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Abstract: In the present work, we investigate the potential of
aqueous polymer microgels in membrane technology, espe-
cially for filtration applications. The poly(N-vinylcaprolac-
tam)-based microgels exhibit thermoresponsive behavior and
were employed to coat hollow-fiber membranes used for
micro- and ultrafiltration. We discuss the preparation of
microgel-modified membranes (by “inside-out” as well as
“outside-in” filtration in dead-end mode). The clean-water
permeability and stability of these membranes was studied not
only as a function of time, but also of temperature. The
microgel-modified membranes exhibit a reversible thermores-
ponsive behavior whereby both the resistance and the retention
increased with decreasing temperature.

M odern developments in membrane technology aim to
produce interactive membranes with tailored functionality,
superior mechanical properties, controlled pore size, switch-
ability, and environmental response for enhanced separation
performance. It has recently been shown that hydrogel-
modified membranes exhibit less fouling by natural organic
matter (NOM) and proteins.? Increasing the density of the
hydrogel layer results in higher rejection for proteins.>!
Ulbricht and co-workers presented a method to prepare
a pore-filled composite membrane based on a track-etched
polyethylene terephthalate (PET) membrane.!! Their com-
posite membranes were produced by in situ photopolymeri-
zation of poly(N-isopropylacrylamide) (PNIPAAm) micro-
gels. The membranes showed a reversible temperature-
dependent permeability and rejection. La etal. produced
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hydrogel-coated membranes for water purification by photo-
polymerization of poly(ethylene glycol) diacrylate (PEGDA)
and a functional monomer containing an ammonium salt
(RNH;CI).”! They observed less fouling during the filtration
of bovine serum albumin (BSA) due to surface hydrophiliza-
tion and antimicrobial activity against E. coli. Li and D’Ema-
nuele immobilized thermoresponsive hydrogels on a sintered
glass filter with a nominal pore diameter of 20 nm.”! They
synthesized PNIPA Am microgels within the pores of the glass
plate and observed temperature-dependent retention behav-
ior for salicylic acid and BSA through the composite
membrane. However, these membrane modifications with
hydrogels involve complicated chemical processes such as
photo-initiated “grafting from” polymerization.!'””!

An alternative and relatively simple route would involve
postfunctionalization of the membrane to tune its properties.
Plasma treatment®” and layer-by-layer (LbL) techniques
based on the electrostatically driven adsorption of polyelec-
trolytes,'""¥ have received great interest. Rana et al. pre-
sented recently a systematic review on membrane surface
modification to enhance antifouling behavior.!]

The straightforward synthesis and high chemical function-
ality of microgels ensure their use as scavengers,'” catalyst
supports,'® and drug carriers.'”) Because microgels can also
be responsive to environmental changes such as pH, temper-
ature, and light"®!”! they are gaining more and more interest
for applications in membrane separation processes.

In this work we synthesized temperature-responsive
microgels based on poly(N-vinylcaprolactam) (PVCL)®2!
by precipitation polymerization (for detailed information
see the Supporting Information). The membranes were
modified by was dynamic adsorption,”**! whereby the
microgel suspension is filtered through the membrane. The
open questions are: a) Can the microgel stay in/on the
membrane (pore) surface after modification and under
filtration conditions, meaning under convective flow within
the membrane pore, and will they remain there even during
backwashing. b) Can the microgel retain its thermoresponsive
behavior when confined to the surface or within the pores of
the membrane? c)Does the switching behavior of the
microgel membrane depend on the modification procedure?

In contrast to the other above-mentioned studies on
hydrogel/microgel membranes, we are the first to produce
microgel-functionalized membranes based on commercially
available hollow-fiber membranes that are actually used for
water treatment. The applicability for almost all types of
membranes (irrespective of geometry and material) and the
simplicity of the membrane modification is the main advant-
age of the method presented in this paper. In addition, the
individual properties of the microgel and the membrane can
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be fine-tuned independently to further optimize the perfor-
mance of the resulting microgel-functionalized membrane.

Both micro- and ultrafiltration poly(ethersulfone) (PES)
hollow-fiber membranes employed exhibit an asymmetric
pore structure with pore dimensions of 30 nm for the ultra-
filtration membrane and 200 nm for the microfiltration
membrane on the lumen (inner) side and a few microns on
the shell (outer) side. Due to this asymmetry two distinct
dynamic coating procedures were adopted: an “inside-out”
and an “outside-in” coating, both performed at constant flux
of 30Lm?h™' (LMH) and at T=23°C, that is, when the
microgels are in the swollen state.

