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Abstract

Anthropogenic micropollutants represent a major threat to
the environment and more efficient removal processes are
required. Drawbacks in the isolated application of either
activated carbon or membrane technology resulted in this
study where activated carbon is embedded into the matrix of
a multi-channel membrane. The successful fabrication of such
multi-channel mixed matrix membranes (MCMMM) from
different main polymers (PES and PVDF) in a steam-dry-wet
spinning process was complemented with diclofenac (DCF)
removal rates of up to 65 % after 60 min. The compatibility of
the filler material with the membrane matrix was variable: The
PES support structure seemed to disintegrate with the addition
of >2 % AC, whereas PVDF showed better interaction with the
filler and burst pressures of >3.5 bar. Humic acid filtration with
PVDF-based MCMMM and 3 % AC added to the spinning
solution showed a reduction of the normalized flux by 24 % —
a slight improvement compared to 29 % reduction in the case
of the pristine PVDF membrane. The fouling behaviour could
be described with a semi-empirical model. Altogether,
MCMMM are a promising approach for the efficient removal of
micropollutants.

Introduction

Nowadays, dissolved organic micropollutants can be found
in nearly all European streams [1]. Examples of these
micropollutants are pharmaceuticals, hormones, pesticides
and industrial chemicals, which — despite their low
concentration being in the micro- to nanogram per litre-range
— are detrimental to aquatic ecosystems [2]. If drinking water
is produced from these waters, damage to humans cannot be
ruled out [3]. Wastewater treatment plants (WWTP) do not fully
degrade harmful micropollutants, even if the state-of-the-art
activated sludge technology is applied [4]. Hence, research
efforts are directed towards removing these micropollutants
using different technologies, of which the most important ones
are activated carbon adsorption and ozonation [5,6].
Switzerland’s legislation has responded to the rising
micropollutant load in the environment by upgrading over 100
WWTP in an investment of 1.2 billion CHF, whereas in the EU,
lawmakers have been more conservative; so far, mostly
regional efforts (e.g. in Baden-Wirttemberg or Nordrhein-
Westfalen, Germany) have been initiated [7].

In the past decades, membrane technology has developed
into one of the most important technologies to remove colloids
and dissolved substances from water [8]. According to the
principle of size exclusion, the feed solution is separated into
permeate and retentate. However, for an effective removal of
these micropollutants through membrane technology, very
small pore sizes and, consequently, high energy cost would
be required.

Mixed matrix membranes (MMM) are a relatively new
research field, in which filler materials are combined with —
usually polymeric — membranes matrices for either liquid or
gas separation [9,10]. A variety of organic and inorganic fillers

have been used, and activated carbon (AC) MMM — due to
their enhanced characteristics — are a strong contender to
conventional membranes [11]. Besides potential
enhancement of the membrane surface properties such as
hydrophilicity, porosity, and surface roughness by utilizing AC
for MMM synthesis, the excellent adsorption capacity of AC
allows for the combination of an adsorptive stage and a
filtration step in one single process [11].

A wide range of applications of AC MMM has been reported
in the literature. The removal of ionic components such as
heavy metals [12-16] and uranium [17,18] has been
described. In terms of aromatic organic compounds, AC MMM
have been used for phenol removal [19,20] as well as benzene
and toluene elimination [21]. Further research has been
conducted on dairy wastewater treatment [22], E. coli removal
[23], and blood toxin removal [24,25]. In addition, the removal
of organic micropollutants has been mentioned in several
studies on flat sheet membranes with diverse realisations to
combine the two processes (e.g. dual layer membranes) have
been described [26—-31].

Regarding the MMM fabrication process, the filler materials
are normally dispersed in the casting solution and then
processed in a phase inversion process, where either flat
sheet or hollow fibore membranes are obtained. The phase
inversion may be induced by evaporation (dry phase
inversion), by immersion precipitation (wet phase inversion),
or a combination of the two. Other techniques create two-layer
membranes by using co-casting knives or dual layer
spinnerets.

