
Journal of Environmental Chemical Engineering 12 (2024) 112997

Available online 16 May 2024
2213-3437/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Navigating the balance between nanofiltration and oxidation to remove 
organic micropollutants from wastewater treatment plant effluent 

Hans David Wendt a, I. Sena Yaltur a,b, Dennis M. Reurink b, Clara Thege c, Kaspar 
Groot Kormelinck c, Joris de Grooth a,b,* 

a Membrane Science and Technology, P.O. Box 217, Enschede 7500 AE, the Netherlands 
b NX Filtration, Haaksbergerstraat 95, 7554 PA Hengelo, the Netherlands 
c Van Remmen UV Technology, Hooglandweg 3a, Wijhe 8131 TE, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Organic Micropollutants 
Hollow Fiber Nanofiltration 
Advanced Oxidation 
Specific Energy Consumption 
Molecular Weight Cut-Off 

A B S T R A C T   

The removal of organic micropollutants (OMPs) from wastewater treatment plant effluent is becoming more 
important due to the adverse effects of these compounds on the environment. To overcome the limitations of 
currently available technologies, this study proposes a combination of hollow fiber membrane filtration with 
advanced oxidation to remove OMPs. The possible synergy between these processes was investigated. The 
nanofiltration membrane ensures the removal of organic matter and thus an improvement of transmittance, after 
which oxidation with UV/H2O2 of the permeate can remove OMPs more effectively and at a significantly lower 
energy consumption than without a membrane. Six membranes were evaluated with a pure water permeability 
between 6.7 and 106 Lm− 2 h− 1 bar− 1 and a MgSO4 retention ranging from 0.93 to 0. The molecular weight cut- 
off (MWCO) varied from 250 Da to more than 10 kDa. The measured MWCO can depend strongly on the applied 
flux. The UV-transmittance of NF permeate of treated wastewater was investigated experimentally to be between 
97% and 50%. These values were used for an estimation of the specific energy consumption (SEC) for the 
membrane and the oxidation step, resulting in a combined SEC of 0.17–0.18 kWhm− 3 for 70 or 80% removal of 
OMPs, respectively. Remarkably, this lowest SEC was not found for the combination with the most dense 
membrane, but for a slightly more open membrane. The reported SEC is comparable to the total energy con
sumption required for ozonation and adsorption, while producing clean water with a double barrier, high 
transmittance and 70–80% removal of OMPs.   

1. Introduction 

The quality of important water resources is at risk. One of the con
cerns relates to the release of organic micropollutants (OMPs) to the 
aquatic environment. OMPs are small, often very persistent, water sol
uble, organic molecules, such as pharmaceuticals, personal care prod
ucts, and endocrine disrupting chemicals. These compounds enter 
wastewater through excretion from humans and animals, run-off, or 
direct discharge. Even when wastewater is treated, the removal of OMPs 
is limited [1–3]. The OMPs therefore remain in the effluent of waste
water treatment plants (WWTPs) and end up in the recipient, typically 
local surface water. There, OMPs can harm the environment [4,5], or 
subsequently end up in drinking water sources [3]. 

To prevent OMPs from entering surface waters, additional treatment 
is required. Processes based on adsorption, oxidation or filtration are 

most well-developed [1,6–8]. Adsorption is already used in full-scale 
plants [9], is typically based on activated carbon, and only transfers 
OMPs from the water phase to the solid phase; elimination occurs during 
the regeneration of the material, with a high carbon footprint and high 
energy costs. Oxidation processes are also already applied at large scales 
and break the OMPs down chemically. Advanced Oxidation Processes 
(AOPs), for instance with ozone or hydrogen peroxide, have the poten
tial to fully mineralize the OMPs into mainly H2O and CO2, but a notable 
risk in AOPs is the formation of unwanted metabolites. Finally, while 
filtration with relatively dense membranes as in reverse osmosis or 
nanofiltration (NF) is effective at separating OMPs from wastewater 
effluent into a concentrate, membranes do not eliminate OMPs. The 
OMPs in the concentrate still need further treatment to ensure a com
plete removal [10]. 

The described existing processes all have their drawbacks, but these 
limitations could be overcome by combining different technologies with 
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each other. Various combinations of oxidation processes and mem
branes have been reviewed by Titchou et al. [11]. A typical example is 
the application of ozonation on the concentrate of NF [12–14]. This can 
improve the degradation of OMPs, but since also bulk organic matter 
accumulates, which scavenges the oxidant, the reduction in oxidant 
dosage is limited [15]. Saquib et al. on the other hand treated permeate 
of an ultrafiltration membrane that was fed with surface water, with 
ozonation [16]. This yielded no significant improvement in removal 
efficiency for the single OMP investigated (atrazine). In this case, only 
one membrane was investigated, which might not have been adapted 
well for the application at hand. This approach can lead to combinations 
that are not optimized and do not utilize the full synergy between two 
technologies, which can lead to suboptimal energy consumption and 
OMP removal. 

The goal of this work is to investigate the synergetic potential of 
membrane filtration and advanced oxidation, in which both technolo
gies are adapted to each other. After typical biological treatment in a 
WWTP, the first step is the treatment of effluent with a hollow fiber NF 
membrane. This membrane should retain the majority of bulk organic 
matter that is still present in the treated wastewater, which absorbs UVC 
light. This aim is due to the sensitivity of AOPs to the composition of the 
water [15,17–20]. The main parameter that affects the efficiency is the 
interference from bulk organic compounds in the water matrix due to 
adsorption of the UVC light or the ozone. The obtained permeate should 
have a significantly increased UVC-transmittance, to ensure a lower 
energy consumption in the oxidation step. 

Instead of only combining two technologies, multiple membranes are 
investigated to find the most optimal combination with the oxidation 
process, with the goal of finding the lowest energy consumption. The 
ideal membrane for this process still has a high permeability, but should 
also retain compounds that decrease the UVC-transmittance. Hollow 
fiber membranes are specifically chosen to be investigated since signif
icant pre-treatment of the effluent is not required before filtration [21]. 
This is in contrast to spiral-wound membranes, which require 
pre-treatment with e.g. ultrafiltration membranes [22]. Only the 
permeate of the membrane will be considered; in practice, treatment of 
the concentrate will be necessary as well, and could potentially be done 
by recycling it back to the WWTP similar to Kappel et al. [23]. 

As already indicated, the main types of AOPs use UVC light and 

hydrogen peroxide or ozone [17]. Oxidation with ozone carries a risk for 
the formation of carcinogenic by-products, such as bromate and N-ni
trosamines [24–26]. The UV/H2O2 process also creates by-products in 
the form of metabolites, that may be toxic [27]. However, several tests 
show no effect, or a decreasing effect, on toxicity [28–30]. Furthermore, 
the formation of metabolites can be reduced by adapting the process 
conditions, e.g. UVC dosage [31]. Because of the smaller negative side 
effects, we propose to use UV/H2O2 over ozonation as oxidation step. 

