the pharmaceutical, in which — is negative, 0 is neutral and + is positive. The number between the
square brackets is the molecular weight of the pharmaceutical. The pharmaceuticals are sorted based on charge and within the charged groups based on molecu-
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Table 12
Chemical and physical properties of pharmaceuticals in the spiked solution. The
values were taken from Ebrahimzadeh et al. [44].

Name MW [g/mol] Charge
Pyrazol 68 0
Benzotriazole 119 0
Metformin 129 +
Gabapentin 171 0
Carbamazepine 236 0
Sulfamethoxazole 253 -
Metoprolol 267 +
Sotalol 273 +
Diclofenac 296 -

pharmaceuticals compared to neutral and positive ones. This phenom-
enon can be attributed to the negative terminal layer of the dNF40
membrane, which demonstrated typical Donnan (charge) exclusion
behavior, resulting in higher retention values for negative pharmaceu-
ticals. This is similar to the higher retention observed for SOZ. Similar
findings were reported by De Grooth et al. [8] using bench-scale hollow
fiber NF membranes with a negative charge terminal layer, further
supporting the notion of enhanced retention of negative pharmaceuti-
cals. Dagher et. al. [45] similarly investigated the retention behavior of
negatively charged and neutral pharmaceuticals using bench-scale hol-
low fiber NF membranes with a negative charge terminal layer. Their
research revealed that the membrane exhibited increased retention of
negatively charged pharmaceuticals, with retention values consistently
exceeding 80%. Additionally, in the research conducted by Dagher et.al.
[45], Neutral pharmaceuticals with molecular weights above 200 Da
demonstrated retention values exceeding 80%. Notably, similar to this
study, neutral compounds with molecular weights below 200 Da
exhibited retention values ranging between 4% and 80%.

3.7. Economic feasibility

A full-scale treatment plant incorporating 5 stages of dNF40 mem-
branes was designed utilizing the specifications outlined in Table 6 and
the raw IJsselmeer feed water quality (Table 2). Operational and capital
expenditures (OPEX and CAPEX) were projected for producing 15
million cubic meters of permeate annually at a recovery rate of 85%.
Each stage within the 5-stage system achieves a membrane recovery of
17.3%, cumulatively contributing to the system’s overall recovery of
85%. The quality of permeate water is optimal in the initial stage and
progressively deteriorates in subsequent stages. The concentration po-
larization factors intensifies as the ion concentration in the concentrate
increases with each stage. The dNF40 pilot setup mimics the final stage
within a full-scale dNF40 plant.

OPEX was determined by considering energy costs, chemical costs,
and membrane replacement costs, whereas CAPEX was derived from
equipment and installation costs [11]. Both OPEX and CAPEX were
computed in terms of €/m> of permeate water. Specifically, the OPEX for
the 5-stage full-scale dNF40 plant amounted to 0.08 €oprx/m> of
permeate water, while the CAPEX for the same plant configuration was
0.03 €CApEX/m3 of permeate water.

The OPEX per m® of permeate water was a factor three times higher
than the CAPEX per m® of permeate water. This discrepancy is due to the
continuous nature of OPEX requirements, in contrast to the one-time
occurrence of CAPEX at the commencement of a 20-year operational
period [11]. Although the CAPEX estimation excluded costs associated
with land acquisition, planning, and construction of buildings due to the
highly specific and variable nature of these factors, their inclusion would
likely elevate CAPEX, although still not surpassing OPEX [11]. A com-
parison of the OPEX and CAPEX with literature values for UF-RO costs
reveals that the OPEX for the dNF40 plant is more economically feasible
than that for UF and RO, while CAPEX shows comparable values. For
instance, Kehrein et al. [11] reported OPEX and CAPEX values of 0.33
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€opEX/m3 of permeate water and 0.03 €CApEX/m3 of permeate water for
RO, and 0.11 €oppx/m° of permeate water and 0.03 €capex/m° of
permeate water for UF. The higher OPEX for RO systems may be
attributed to the reduced membrane pore size, necessitating increased
chemical cleaning and energy expenditures.

Table 13 illustrates the breakdown of energy, chemical, and mem-
brane replacement costs as a percentage of the total OPEX for the full-
scale dNF40 plant. The primary cost component within the OPEX was
the membrane replacement cost, followed by energy cost, and chemical
cost.

4. Conclusion

Through a comprehensive one-year operational study, this pilot scale
dNF40 membrane system demonstrated robust performance across
various testing conditions, encompassing two distinct water matrices:
WPJ pre-treated IJsselmeer water and raw IJsselmeer water. The eval-
uation of membrane performance parameters such as permeability,
transmembrane pressure (TMP) and normalized pressure drop (NPD)
revealed stability throughout the testing periods, indicative limited to
no fouling impact during operation. Notably, slight variations in
permeability, TMP and NPD were observed within each operational
condition interval, largely attributed to corresponding temperature
fluctuations.

The findings highlight intriguing trends in membrane behavior.
Notably, an interesting discrepancy in permeability was observed be-
tween pre-treated and raw IJsselmeer water, with the former exhibiting
higher permeability, potentially attributable to thorough cleaning-in-
place (CIP) procedures. Moreover, alterations in process conditions —
namely recovery, flux and crossflow velocity — were as expected found to
influence ion retention, with recovery employing the most significant
impact on ion compound retention across both water types.

Despite variations in process conditions, the study consistently
demonstrated robust removal of natural organic matter (NOM), with
removal rates consistently exceeding 90% across all experimental
rounds. Similarly, the retention of per- and polyfluoroalkyl substances
(PFAS) exceeded 80%, exhibiting an increase with higher molecular
weight. However, the retention of pharmaceuticals in the spiked solu-
tion was modest, around 30%, primarily attributed to their low molec-
ular weight compared to the membrane’s molecular weight cutoff
(MWCO). Notably, negatively charged pharmaceuticals exhibited su-
perior retention compared to neutral and positively charged
counterparts.

The economic analysis underscores the viability of the dNF40
membrane technology, with operational expenditure (OPEX) being
threefold higher than capital expenditure (CAPEX). This discrepancy
can be attributed to the continuous nature of OPEX, with membrane
replacement emerging as the primary cost driver, followed by energy
and chemical costs. Importantly, the study suggest that NF technology
offers cost-effective solutions compared to ultrafiltration (UF) and
reverse osmosis (RO), particularly in terms of OPEX.

Overall, optimizing CIP protocols to mitigate permeability discrep-
ancies between pre-treated and raw IJsselmeer water matrices, refining
operational parameters to enhance ion retention and exploring
advanced membrane materials for improved pharmaceutical removal
are topics worthy of further investigation. Additionally, the study offers
valuable insights into the potential application of dNF40 membrane

Table 13
OPEX factor distribution as a percentage of the total OPEX
based on OPEX per m® permeate water.

Full-scale dNF40 plant

Energy 31.5%
Chemical 0.9 %
Membrane 67.6 %
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technology, particularly in high fouling potential water applications,
either as a direct purification step or as pre-treatment in combination
with additional adsorption methods like activated carbon. These rec-
ommendations pave the way for informed implementation and optimi-
zation of dNF40 membrane systems in water treatment applications.

In light of these findings, the study offers valuable insights and rec-
ommendations for future applications of dNF40 membrane technology.
The technology demonstrated robust performance, particularly suited
for high fouling potential water applications. Its exceptional perfor-
mance in fouling control, coupled with its acceptable retention of PFAS,
positions hollow fiber nanofiltration technology as a promising candi-
date for direct purification or even standalone application. Additionally,
it could be effectively employed as pre-treatment in combination with
additional adsorption methods such as activated carbon.
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