Multi-channel membranes provide an appealing geometry,
as their mechanical stability is enhanced and the filtration area
to volume ratio may be superior compared to their single-
channel counterparts [32]. Moreover, the high shear forces at
the channel surfaces may induce a fouling mitigation [33],
tackling one of the biggest drawbacks in the application of
membrane technology.

The aim of this research was the fabrication of multi-channel
mixed matrix membranes (MCMMM) for the removal of
micropollutants from different spinning solution compositions
using the common painkiller diclofenac (DCF) as model
micropollutant. The influence of AC addition on the mechanical
stability of the MCMMM was also investigated. Moreover, the
potential enhancement of the membrane surface properties in
terms of fouling reduction was evaluated by fouling
experiments using humic acid, and by applying a semi-
empirical modification of the resistance-in-series model.

Materials and Methods
Membrane fabrication

In the first step of the membrane fabrication process,
polymeric solutions were prepared by homogenizing the main
polymer (polyethersulfone (PES, Ultrason E 3020 P, BASF) or
polyvinylidene fluoride (PVDF, Solef 1015, Solvay)), the
additives (polyvinylpyrrolidone (PVP) with different Mw (10 or
360 kDa) and/or propane-1,2-diol (PD)), and the solvent (N,N-
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dimethylacetamide (DMAc)). These polymeric solutions are
the result of previous optimizations [32,34]. Pre-dried
activated carbon (AC, Carbopal AP supra, Donau Carbon) as
solid filler material and adsorbent (d10 =4.7 ym, dso = 26.1 ym,
dgo = 74.8 ym [35]) was then added to the solution. This
solution was stirred carefully at 30 rpm for 30 min and
sonicated for 15 min, in order to achieve an outgassed and
homogeneous polymer-AC-solution (Tab. 1). The reference
quantity was the polymeric solution (e.g. 300 g), to which AC
was added in the reported percentages (e.g. + 3gfor+ 1%
AC). It is assumed that the main polymer (PES or PVDF) and
the co-polymer (PVP) form the solid membrane matrix and
that the AC is embedded into that matrix; the AC content with
respect to the total solids hence varied between 4.0 and
25.9 %. As the additive content was not varied, the membrane
batches are referred to by their main polymer content and their
AC content (e.g. 15 % PES/1 % AC) hereinafter. The rheology
of the polymer-AC-solutions was analysed with a rotational
viscometer at shear rates between 10 and 500 s and 20 °C.

The multi-channel membranes were prepared in a steam-
dry-wet spinning process with an advanced, 7-bore spinning
nozzle (Fig. 1 a,b) via non-solvent induced phase inversion.
The polymer-AC solutions were processed in the spinning
process directly after production to prevent particle settling.
Water at 30 °C was applied as bore fluid, i.e. internal
coagulant. The external coagulant was also H20 at 30 °C.
Further details concerning the fabrication process are
described elsewhere [32,34].

Membrane characterization

The membrane pure water flux J and permeability P were
determined at 25°C and 1 bar transmembrane pressure
(TMP) with a membrane testing plant applying an inside-out
crossflow operation mode (Fig. 1c) with single-fibre modules.

For macromolecule retention R measurements, 1gL"
dextrane (500 kDa) solutions were filtered at 25 °C and 1 bar
TMP. The concentrations in the feed and in the permeate were
determined with a TOC analyser.

Micropollutant retention R was tested via filtration of
15 mg L' DCF sodium salt-solutions (25 °C, 1 bar, feed flow
rate: 40 L min-'). The feed and permeate concentrations were
measured with an acetonitrile/5 mmol L' phosphoric acid
gradient HPLC with a reverse phase column at 278 nm, as
described in [35].

The mechanical strength of the MCMMM was evaluated in
terms of burst pressure and tensile strength.

The morphology was investigated using scanning electron
microscopy (SEM) at 20x and 150x magnification,
respectively, and at an acceleration voltage of 15 kV.