With the positive effect of NF membranes on the transmittance of the 
water, the aim is to find a synergy between UV/H2O2 and NF mem
branes, potentially resulting in lower energy consumption for the 
treatment as a whole. The NF membrane should increase the trans
mittance of the water, leading to lower energy consumption for the 
oxidation step compared to not using a NF pre-treatment step. The en
ergy consumption of the NF step itself might then be lower than for 
dense NF membranes, typically envisaged to be used to remove OMPs in 
one step. This work specifically aims to find a point where both tech
nologies are well adapted to each other, leading to a lower energy 
consumption for both technologies combined compared to a single 
technology. Furthermore, with the treatment of the effluent by a double 
barrier process with NF and oxidation, the obtained product water is 
expected to have a high quality, leading to possibilities for reuse for 
irrigation purposes, process water, or potentially even drinking water 
quality. 

The goal of this work is to investigate the synergistic relation be
tween membrane apparent pore size and the subsequent AOP to come to 
a total solution with a lower specific energy consumption. Typical 
membrane characterization parameters are reported first, based on 
synthetic laboratory solutions, to obtain data on the membrane perfor
mance. Six different membranes are characterized for permeability, 
MgSO4 retention, and molecular weight cut-off (MWCO). All these ex
periments are performed at different pressures and corresponding 
fluxes, to be able to investigate the effect of flux on the characterization. 
After that, the performance of the membranes with effluent from a 
WWTP as feed is described. The transmittance of the permeate is 
determined at different recoveries or concentration factors, to determine 
suitable operation parameters. The obtained recovery and transmittance 
data are used in a specific energy consumption (SEC) analysis, where the 
energy consumption of both the membrane and the oxidation step are 
determined to obtain a removal of a mixture of OMPs of 70 or 80%. 
Based on the total SEC, the most promising membrane for this process is 
identified, and a comparison is made to other available technologies. 

2. Materials and methods 

2.1. Chemicals and materials 

Six different hollow fiber membranes were experimentally investi
gated. All membranes were kindly provided by NX Filtration B.V. 
(Enschede, The Netherlands). The most open (UF010) and most dense 
(dNF80) membrane are commercially available [32]. Four different 
membranes with a permeability between these two extremes have been 
prepared by coating polyelectrolyte multilayers (PEM) on the UF010 
membrane. The different membranes were prepared by coating an 
increasing amount of polyelectrolyte multilayers on the fibers, following 
the procedure from [33]. In all cases, the coating was terminated with a 
polyanion step in 0.05 M NaCl, rendering all membranes negatively 
charged. These four membranes will be referred to as M-1 (most open 
after UF010) up to M-4 (most dense after dNF80). 

MgSO4 ⋅ 7 H2O was obtained from Vivochem B.V. Diethylene glycol 
was obtained from Sigma-Aldrich, whereas all other PEGs were obtained 
from Merck. Effluent was obtained from the wastewater treatment plant 
of Glanerbrug, The Netherlands. Characteristics of the effluent are re
ported in Table S4. 

Nomenclature 

Glossary 
A Water permeability coeficient [Lm− 2 h− 1 bar− 1]. 
B Solute permeability coefficient [mh− 1]. 
D UVC dose D in Jm− 2. 
IUV UVC intensity in Wm− 2. 
Js Solute flux through the membrane [mol m− 2 h− 1]. 
Jw Water flux through the membrane [Lm− 2 h− 1]. 
Rint Intrinsic retention [-]. 
Robs Observed retention [-]. 
S Recovery [-]. 
ϕv,f Volumetric flow rate of feed stream [m3 h− 1]. 
ϕv,p Volumetric flow rate of permeate stream [m3 h− 1]. 
cb Concentration in the bulk of the membrane feed stream 

[mol/m3]. 
cf,t=0 Concentration of the feed stream at the start of the 

experiment [mol/m3]. 
cf Concentration of the feed stream [mol m− 3]. 
cm Concentration at the membrane interface [mol m− 3]. 
cp Concentration of the permeate stream [mol m− 3]. 
k Mass transfer coefficient [ms− 1]. 
tE Exposure time to UVC dose in s.  
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2.2. Membrane characterisation 

The membranes were always operated in inside-out crossflow 
configuration. The permeability, MgSO4 retention (at 5 mM), and 
MWCO of the membranes were determined with a crossflow set-up, 
using 10–12 modules of 10–15 cm in length with 3 fibers per module 
(see Figure S1). The permeate was obtained for analysis, while the 
concentrate was returned to the feed vessel of 5 L. The setup includes 
pressure sensors, temperature sensors and flow sensors to measure the 
required process parameters. A cross-flow velocity of 0.5 ms− 1 was used 
throughout the experiments. The pure water permeability and MgSO4 
retention experiments were performed at room temperature. Perme
ability values were normalized to 20 ∘C by accounting for the change in 
viscosity. Pure water permeability was measured using ultrapure water 
(conductivity of 5 μS cm− 1) at transmembrane pressures ranging from 
0.5 to 5 bar. The observed retention (Robs) was calculated with Equation 
(1), where concentration was determined based on conductivity. 

Robs = 1 −
cp

cf
(1) 

To determine the MWCO, two different mixtures have been used 
with 1 gL− 1 of different molecular weights of polyethylene glycol (PEG). 
The two mixtures were used to be able to distinguish the different peaks 
of different PEG molecular weights in a GPC assay. Mixture A includes 
diethylene glycol and PEG with a molecular weight of 400 Da, 1 kDa, 
4 kDa, 10 kDa and 35 kDa. Mixture B includes PEG with a molecular 
weight of 200 Da, 600 Da, 2 kDa, 6 kDa and 20 kDa. The MWCO ex
periments are performed at room temperature. The membranes were 
operated at such transmembrane pressures that the flux of all the 
membranes was in a range of 10–60 Lm− 2h− 1. 

Samples of 6 of the original 12 modules per membrane type were 
selected randomly for gel permeation chromatography (GPC) analysis. 
Signals were corrected for the baseline of the eluent (25 mg/L of NaN3), 
which interfered around a molecular weight of 10 kDa. The analysis is 
done with a size exclusion column (two Polymer Standards Service 
Suprema 8 × 300 mm columns in series: 1000 Å, 10 μm and 30 Å, 10 
μm). The eluent is 50 mgL− 1 of NaN3 in water at a flow rate of 
1 mL min− 1. The observed retention of the compounds is again deter
mined with Equation (1), with a linear relationship between the 
refractive index signal and concentration. 

For the interpretation of the results, it is important to distinguish 
between the observed and the intrinsic retention. The observed reten
tion is not always similar to the intrinsic retention as defined by Equa
tion (2), because of concentration polarization taking place in the 
boundary layer close to the membrane. To explain this, the same manner 
is used as by Platt et al. [34]: 

Rint = 1 −
cp

cm
(2) 

Using the film model, the concentrations in the boundary layer can 
be calculated with Equation (3): 

cm − cp

cb − cp
= exp

(
Jw

k

)

(3) 

By substituting Equation (2) into Equation (3), one obtains a quan
tification of the concentration polarisation (CP) modulus as in Equation 
(4): 

cm

cb
=

exp
(

Jw
k

)

Rint +

[

1 − Rintexp
(

Jw
k

)] (4) 

If the intrinsic retention approaches 1, Equation (4) reduces to 
Equation (5). 

cm

cb
= exp

(
Jw

k

)

(5) 

Using the intrinsic retention and the permeability, one can define the 
water permeability parameter coefficient A and the solute permeability 
coefficient B for dense membranes [35], as shown in Equations (6)-(7): 

Jw = A(ΔP − Δπ) (6)  

Js = B(cm − cp) (7) 

The MWCO is defined in this work as the point where the observed 
retention equals 0.9. 