Fouling behavior

The MCMMM fouling susceptibility of PYDF MCMMM was
studied by filtering a humic acid solution. The resistance-in-
series model — derived from Darcy’s law — was applied for the
semi-empirical time-dependent analysis of the fouling
behavior (Eq. 1) [36]:

Ji(t) = nRi(t1) 1 (Rm+Riy +Rep(t) +R.(1)) M
—_—
Ry

Here, n is the dynamic viscosity, R: is the total resistance,
and Rm is the hydraulic resistance of the clean membrane — a
constant value regardless of the operation conditions. Riris the
resistance of internal fouling resulting from the adsorption
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Fig. 1: MMMCM production process via non-solvent induced
phase inversion (a), spinning nozzle (b) and MCMMM
operation mode (c).

Tab. 1: Compositions of polymer-AC-solution for steam-dry-
wetting spinning.

Main polymer, Additives, content Solvent, AC
content content content
PES 13 % DMAc 67 %
PES 15 % o DMAc 65 %
PES17% VP 3301';'3; 5% DMAC63% +3%
PES 19 % ° DMAc 61 %
PES 21 % DMAc 59 %
+0%
+1%
o +2%
PES15% VP 3301';'3; 5% DMACE5%  +3%
° +4%
+5%
+7%
+0%
+1%
0,
PVDF 18 % PVP10kDa6% DMAc76 % 1502
+4%
+5%

of fine fouling material on the inside of the membrane pores —
assumed to occur instantaneously at the beginning of the
filtration and not to be significantly influenced by the operating
conditions [37,38]. Rc is the resistance resulting from
concentration polarization, and R is the resistance from the
formed cake layer on the membrane surface. Rep and Rc are
the main components for the fouling resistance during
operation; however, as the calculation of separate values is
challenging, they are combined into Rr.

In order to determine said resistances, firstly, the pure water
flux Jow was measured (25°C, 1 bar) and the hydraulic
membrane resistance Rm is calculated (Eq. 2) [36].

Ap
= — 2
R (2)
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Secondly, the humic acid solution (1 g L', 25 °C) was used
as feed solution and the flux Jo was recorded after stably
adjusting the operation conditions to 40 L min-! feed flow rate
and 1 bar TMP for typically 5 min. The declining flux J was
determined in intervals for a filtration period of 240 min at a
constant TMP of 1 bar. The internal fouling resistance Ry is
calculated, assuming that fine fouling material is adsorbed
instantaneously (Eq. 3).

Ap Ap

= = o = = R+ Rep) ®)

The subsequent and more complex step is the estimation of
the time-dependent part of the fouling resistance R It is
assumed that in a cross-flow process, the resistance will
approach a steady-state behavior after time (Eq. 4).

tlim Ry (1) = Ry (4)
The change of the fouling resistance with time is described
via a pseudo first-order rate law (Eq. 5 and 6) [39,40].

PO - k(R - By () )
Ry (1) = Ry (1~ exp(—k ) ()

Inserting Eq. 4 and 6 into Eq. 1 yields Eq. 7 — the time-
dependent description of the flux, and Eq. 8 — the normalized
flux.

lim J,(t) = Jigg = = !
t—c0 (1) ss NRiss 1 (Rm+Rif +Ryy) "
() _ ! (®)
Jo R s
T+ ——F—(1- ki
R+ Koy (1 —exp(—k1))
S———

b
The latter equation is applied for parameter fitting of b and k
to the normalized flux over time using R [41]. The estimation
of b subsequently allows for the calculation of the steady-state
fouling resistance Riss.

Results and Discussion
Membrane characteristics

MCMMM were successfully fabricated in a steam-dry-wet
spinning process from polymeric solutions with suspended AC
particles via non-solvent induced phase inversion. SEM
images (Fig. 2) reveal a clean and uniform formation of the
seven feed bores and the outer wall, and the diameters are in
the range of the spinneret dimensions. AC was uniformly
distributed and seemingly well embedded in the membrane
matrix (Fig. 2 c-d, g-h), and AC particles, in the expected
dimensions (d10=4.7 ym, dso = 26.1 pm, dgo = 74.8 pm), were
clearly visible in the SEM images (Fig. 2 c-d, g-h), which may
point to particle integrity, or the absence of particle breakage
during the production process, as opposed to previous studies
[42]. The tendency of AC particles to settle near the membrane
wall has been described before [20-22], but could not be
confirmed for MCMMM. This could imply a favourable
polymer-filler interaction and signify enhanced adsorption
characteristics of micropollutants. However, the SEM images
do not clearly indicate whether the pore structure of the AC is
affected by the main polymers, the additives, or the solvent.
This would impair the adsorption capacity of the AC and,
hence, deserves further attention.