2.3. Membrane tests with effluent for UVC-transmittance and LC-OCD 

The experiments with effluent were performed with larger-scale 
modules of the same six different membrane types, with around 120 
fibers per module and a module length of approximately 30 cm (see 
Figure S1). This yields, depending on the exact length between potting, a 
membrane area of 0.05–0.06 m2 per module. The experiments are per
formed with a Mexplorer setup, obtained from NX Filtration B.V. 
(Enschede, the Netherlands), containing a feed pump with frequency 
controller, a flow meter to check crossflow velocity and a concentrate 
needle valve to control the transmembrane pressure. The flux varied 
from 30 Lm− 2h− 1 LMH for the dNF80 membrane to 60 Lm− 2h− 1 for 
UF010. A consistent crossflow velocity of 0.5 m/s was used. The system 
was recirculated with effluent for 1 h to stabilize. After that, the 
permeate was continuously discharged, leading to an increase in re
covery over time. Recovery in the batch experiments is calculated as Vp/ 
Vf,0. Conductivity and UVC transmittance at 254 nm (UVT254) of the 
feed and permeate were determined at recoveries of 0, 0.3, 0.5, 0.8, and 
0.9. Conductivity was determined with a Hanna Instruments HI99300 
portable conductivity meter with probe HI763063, and UVT254 with a 
RealTech P200 portable transmittance analyzer. Samples for Liquid 
Chromatography - Organic Carbon Detection (LC-OCD) were taken at 
the start of the experiment and at a recovery of 0.8. The temperature 
ranged from 6 to 28 ∘C during the experiments, since the solutions were 
taken from the fridge and heated by the pump during experiments. 
Permeability values were normalized to 20 ∘C by accounting for the 
change in viscosity. After each experiment, the set-up and membrane 
module were cleaned with a 200 ppm NaOCl solution at pH 11. 

LC-OCD experiments were performed to determine which fractions 
of organic matter were retained by the different membranes used. After 
running the sample through a size exclusion column, the OCD can detect 
components that are UVC-inactive and with that, quantify the different 
TOC-fractions as biopolymers, humic substances, building blocks, low 
molecular-weight acids, low molecular-weight neutrals, and hydro
phobic organic carbon [36,37]. The samples were sent to ’Het Water
laboratorium’ in Haarlem, the Netherlands for analysis. The passage of 
different fractions was calculated with Equation (8). 

Passage =
cp

cf,t=0
(8)  

3. Calculations 

The experiments in this work are combined with calculations for a 
Specific Energy Consumption (SEC) analysis for both the membrane and 
oxidation step. These calculations are explained below. 

3.1. Membrane 

A realistic base case scenario is assumed with all membrane modules 
in parallel in one stage, at a crossflow velocity of 0.3 m/s. The crossflow 
velocity is maintained by recirculating part of the concentrate to the 
feed of the membranes in the so-called feed & bleed mode. The 
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experiments were performed at a crossflow velocity of 0.5 ms− 1, but 
0.3 ms− 1 is chosen here because this is a more realistic value for full- 
scale operation. The permeability of the different membranes is 
assumed to be independent of recovery. In the calculations, the lowest 
permeability value during the effluent experiments is taken. A suitable 
operating flux is determined based on the permeability of the membrane 
assuming an operating temperature of 20 ∘C, leading to a trans
membrane pressure of the membranes of approximately 2 bar for all 
cases. The permeability and flux numbers used for the calculations can 
be found in Table S1. 

The pressure drop is calculated with the Darcy-Weisbach equation in 
a module of 1.5 m, with an inner fiber diameter of 0.7 mm and the 
density of pure water. To make sure that the average transmembrane 
pressure equals the feed pressure, half of the pressure drop is added to 
determine the power of the feed pump. The permeate flow rate is the 
same for all membrane types, whereas the feed flow rate in the contin
uous process depends on the recovery (S), as depicted in Equation (9). 
To make sure the desired crossflow velocity is achieved, the power of a 
recirculation pump is determined by calculating the recirculation flow 
and assuming the pressure drop needs to be overcome. Pump and motor 
efficiency are taken into account and estimated to be both 90%, based on 
elementary design principles for centrifugal pumps [38], leading to a 
total efficiency of 81%. The corresponding flow sheet and equations can 
be found in S1. 

ϕv,f =
ϕv,p

S
(9)  

3.2. Oxidation 

The most important factors to determine the energy consumption of 
the UV/H2O2 system are the UVC-transmittance at 254 nm and the 
targeted removal efficiency. First, the relevance of UVC-transmittance as 
main model parameter are discussed. After that, the UVC-transmittance 
is linked with a UVC dose for the required OMP removal. 

3.2.1. Relevance of UVC-transmittance 
The relevance of UVC-transmittance in the model is twofold: UVC- 

transmittance directly affects the application of the UVC dose, and it 
acts as an indicator of hydroxyl radical scavenging behavior [39,40]. 
The UVC dose D in Jm− 2 is built up by the UVC intensity IUV in Wm− 2 

and the exposure time tE in s, as shown in Equation (10) [41]. 

D = IUV⋅tE (10) 

The UVC intensity is affected by the UVC output of the UVC lamp(s), 
the thickness of the water layer, and the composition of the water 
measured as UVC-transmittance. The exposure time is affected by the 
flow management design of the UVC reactor and the flow rate [41,42]. 
Regardless of the UVC reactor, per finalized UVC reactor design, only the 
UVC-transmittance (part of IUV in Equation (10)) is unknown as the 
others are fixed constants. 

The UVC-transmittance is determined by the composition of the 
water, meaning all organic and inorganic compounds and ions in the 
water matrix that absorb UVC light. Higher absorbance reduces the 
UVC-transmittance which overall lowers the final UVC light intensity, 
leading to a required increase of the exposure time for an equal UVC 
dose, resulting in a lower flow rate and higher energy consumption. 

The largest contributor to a decrease in UVC-transmittance is an 
increase in the dissolved organic carbon (DOC) or total organic carbon 
(TOC) content of the water [19,43]. The relationship between DOC or 
TOC and UVC-transmittance is well known [19]. UVC-transmittance can 
be used to identify composition as well, as it has a strong correlation 
with the aromaticity content [44]. The real relationship between the 
UVC-transmittance and the DOC or TOC is unique to each water [19] but 
typically has an absorbance of 80–350 mol L− 1 cm− 1 [43]. 

Besides organic compounds, inorganic compounds present in the 

water also have an effect on the UVC-transmittance. Iron can be present, 
especially when iron is dosed in an upstream process in the WWTP. It is 
known to contribute to UVC absorbance, where ferric and ferrous iron 
have an absorbance of 3069 and 466 mol L− 1 cm− 1, respectively [43]. 
Iron containing compounds are also known to interfere with UVC based 
DOC and/or TOC measurements [19,45]. Other inorganic compounds 
common in wastewater such as nitrate, hypochlorite, and zinc ions have 
a smaller absorbance in comparison, 1.7–29.5 mol L− 1 cm− 1 [43]. 

Well-known hydroxyl radical scavengers are hydrogen peroxide or 
hydrogen peroxide ion, carbonate or bicarbonate, phosphate, nitrite 
ions, bromide ions, and DOC [46]. Other compounds that have a nega
tive impact on the UV/H2O2 process and can be inferred as having a 
scavenging effect are cations, such as sodium, calcium, magnesium, and 
copper [39]. Among these scavengers, several show UVC-light absor
bance of 18–230 mol L− 1 cm− 1 [40,43,47–49]. The actual significance 
of the effect on the UVC-transmittance is a question of abundance, as 
seen with DOC or TOC [43]. The hydroxyl scavengers can thus be 
assumed to be partially compensated for by the UVC-transmittance, 
which adds to the relevance of the UVC-transmittance as main param
eter in the model. 

pH can also affect the hydroxyl radical formation and the effective
ness of the formed radicals [39] or affect the absorbance [50,51]. 
However, the UV/H2O2 process has shown to be successful in the pH 
range of 5–9 with a preference for pH< 7 [39,52,53]. Typically, the pH 
of wastewater effluent is regulated in a relatively small window, be
tween 6.5 and 8.5 [43]. The pH can thus be assumed to either be irrel
evant or to be partially compensated for by the UVC-transmittance. 

It should be noted that not all compounds and ions that absorb UVC 
light lead to a reduction in treatment effectiveness and increase in en
ergy consumption. For instance, due to a photocatalytic effect of target 
OMPs or interactions between the UV/H2O2 process and the presence of 
Fe2+ or Fe3+ iron, more hydroxyl ions are generated [46,54]. Carbonate 
and phosphate have also shown to aid in the degradation by the gen
eration of secondary radicals [55]. On the other hand, more difficult to 
oxidize OMPs can increase the energy consumption also at higher 
UVC-transmittance. 

Overall, the UVC-transmittance captures many contaminants and is a 
good measure to predict energy consumption in UV/H2O2 oxidation for 
indicative purposes. It is useful to compare the different membrane 
permeates in this study, and can give a good estimate for other water 
matrices, if their characteristics are similar to the matrices that are used 
for the model. The values for UVC-transmittance of the permeate, and 
thus of the feed of the UV/H2O2 system, are taken from the membrane 
experiments with effluent of this work. 

3.2.2. UVC dose determination 
To accurately analyze the energy consumption of the oxidation part 

at the targeted 70 and 80% average OMP removal in different trans
mittance scenarios, the UVC dose required for this removal efficiency 
needs to be determined. That UVC dose together with the transmittance 
dictates the capacity of UVC reactor with known energy consumption. 
Both 70 and 80% removal efficiency are considered in this work, since 
the current goals of several countries for final removal are in this range 
[56,57]. It is assumed that the membranes do not remove any OMPs, 
although it is known that e.g. the dNF80 membrane can partly retain 
OMPs [58]. However, this assumption makes the calculations a 
worst-case scenario in which the oxidation has to remove all OMPs, 
combined with the fact that the effective removal of the membrane 
might be relatively low if the concentrate is recirculated to the WWTP 
due to accumulation there. 

Four studies with a total of 64 OMPs, focused on pharmaceuticals 
and other medicinal residues, were reviewed at UVC transmittance 
levels ranging from 50% to 95%. These studies were selected because all 
of them are performed on real water matrices, and all except [28] with 
similar Van Remmen Advanox™ UVC reactors. In the interest of 
reducing the effect of potential outliers, overlapping OMPs were 
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reviewed, representative of the larger population of OMPs. Among the 
64 OMPs, 18 overlapped in two or more studies [28,29,31,59]. UVC and 
hydrogen peroxide doses were compared and interpolated for all of 
these compounds. The approach is shown below for an excerpt of five 
OMPs, with in Table 1 the removal for different values of transmittance, 
H2O2 dose and UVC dose based on literature. The UVC reactor geometry 
used in [28] was used to determine the approximate average UVC dose 
in that work, as the reported UVC dose only accounted for the minimum 
UVC dose. For the other references, the average UVC dose was directly 
taken. 

Based on the data of Table 1 and the fits shown in Figure S4, the 
average UVC and H2O2 doses required for 70% removal for the 5 excerpt 
compounds are < 12000 Jm− 2 at 50% UVC transmittance with 30 
mgL− 1 H2O2 [28]; 5566 Jm− 2 at 60% UVC transmittance with 22 mgL− 1 

H2O2 [29]; 5000 Jm− 2 at 70 % UVC transmittance with 25 mgL− 1 H2O2 
[59]; and 690 Jm− 2 at 95% UVC transmittance with 10 mgL− 1 H2O2 
[31]. For 80% removal, this changes slightly to > 12000 Jm− 2 at 50% 
UVC transmittance with 30 mgL− 1 H2O2 [28]; 7899 Jm− 2 at 60% UVC 
transmittance with 22 mgL− 1 H2O2 [29]; 5000 Jm− 2 at 70% UVC 
transmittance with 33 mgL− 1 H2O2 [59]; and 1641 Jm− 2 at 95% UVC 
transmittance with 10 mgL− 1 H2O2 [31]. 

In the review of all 64 compounds, the same comparison was made 
for different UVC and H2O2 doses. A minimal difference was found in 
removal efficiency compared to UVC and H2O2 dose setting between the 
analysis of all 64 compounds, or the 18 overlapping compounds, with a 
maximum of 5% deviation. As this study uses no specific target com
pounds, further calculations are simplified by using the results from the 
analysis of all 64 compounds. These values, together with respective 
standard deviations based on spread in removal efficiency, can be found 
in Table 2 and are fitted in Figure S5. In all cases, the UVC dose and H2O2 
dose deviation were within a deviation of less than 20%. Furthermore, 
the values are very similar to the excerpt results with only five 
compounds. 

3.2.3. UVC reactor capacity 
In determining the capacity of a UVC reactor, it is assumed that a Van 

Remmen Advanox™ Flow UVC reactor, using low-pressure UVC lamps, 
is used. Characteristics of this reactor are given in section S1. This 
reactor is designed based on previous research [60] specifically for AOP 
with UV/H2O2 with a focus on dose distribution and flow management. 
Computational Fluid Dynamics (CFD) calculations supported by kinetic 
modeling [61] were used to determine the capacity of the Advanox Flow 
UVC reactor at several transmittance values. A mathematical light field 
analysis combined with the CFD data was used to determine the reactor 
capacity and UVC dose at any given transmittance. 