For the case of PES being the main polymer (Fig. 2 a-d), the
addition of AC led to the formation of more macro-voids and a
less uniform secondary structure. When PVDF was used as
the main polymer (Fig. 2 e-h), the finger-like structure of the
pristine  membrane remained largely unchanged by the
addition of AC, both at the active filtration layer and in the
secondary structure. This may indicate a better compatibility

of the filler material and the PVDF-based membrane matrix.

The filtration performance was evaluated in terms of pure
water permeability P and macromolecule retention R (Fig. 3 a-
c). The membrane permeability ranged from 18 to
175 LMH bar', and the dextrane 500 kDa retention varied
between 43 and 84 %, indicating that the membranes be
classified at the borderline between micro- and ultrafiltration.
While a clear trend is apparent for a main polymer content
variation (Fig. 3a) — a higher content leads to denser and less
permeable structures [8] — the addition of AC does not imply
an obvious tendency. This may suggest that the active filtration
layer — which is mainly responsible for the filtration
performance — is not altered substantially through the addition
of AC within the reported range.

The permeability/retention-trade-off is mostly, but not
always represented. The formation processes of both mixed
matrix and multi-channel membranes, and particularly the
combination of the two, are highly complex. This deviation
from the commonly accepted P/R-trade-off in some cases may
indicate that unknown variables, which were not adequately
controlled during the presented membrane manufacturing and
characterization process, have a potential influence on the
shown data. These potential “white spots on the MCMMM-
map” should be eliminated in an extensive parameter study in
order to further the understanding of this complex process.

Regarding DCF retention over time (Fig.3 d-f), the
effectiveness of MCMMM for micropollutant elimination is
clearly shown in the comparison with pristine membranes. As
small micropollutant molecules such as DCF are not retained
by ultrafiltration membranes, the adsorbent availability of the
embedded activated carbon is demonstrated. However, it
remains unclear whether the adsorption capacity is altered
due to changes in the pore structure of the adsorbent during
the mixed matrix membrane production process.

1l0 um

Fig. 2. SEM images of MCMMM: 15 % PES/O % AC (a,b),

15 % PES/5 % AC (c,d),
18 % PVDF/5 % AC (g,h).

18 % PVDF/0 % AC (e;f),
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Fig. 3: Filtration performance (a-c), micropollutant removal (d-f), and mechanical stability (g-i) of MCMMM; rheological analysis
of corresponding polymer solutions (j-1) with typical shear-rate dependency (inset in (k) — 15 % PES/7 % AC).

Retention values decrease over time, which is ascribed to
firstly, approaching the adsorption capacity of each membrane
and, secondly, to smaller gradients in the adsorption process,
which results in slower kinetics. For mixed matrix membranes,
the DCF retention after 60 min decreases to 7—65 %, which
indicates that the maximum adsorption capacity of the
adsorbent is not reached in the studied timeframe. In typical
feeds such as WWTP effluents or even industrial effluents, the
micropollutant concentration is much lower than in the
presented study — for WWTP effluent a mean DCF
concentration of 260-647 ng L' was found [43]. The
potabilization of surface water — another envisaged application
— faces even lower DCF concentrations; an average of
17 ng L-! was found for European rivers. A better retention for
such diluted feed solutions is expected, even though a great
variety of pollutants and other substances may be present; a
field study is suggested to investigate the elimination of a
wider range of micropollutants from more complex solutions.