Due to the inversely proportional relationship between exposure 
time and UVC dose, only one UVC dose and capacity combination per 
transmittance point is required for conversions to different UVC doses or 
flows, within the constraints of the minimum and maximum design UVC 
dose of the system. For example, if at a UVC-transmittance of 60%, the 
light field and CFD calculations gave a flow of 150 m− 3 h− 1 for a UVC 
dose of 5000 Jm− 2. Doubling the flow through the reactor reduces the 
UVC dose by a factor of two and vice versa: at the same transmittance, 

300 m− 3 h− 1 gives 2500 Jm− 2 and 75 m− 3 h− 1 gives 10000 Jm− 2, 
respectively. The same relationship between UVC dose and flow is true 
regardless of transmittance. The CFD calculations are run several times 
per transmittance point with variations in flow to account for flow 
management deviations. Reactors designed through this method, 
including Advanox Flow, have been piloted on-site [31] and capacities 
confirmed to match the modeling. 

Figure S6 shows the capacity of the UVC reactor at the UVC doses 
required for 70 and 80% average OMP removal. For this configuration of 
doses, the hydraulic maximum per reactor (800 m− 3 h− 1) is met around 
90% transmittance. The SEC assumes a flow perfect for the UVC dose, 
meaning no arbitrary flow was set for the calculation. In a real-life 
scenario, the number of reactors would need to be rounded up. The 
SEC of the oxidation step can be calculated by dividing the power sup
plied to a reactor with the reactor capacity and is shown in Fig. 1. 

4. Experimental results & discussion 

In this section, the characterization of the different membranes is 
described first, showing their different levels of water permeability and 
solute retention capabilities. Next, the results of using these membranes 
to treat effluent of a wastewater treatment plant are described. 

4.1. Pure water permeability 

The aim of this work is to test membranes with different levels of 
permeability and adapt them to the oxidation process. This difference is 
well reflected in the pure water permeability, which is depicted in  
Table 3. The results of the pure water flux versus, which form the basis of 
Table 3, are presented in Figure S7. The results are in line with expec
tations and show that a relatively broad range of permeability is ob
tained, with all membranes having substantially different permeability. 

4.2. MgSO4 retention 

The retention of the different membranes for 5 mM MgSO4 is shown 
as a function of flux in Fig. 2, and as a function of pressure in Figure S8. 
The order of retention follows the order that could be expected based on 
the data for permeability, with hardly any retention for the membranes 
with high permeability and a high retention of up to 0.93 for the densest 
membrane used (dNF80) at a pressure of 4 bar and a flux of 31 Lm− 2h− 1. 
The biggest difference in retention is obtained between membranes M-3 
and M-4. 

The data also shows that the retention of the two most dense mem
branes (dNF80 and M-4) increases with flux, as can be expected for 
dense membranes based on the solution-diffusion model described in 
Equations (6)-(7). The equations imply that a higher transmembrane 
pressure (TMP) leads to a higher water flux, but at low CP moduli 
(Equation (4)) the solute flux is not affected by the higher flux. This 
results in higher retention. The four other, more open membranes do not 
show a clear increase or decrease in retention for the range of flux 
measured. 

Table 1 
Excerpt of removal efficiency data for five compounds at different UVC transmittance levels at constant H2O2 concentrations and different UVC doses.  

UVT254 [%] 50 [28] 60 [29] 70 [59] 95 [31] 

H2O2 dose [mg/L] 30 22 20 40 10 

UVC dose [Jm− 2] 12000 3000 10000 5000 7300 4870 3650 

Carbamazepine  75%  54%  91%  62%  88%  95%  90%  88% 
Hydrochlorothiazide  86%  54%  92%  61%  85%       
Metoprolol  75%  56%  67%  66%  90%  98%  90%  85% 
Naproxen  100%  77%  100%      98%  98%  95% 
Ibuprofen  77%  52%  95%  66%  94%       
Average  78%  59%  89%  64%  89%  97%  93%  89%  
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4.3. Molecular weight cut-off 

Typically, the MWCO is reported as one single number for a certain 
membrane and defined for a model compound that has a retention of 
0.9. However, as explained earlier, the retention of a solute depends on 
the applied process conditions, and as such the apparent MWCO will 
depend on process conditions or used concentrations of solutes [62–64]. 
This section provides an investigation of the dependence of the MWCO 
on the flux. This more in-depth analysis of the separation characteristics 
or MWCO at different fluxes is relevant for this work since membranes 
with substantially different permeability are used. These will be oper
ated at different fluxes in applications, which can lead to different 
results. 

To be able to separate the individual PEG peaks in the GPC analysis, 
two different mixtures have been prepared. The results with the final 
determination of the MWCO for one of the mixtures are presented in  
Fig. 3. The other mixture can be found in Figure S9. Due to variations in 
flux between mixtures A and B at the same applied pressure, it is not 

possible to combine measurement points at the same pressure into a 
single molecular weight per flux value. The same trends can be deduced 
from both mixtures and will be explained below, based on mixture B. 

In Fig. 3, it can be seen that the observed MWCO is indeed dependent 
on the process conditions. For the two most open and two most dense 
membranes, the MWCO strongly depends on flux. The two most open 
membranes show a strong increase in MWCO with an increase in flux. 
This means that the retention for the PEGs that are relevant for the 
MWCO decreases with increasing flux. This can be attributed to the 
concentration polarization in the boundary layer. Since the definition of 
MWCO used is at a relatively high retention of 0.9, the simplified 
expression as presented in Equation (5) can be used for further expla
nation. If the flux is increased substantially, this equation shows that the 
CP modulus increases as well for a similar mass transfer coefficient. 

The more open membranes have a relatively high MWCO. At this 
higher molecular weight range, the CP modulus is higher, due to the 
lower diffusion coefficient for a higher molecular weight solute. As the 
calculations in Table S2 show, the CP modulus is 1.9 at the lowest flux 
reported for UF010 (18 Lm− 2h− 1) with a diffusion coefficient estimated 
at the MWCO (7.8 kDa). This increases to a CP modulus of 2.5 for the 
highest flux reported for UF010 (41 Lm− 2h− 1 and MWCO of 12.6 kDa). 
These calculations do not take into account the formation of a fouling 
layer of the PEGs at the membrane surface, which can lead to a lower 
diffusion coefficient of the PEG close to the membrane, increasing the CP 
modulus further. The fouling layer is evidenced by a clear decrease in 
permeability when the measurements are performed with PEGs instead 
of MgSO4, with lower fluxes at equal TMP (data not shown). 

The effects described above lead to a much lower observed retention, 
and thus to a higher observed MWCO. Apart from the theoretical 
explanation, it is also again illustrated that the thin PEM on M-1 does not 
increase the capability to retain compounds compared to the support 

Table 2 
Overview of results for UVC dose and H2O2 dose for different scenarios based on investigating all 70 OMPs. The standard deviation in the calculated values indicates a 
compound-specific spread in removal efficiency.  

UVT254 [%] Case UVC dose [Jm− 2] H2O2 dose [mg/L] References   

70% removal 80% removal 70% removal 80% removal   

50 Treated wastewater 10054 ± 2011 11363 ± 2273 29.0 ± 5.8 36.6 ± 7.3 [28]  
60 Treated wastewater, post sand filter 7274 ± 1018 8858 ± 1240 21.2 ± 3.0 27.8 ± 3.9 [29]  
70 Treated wastewater, optimized biology 5533 ± 332 6905 ± 414 16.3 ± 1.0 21.1 ± 1.3 [59]  
95 Raw drinking water, pre final polishing 3218 ± 451 3704 ± 519 9.6 ± 1.3 10.6 ± 1.5 [31]  

Fig. 1. Specific energy consumption of the oxidation step based on 
transmittance. 