It is noted that a higher PES content — i.e. a denser
membrane — led to a higher DCF retention (Fig. 3d). The
reason for this observation must be sought in transport
mechanisms: A denser membrane exhibits a lower

permeability (Fig. 3a) as well as — at constant pressure — a
higher dwell time of the feed solution in the membrane matrix.
The dimensions of the diffusion layers of the adsorption
process are expected to remain largely unchanged, as the
flow in the membrane matrix is laminar in any case [8]. Hence,
a higher dwell time will increase the likelihood of a DCF
molecule to diffuse into the AC particle and to be adsorbed.

Furthermore, an increase in adsorbent content generally
resulted in a higher DCF retention (Fig. 3 e-f). The pristine
membranes showed a decline to under 5 % retention in the
first 10 or 40 min for PES and PVDF, respectively. This
seemingly higher adsorption capacity for pristine PVDF
membranes may be due to the fact that PVDF is the more
hydrophobic polymer, due to the lower molecular weight of the
co-polymer PVP in the fabricated PVDF membranes, or a
combination of both.

Exceptions to the general trend are the membranes
15 % PES/4 % AC and 15 % PES/5 % AC —the batch with the
higher AC content has a lower retention over time. The
permeability of these two batches in Fig. 3b follows an
opposing trend: The batch with the higher AC content exhibits
a higher permeability, which corroborates the si-gnificance of
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membrane density — a denser membrane batch may lead to
higher dwell times and enhanced micropollutant elimination
behaviour, even though the total adsorption capacity is lower.
Micropollutant elimination by MCMMM thus represents a
complex interplay of membrane density, dwell time, adsorbent
content, adsorbent availability, adsorption capacity, adsorption
kinetics, and potentially further factors. The presented study
may hence be considered as a proof of principle, but the
elucidation of the micropollutant removal mechanisms
requires further research.

In terms of mechanical stability (Fig.3 g-i), most
membranes withstand the typical pressure applied in micro-
[ultrafiltration of 2 bar. Again, a higher main polymer content
leads to denser and, in this case, more sturdy membranes.
The AC addition of 2 % or more to the membrane matrix leads
to a significantly diminished mechanical stability for PES. This
effect is less significant in the case of PDVF. It is also noted
that PVDF membranes invariably show a burst pressure over
3.5 bar as opposed to PES membranes. The tensile strength
of PVDF membranes, however, is invariably below 2 N mm-2,
This behaviour may be explained through differences in
polymer-filler interactions: The properties of the hydrophobic
polymer PVDF may be better compatible with the relatively
hydrophobic AC compared to the polymer PES. The polymer-
filler interaction is therefore enhanced in the case of PVDF
MCMMM. This is in line with previously discussed SEM
images (Fig. 2), in which a disintegrated secondary structure
was observed for PES/AC MCMMM. This lack of connectivity
in the support structure may be the root cause for diminished
mechanical stability at filler contents > 2 %, whereas 1 % may
be the limit for this polymer-filler system to remain stable. The
generally lower tensile strength of PVDF membranes may be
related to shorter main polymer and co-polymer chains.
However, it should be mentioned that burst pressure is the
prime mechanical characteristic when considering the
application as a membrane filter, as tensile forces will rarely
occur. Hence, PVDF may represent the more convenient
choice of polymer in this case.

Rheological analysis of the polymer-AC-solutions (Fig. 3 j-I)
revealed shear-thinning behaviour for all solutions (example
shown in inset in Fig. 3k). The increase of PES expectedly
increased the viscosity (Fig. 3j). The addition of AC only had a
minor impact on the solution viscosity (Fig. 3 k-1), which may
signify that from a rheological standpoint, the membrane
production process follows similar rules when fillers are
added. In other words, the maximum allowable viscosity for
the spinneret and polymer pumps is mainly determined by the
polymeric solution, not by the filler content. This maximum
viscosity was approached for the case of 21 % PES/3 % AC,
as higher PES contents resulted in an unstable manufacturing
process. Furthermore, it is noted that the viscosity of the
polymer solutions with 18 % PVDF (Fig. 3I) is similar to
solutions with a comparable PES content (Fig. 3)).
Nonetheless, the properties of the membranes vary
significantly (e.g. permeability/retention, tensile strength).
Hence, the membrane properties are not dominated by the
viscosity alone and the choice of polymer must be tailored to
the eventual filtration process requirements.

Fouling behaviour

As PVDF MCMMM display enhanced performance in terms
of the permeability/retention-trade-off and regarding the burst
pressure, they represent a promising prospect for the
application as micropollutant elimination technology. In real
feed solutions, however, varying quantities of fouling
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Fig. 4: Time dependency of normalized flux J/Jo for 18 %
PVDF/~AC MCMMM in humic acid (1 g L, 1 bar) filtration.

components may be present. The fouling behaviour of PVDF
MCMMM was hence studied with humic acid (Fig. 4). The
normalized permeate flux decreased over time to under 60 %
of the original flux after 240 min for 1 and 5 % AC. MCMMM
with 0, 2, 3, and 4 % AC performed slightly better; the flux
declined to 65 to 80 %.

A semi-empirical approach was chosen using a first-order
rate law combined with the resistance-in-series model in order
to describe the fouling behaviour and to investigate the
different resistances. The models are plotted in Fig. 4 and the
fitting parameters are tabulated in Tab. 2. The coefficient of
determination r? is invariably >0.95, indicating that the
behaviour may be adequately described by the selected
approach. Although only a levelling-off of the flux, instead of a
steady state flux, was observed within the studied time frame
of 240 min, the flux — according to the chosen model —is
expected to reach a constant value due to an equilibrium state
of shear forces with the cross-flow and particle deposition.
This behaviour is represented in the model parameter b,
whereas k is the rate constant related to the time which is
required to reach this steady state. The equilibrium steady-
state flux is inversely proportional to the total resistance at the
steady state predicted by the model Ris (Fig.5). The
membrane resistance Rm is inversely proportional to the pure
water permeability P in Fig. 3c.

The steady-state fouling resistance Rss first increases after
AC addition of 1 %, then decreases to the lowest value at 4 %,
and finally escalates again at 5 % AC. On the other hand, the
internal fouling Ry increases up to 4 % AC addition and
decreases thereafter. A correlation between the fouling
resistances in Fig. 5 and the membrane characteristics in
Fig. 3 has not been observed. Fouling is a very complex
phenomenon, which has been linked to many different
influencing parameters, such as cross-flow velocity,
hydrophobicity of the membrane surface, and surface
roughness. Hydrophilization has been observed through the
incorporation of AC in the membrane matrix [16]. Nonetheless,
more research is suggested to understand the observed
fouling behaviour. The best compromise between adsorption
capacity and membrane fouling seems to be re-presented by
the PVDF MCMMM with 3 and 4% AC added.

Tab. 2: Fitting parameters for fouling of 18 % PVDF/~AC
MCMMM during humic acid filtration.

AC content/ %  k/min’ b/- 2
0 0.0048 0.592 0.976
1 0.0038 1.640 0.959
2 0.0026 0.862 0.963
3 0.0030 0.674 0.969
4 0.0120 0.509 0.986
5 0.0015 2.692 0.956
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Fig. 5: Membrane fouling resistances for 18 % PVDF/~AC
MCMMM determined from pure water filtration and modelled
humic acid experiments.

Conclusion

In order to combat the challenge of rising micropollutant
concentrations in the environment, MCMMM with embedded
AC have been developed. Both of the tested main polymers
PES and PVDF resulted in acceptable membrane structures,
whilst PVDF seemed to be slightly better compatible with the
added AC. The model pollutant DCF showed declining
removal rates over time, with a maximum of 65 % removal
after 60 min. The fouling behaviour with humic acid could be
described with a semi-empirical model. The presented study
should be considered a proof of principle for the application of
MCMMM as micropollutant elimination technology, but further
efforts should be directed to the elucidation of the fabrication
process and the removal mechanisms as well as to the
implementation of field and pilot studies.
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