Table 3 
Pure water permeability (PWP) of the different membranes 
with standard deviation of 12 modules at 5 different 
pressures.  

Membrane PWP [Lm− 2 h− 1 bar− 1] 

UF010 106 ± 13 
M-1 67.0 ± 3.4 
M-2 35.1 ± 3.9 
M-3 25.3 ± 3.5 
M-4 15.5 ± 1.4 
dNF80 6.7 ± 1.7  

Fig. 2. Retention versus water flux plot for MgSO4. Lines are for visualization 
purposes only. Error bars indicate the standard error of 12 modules. 
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material UF010, just as with the MgSO4 retention. Given the lower 
permeability of M-1 compared to UF010, UF010 would be preferred for 
virtually any application. 

The MWCO of membranes M-2 and M-3 is reasonably stable over the 
range of flux measured, whereas the two most dense membranes show a 
decreasing MWCO with an increase in flux. In other words, the retention 
of the membranes increases with flux. This corresponds with the 
solution-diffusion model, as explained already for the retention of 
MgSO4. The impact of concentration polarization, as discussed for the 
more open membranes, is not as pronounced for the dense membranes, 
due to the smaller molecular weight of the relevant PEG compounds for 
the MWCO and their correspondingly higher diffusion coefficients. 
Correspondingly, CP moduli for the dNF80 membrane were calculated 
to range from 1.1 to 1.9 in the relevant range for the MWCO, as shown in 
Table S2. The dNF80 membrane shows a decrease in MWCO with an 
increase in flux to a smaller extent, which might be attributed to the fact 
that the largest effect is visible at even lower fluxes than measured. 
Furthermore, the MWCO of the dNF80 membrane is in all cases below 
400 Da. Based on literature with PEM membranes with a similar MWCO 

and their effective pore size of 0.3–0.5 nm, the pore size of the dNF80 
membrane is expected to be well below 1 nm [65]. The fact that the M-2 
and M-3 membrane show a stable MWCO might be caused by a balance 
between the beneficial effect of a higher flux for retention, and the in
crease in CP modulus. 

The above-mentioned observations have implications for operation 
in full-scale applications for the desired fluxes. Within reasonable limits, 
an open membrane is preferably operated at rather high fluxes, 50 
Lm− 2h− 1 or higher, but this data shows that the MWCO can vary more 
than a factor two between a flux of 50 and a flux of 15 Lm− 2h− 1, thus 
retaining fewer compounds at higher flux. For the dense membranes, the 
implications are less impactful, since such membranes typically are 
operated at fluxes of at least 20 Lm− 2h− 1, at which the MWCO is already 
close to a stable value at the measured conditions. 

The MWCO is an extract of the results for the retention of PEG- 
molecules with a range of molecular weights. An example of more 
detailed results can be seen in Fig. 4 for the UF010 membrane. It can be 
seen that for PEG with a relatively low molecular weight, e.g. 400 Da 
and 1 kDa in this case, the retention slightly increases with flux. How
ever, the bigger molecules, such as the PEG with molecular weights 6 
and 35 kDa, follow a different pattern and show a decrease in retention 
as flux increases. The intermediate PEG displayed here, with a molecular 
weight of 2 kDa, seems to show an increase at first, but then a decrease 
in retention with flux, showing both of the behaviors described before. 
These results support the previous discussion on the effect of the mo
lecular weight and the corresponding diffusion coefficient in the 
boundary layer, leading to significant (larger molecules at higher flux) 
or insignificant (smaller molecules at lower flux) concentration 
polarization. 

4.4. Membrane performance with effluent 

The key question in this research is the ability of the membranes to 
retain components that have a negative effect on the permeate trans
mittance, to decrease the specific energy consumption of the subsequent 
oxidation step. Based on the insights from the six different membranes of 
this study, the economic analysis can be performed in the next section. 
The membranes that were used for effluent tests were from another 
batch than the results described so far and contained more and longer 
fibers. MgSO4 retention and permeability showed comparable results to 
the results shown before, as can be seen in Table S3 and Figure S10. 

Fig. 3. Flux dependence of molecular weight cut-off for the six membranes 
used in this study for mixture 2 (A), focused on the two most dense membranes 
(B). Error bars indicate the standard error of typically six modules. 

Fig. 4. Retention versus flux analysis with different sizes of solutes for the 
UF010 membrane. Error bars indicate the standard error of typically 
six modules. 
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The transmittance of both the feed and the permeate is shown in  
Fig. 5. It can be seen that the permeate transmittance is in accordance 
with the results of permeability, MgSO4 retention, and MWCO. The 
dNF80 membrane ensures the highest permeate transmittance, and 
UF010 the lowest. Even more, the initial feed for UF010 possessed the 
highest transmittance, but still the transmittance of the permeate at the 
start of the experiment is the lowest value measured. It also appears that 
the transmittance of the M-1 is not substantially higher than for the 
UF010 membrane. Combined with the lower permeability of M-1 
compared to UF010 and the very similar MWCO, this means that the M-1 
membrane is not very attractive to use compared to the UF010 mem
brane in the envisaged process. This might be attributed to defects in the 
selective layer of M-1 that can be present, due to the lowest number of 
applied PEMs in this study. Finally, Fig. 5 shows that the permeate 
transmittance decreases as the recovery increases, which is expected due 
to the decreasing feed transmittance. 

Relating back to the results for the MWCO, it is interesting to see that 
the permeate transmittance for membrane M-3 is clearly higher than 
that for M-2, even though the feed of M-3 has the lowest transmittance of 
all experiments, and even though the flux for these two membranes was 
very similar. In the MWCO results, there was hardly any difference 
visible between M-2 and M-3. This shows that only measuring the 
MWCO gives limited insight into the performance of different mem
branes for real applications, or at least in this case for the transmittance 
of the permeate. However, based on the current results, it appears that 
promising membranes to significantly improve the permeate trans
mittance might be found in a range below 2000 Da, and that a much 
higher MWCO (4000 Da or higher) seems not to be able to do this. The 
range between 2000 Da and 4000 Da is more dependent on flux and the 
limitations of the MWCO, both effects described before. In all these 
comparisons, the flux is a relevant parameter. The flux for the experi
ments was close to 60 Lm− 2h− 1 for UF010 and M-1, close to 40 Lm− 2h− 1 

for M-2, M-3 and M-4, and close to 30 Lm− 2h− 1 for dNF80. This means 
that UF010 and M-1 were operated at a flux with a relatively low MWCO 
and therefore suboptimal separation properties, whereas the other 
membranes were measured at their stable or optimal range of flux, ac
cording to the MWCO data. 

The results of the LC-OCD analysis confirm the findings on the 
MWCO and the transmittance. The passage of Total Organic Carbon 
(TOC) is shown in Fig. 6. There is a clear decrease in the passage of TOC 
with denser membranes, with the most significant decrease between M-3 
and M-4. Furthermore, there is hardly a difference in TOC passage 

between the UF010 and M-1 membranes. It also is clear that the TOC 
passage is higher at a reasonable recovery (80% in this case) compared 
to the TOC passage at the start of the experiment. This is due to the 
continuous increase of the feed concentration during these tests. This 
shows that an overestimation of membrane performance can happen at 
low recovery in lab settings. All of these findings correspond with the 
results for the UVC-transmittance. 

In the LC-OCD analysis, the TOC is separated into different fractions, 
as can be seen in Table S5. The analysis shows that the humic substances 
are the largest fraction of the feed, ranging between 62% and 67%. The 
passage of humic substances follows the same pattern as the TOC. The 
humic substances are not detectable anymore in the permeate of the 
dNF80 membrane, independent of the recovery in this study. The only 
TOC still found in the permeate of the dNF80 are smaller organic mol
ecules with a molecular weight below 500 g mol− 1. However, they still 
only have a passage of 20%. These results are in line with the expecta
tions based on the MWCO results, and comparable to values for NF 
membranes reported in literature [66]. 

4.5. Specific energy consumption analysis 

The obtained results from the experiments are translated into a 
prediction of the specific energy consumption (SEC) of the full process to 
be able to remove 70 or 80% of the OMPs with the oxidation step. The 

Fig. 5. UVC transmittance of the permeate for all membranes with effluent 
with a transmittance between 30% and 41% initially. Lines are for visualization 
purposes only. Error bars indicate the standard error of two runs. 

Fig. 6. Passage of TOC for the used membranes at the start of the experiment 
and at a recovery of 0.8. 

Fig. 7. Specific energy consumption for different membranes at a recovery of 
80%, combined with oxidation with target OMP removal of 70%. 
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results of the calculated SEC are reported in Fig. 7, for a membrane re
covery of 0.8 and a crossflow velocity of 0.3 ms− 1, and a targeted OMP 
removal of 70% with the oxidation step. The main differences in energy 
consumption are determined by the transmittance of the permeate for 
the oxidation, and the power of the recirculation pump in the NF step. 
The latter is caused by the fact that all membranes are assumed to 
operate around 2 bar and therefore use approximately the same amount 
of energy for permeation. However, the single-pass recovery is lower for 
denser membranes and therefore will lead to a higher flow through the 
recirculation pump and a correspondingly higher energy consumption. 

It is clear that the more dense membranes tested in this work are able 
to decrease the energy consumption of the UV/H2O2 process signifi
cantly compared to more open membranes. The increase in required 
membrane energy for denser membranes is lower than the decrease of 
the SEC of the oxidation step. The M-4 membrane presents the best 
balance between permeability and transmittance improvement. Under 
these conditions, the energy consumption of the combined process can 
go down to 0.17 kWhm− 3 for 70% removal, and 0.18 kWhm− 3 for 80% 
removal. This value is also clearly lower compared to applying oxidation 
on effluent with a transmittance of around 50% (0.57–0.64 kWhm− 3 for 
70 or 80% removal, respectively). Also, compared to using only a denser 
nanofiltration membrane, such as a dNF40 membrane by NX Filtration, 
the value for the combination is lower. With the same method for the 
calculations, 0.24 kWhm− 3 is obtained for a membrane that is able to 
retain 80% of a selection of OMPs [67]. However, in this case, the OMPs 
will end up in the concentrate and need to be treated further for actual 
removal. 

The specific energy consumption in this section is a prediction and 
can vary for different conditions. For example, the recovery can influ
ence the quality of the permeate as shown before, and with that, also the 
energy needed to drive the UV/H2O2 process. For the denser mem
branes, this does not lead to significant changes in the combined energy 
consumption. For 50% recovery, the values for the M-4 membrane 
slightly increase to 0.19–0.20 kWhm− 3 for 70% or 80% removal, 
respectively. For 90% recovery, the energy consumption equals 
0.20–0.21 kWhm− 3 for 70 and 80% removal, respectively. An increase 
in recovery leads to a higher energy requirement for the oxidation step, 
due to lower permeate quality. However, this is in the calculations 
balanced by a smaller feed volume for the membrane system at higher 
recovery. This is because the calculations assume a permeate flow in
dependent of recovery, as shown in Equation (9). It is taken into account 
that the concentrate of the membranes is returned to the preceding 
treatment step, and thus in the end comes back as feed for the mem
branes, as also shown in Figure S3. On the other hand, a lower recovery 
leads to a higher SEC for the membrane part due to a larger feed flow, 
but this is not balanced by the decrease in SEC of the oxidation step 
because of higher transmittance. 

The energy consumption of the oxidation step depends, as shown 
before, mainly on transmittance, as well as on the targeted removal ef
ficiency. The transmittance is important for the choice of membranes, as 
shown above. However, the targeted removal efficiency of 70 or 80% 
hardly matters at the more dense membranes, since the hydraulic 
maximum of the reactor is (almost) reached. At the more open mem
branes, it can be derived from Fig. 1 that this leads to a difference of 15% 
in the energy consumption in the oxidation step at maximum, which is in 
the same order of magnitude as the calculations in general. Since the 
combinations with the lowest energy consumption have the largest 
contribution from the membrane part, the remaining sensitivity analysis 
will focus on that part. 

The effect of the crossflow velocity on the energy consumption of the 
combined system with an M-4 membrane is shown in Fig. 8. For 
simplicity, it is assumed that the crossflow velocity has no influence on 
the permeate quality, and therefore on the energy requirements of the 
oxidation. It is clear from Fig. 8 that the crossflow velocity has a major 
impact on the energy consumption of the process, since an increase from 
0.2 to 0.5 ms− 1 leads to a doubling of the SEC, from 0.14 to 0.28 

kWhm− 3. This makes sense as most of the energy for this more dense 
membrane comes from the recirculation pump, as the single pass re
covery is low in the feed & bleed mode. It is thus important to identify 
the lowest crossflow velocity that still leads to stable operation. 
Furthermore, the results show that the energy consumption of the 
combined system can potentially go lower than the previously 
mentioned 0.17 kWhm− 3, which was based on a crossflow velocity of 
0.3 ms− 1. Apart from the crossflow velocity, a smart strategy for staging 
instead of using all membranes parallel could lead to lower energy 
consumption. Furthermore, the chosen permeability and flux also in
fluence energy consumption. They are based on the best knowledge 
currently available, the experiments with effluent. However, the 
permeability can highly depend on the degree of foulants in the water 
and on the temperature. 

The energy consumption of a process to remove OMPs is for a po
tential end-user only part of the bill; for a full scope, the entire opera
tional and capital expenditures should be taken into account and 
preferably also environmental aspects, such as the CO2-footprint. Since 
these parameters can highly vary from case to case, it is chosen to report 
SEC here. However, for the membrane part it can be commented that the 
denser the membrane gets, the lower the chosen flux is in the calcula
tions and therefore, the more membrane area is required. A full-scale 
process for a denser membrane will thus consist of more membrane 
modules with a higher capital expenditure. On the other hand, permeate 
with a higher transmittance leads to less demanding conditions for the 
oxidation step, reducing CAPEX and OPEX. With an increasing reactor 
capacity for an increasing transmittance, as discussed in the methodol
ogy, fewer reactors are needed for a given flow. The costs for lamp 
replacement and total energy consumption are directly related to the 
number of reactors. The hydrogen peroxide consumption is directly 
related to the flow itself, but is affected by transmittance and 
composition. 

The energy consumption presented for the oxidation in this article is 
significantly lower than reported by several other research articles for an 
equal UVC dose or similar performance on overlapping OMPs. At a 
transmittance of more than 80%, the energy consumption predicted was 
approximately 50–80% less than in two other cases [68,69]. This could 
be explained by the design of the reactor and choice of UVC lamps, 
which utilize the energy input better [31]. The value for only oxidation 
with UV/H2O2 is similar to other findings [70], with 0.7–2.28 kWhm− 3 

on wastewater effluent, depending on used path length. The estimation 
for only NF of 0.24 kWhm− 3 is comparable to other findings for hollow 
fiber NF on surface water [71,72]. 

Fig. 8. Specific energy consumption for the M-4 membrane at a recovery of 
80% with different crossflow velocities, combined with oxidation with target 
OMP removal of 70%. 
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Besides the comparison to the same technologies in literature, a 
comparison can also be made to other technologies. A wide range of 
estimates can be found in literature, e.g. in [7,15,73,74]. Mousel et al. 
collected data from several full-scale WWTPs and found an average SEC 
of 0.08 kWhm− 3 for adsorption and 0.08–0.11 kWhm− 3 for ozonation, if 
only the electrical energy demand at the WWTP itself was considered 
[74]. These values are lower than what is reported here. Important pa
rameters that are not taken into account in these values, but take a 
considerable amount of energy, are the production of oxygen for ozon
ation, and the production of active carbon from raw coal. This makes the 
cumulative energy demand for adsorption up to 1.78 kWhm− 3 or 0.16 
kWhm− 3 for ozonation. The scope of this work is limited to direct energy 
consumption. For instance, the energy consumption required for the 
production of hydrogen peroxide is not included. However, it is clear 
that the range reported in this work is competitive with other processes. 
This, together with the fact that two different processes are combined 
and thus two different barriers for pollutants leading to a potentially 
very clean product water, creates a promising process for further 
research. 

5. Conclusion 

This work provides insight into the synergistic energy savings of a 
combination of NF with UV/H2O2 oxidation to remove OMPs from the 
effluent of a wastewater treatment plant. The hypothesis was that a 
combined technology could potentially exceed the performance of one 
single technology when both technologies are well adapted to each other 
while offering a double barrier. To get to this end, several hollow fiber 
membranes were characterized, ranging from ultrafiltration membranes 
with a reported MWCO of around 10 kDa to NF membranes with a re
ported MWCO of around 800 Da. In this research, it was shown that the 
MWCO is actually not a single value for a membrane, but depends on the 
conditions during measuring. In the case of this work, it depended 
strongly on the applied flux. For more open membranes, the MWCO 
increases with flux, while it decreases for more dense membranes with 
increasing flux, which is mainly attributed to concentration polarization 
playing a larger role for larger molecules. Furthermore, the membranes 
were tested with WWTP effluent to get insight into the increase in 
transmittance that can be obtained, showing that a major increase in 
transmittance was obtained between membranes M-3 and M-4. This 
increase in transmittance can be explained by the substantially lower 
passage of humic acids through the M-4 membrane, as evidenced by the 
LC-OCD measurements. 

Taking the experimental data of the membranes and existing data 
from oxidation processes, the energy analysis shows that a slightly more 
open NF membrane is able to create the lowest energy consumption of 
the full system with a base case of 0.17 kWhm− 3 with potential to go as 
low as 0.13 kWhm− 3, whilst producing clean water with high trans
mittance and removing 70% of a selection of micropollutants, while an 
increase to 80% removal only requires 0.01 kWhm− 3 additional energy. 
This is clearly lower compared to using oxidation to treat raw effluent, 
and also slightly lower compared to an estimation for only using a 
denser NF membrane to remove OMPs. This value is comparable to other 
values for energy consumption of OMP-removing technologies found in 
literature. Overall, the combined process of NF and UV/H2O2 oxidation 
has the potential to create high-quality water with possibilities for reuse 
with competitive energy consumption and offering two barriers at the 
same time. This work can act as a stepping stone towards more detailed 
future investigations, including experimental demonstration of the full 
concept. 
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[72] J. Jährig, L. Vredenbregt, D. Wicke, U. Miehe, A. Sperlich, Capillary nanofiltration 
under anoxic conditions as post-treatment after bank filtration, Water 10 (11) 
(2018), https://doi.org/10.3390/w10111599. 

[73] D. Li, Z. Feng, B. Zhou, H. Chen, R. Yuan, Impact of water matrices on oxidation 
effects and mechanisms of pharmaceuticals by ultraviolet-based advanced 
oxidation technologies: A review, Sci. Total Environ. 844 (June) (2022) 157162, 
https://doi.org/10.1016/j.scitotenv.2022.157162. 

[74] D. Mousel, L. Palmowski, J. Pinnekamp, Energy demand for elimination of organic 
micropollutants in municipal wastewater treatment plants, Sci. Total Environ. 575 
(2017) 1139–1149, https://doi.org/10.1016/j.scitotenv.2016.09.197. 

H.D. Wendt et al.                                                                                                                                                                                                                               

https://doi.org/10.3390/su141811605
https://doi.org/10.1016/j.ces.2015.06.061
https://doi.org/10.1016/j.watres.2015.02.014
https://doi.org/10.1016/j.desal.2014.03.024
https://doi.org/10.1016/j.memsci.2011.11.039
https://doi.org/10.1016/j.memsci.2011.11.039
https://doi.org/10.1002/app.1969.070130210
https://doi.org/10.1016/j.memsci.2022.121164
https://doi.org/10.1016/j.memsci.2022.121164
https://doi.org/10.1016/j.watres.2007.05.031
https://doi.org/10.1016/j.jwpe.2023.103760
https://doi.org/10.2166/ws.2012.091
https://doi.org/10.2166/wst.2009.076
https://doi.org/10.1016/j.watres.2011.04.038
https://doi.org/10.1016/j.watres.2011.04.038
https://doi.org/10.3390/w8100430
https://doi.org/10.3390/w10111599
https://doi.org/10.1016/j.scitotenv.2022.157162
https://doi.org/10.1016/j.scitotenv.2016.09.197

	Navigating the balance between nanofiltration and oxidation to remove organic micropollutants from wastewater treatment pla ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and materials
	2.2 Membrane characterisation
	2.3 Membrane tests with effluent for UVC-transmittance and LC-OCD

	3 Calculations
	3.1 Membrane
	3.2 Oxidation
	3.2.1 Relevance of UVC-transmittance
	3.2.2 UVC dose determination
	3.2.3 UVC reactor capacity


	4 Experimental results & discussion
	4.1 Pure water permeability
	4.2 MgSO4 retention
	4.3 Molecular weight cut-off
	4.4 Membrane performance with effluent
	4.5 Specific energy consumption analysis

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supporting information
	References