The graphs in this section depict either the transmem-
brane pressure (TMP) or the membrane’s resistance. The
resistance is defined by Equation (1), where Ap is the TMP,
is the viscosity, and J is the flux. Due to the change of the
viscosity with the temperature, the plotted resistance is
temperature-corrected and thus can be used to compare
directly the performance of the membrane at different
temperatures.

Ap
R =l (1)

The microgel-modified membranes were prepared by
dynamic adsorption at a constant flux of 30 LMH. During the
adsorption the microgels are transported convectively to the
membrane surface where they finally are retained by size
exclusion or adsorption. The retained microgels build up an
additional filtration resistance leading to a TMP increase
(Figure 1). This additional resistance will differ locally and
thus the flux will be influenced as well. The flux will be locally
increased at positions of lower resistance. Due to the
increased flux at those positions the convective transport of
microgels towards the surface will be greater as well. This
explains why the slope of the TMP plot increases with time.

The deposition of the microgels was stopped when
a maximum TMP of bar is reached; this value is reached
earlier for the “inside-out” than for the “outside-in” coating
(Figure 1). The outer surface is greater than the lumen surface
and therefore the complete adsorption takes a longer time for
the “outside-in” coating. In addition, due to the asymmetric
nature of the hollow-fiber membrane, the lumen surface is
denser than the shell surface with pore size much bigger than
the microgel particles. During an “outside-in” coating the
microgels are not only deposited and adsorbed on the shell
surface, but they are also transported 2-3 um into the porous
structure (Figure 2a and b). Since microgels are soft and
deformable particles, their penetration depth into the mem-
brane pores will be influenced not only by the hydrodynamic
radius (r,) of the microgels, but also by the stiffness
determined by the cross-linking density.?) On the lumen
side of the “outside-in”-coated membrane no microgels could
be found neither on the surface, nor within the dense porous
structure of the inner side (Figure 2¢ and d) showing that the
microgels do not penetrate through the complete membrane.
For the “inside-out”-coated membrane we observed no
microgels on the shell side but only on the surface of the
membrane lumen (Figure 2e and f).
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Figure 1. Transmembrane pressure (TMP) as a function of time during

microgel coating at constant flux of 30 Lm2h™" (LMH), o: “inside-

out”-coated membrane, A: “outside-in"-coated membrane.

Figure 2. SEM images of microgel membranes: a) “outside-in”-modi-
fied/shell side, b) “outside-in"-modified/outer cross section, c) “out-
side-in"-modified/lumen side, d) “outside-in"-modified/inner cross
section, e) “inside-out”-modified/outer cross section, f) “inside-out”-
modified/inner cross section.

The SEM images in Figure 2 a—f distinguish between two
distinct coating procedures: a) A microgel coating on the
active layer, meaning on the membrane lumen side by an
“inside-out” filtration and b) a coating of the membrane
surface on the shell side as well as pore filling by filtration of
the microgels from the outside to the inside.
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Figure 3. a) Membrane resistance (left y-axis) and microgel size (right
y-axis) as a function of temperature; A: “outside-in"-coated membrane,
0: “inside-out”-coated membrane, +: uncoated membrane, o: hydro-
dynamic radius of microgel, determined by dynamic light scattering.

b) Membrane resistance as a function of temperature for varied flux of
an “outside-in”-modified membrane, 0o: 100 LMH, A: 200 LMH, o:
300 LMH.

The membrane’s resistance was investigated as a function
of temperature by pure-water filtration at constant flux in
dead-end mode (Figure 3a). Hereby the temperature of water
was increased in steps of 5°C from 20 to 50 °C. For both types
of coatings, “inside-out” as well as “outside-in”, the resistance
of the membrane is temperature dependent and decreases to
reach a plateau (at 7>32°C) which is indicative of the
collapsed state of the microgels. In the case of the “outside-
in” coating the resistance decreases dramatically around the
volume phase-transition temperature (VPTT) of the micro-
gels. Below this temperature carbonyl groups of VCL interact
with water molecules forming hydrogen bonds and therefore
PVCL chains became well solvated with water molecules. In
this situation polymer-water interactions dominate over
hydrophobic polymer—polymer interactions. At temperatures
above the VPTT destruction of hydrogen bonds occurs and
hydrophobic interactions dominate leading to the particle
shrinkage. At higher temperatures the microgels integrated in
the membrane structure collapse, thereby generating more
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accessible volume that facilitates water permeation. This is in
line with the decrease of the microgel size as is depicted in
Figure 3a. During the “inside-out” coating only the inner
surface is coated with swollen microgels. Increasing the
temperature also causes the membrane’s resistance to
decrease, but the impact is much less than that of the
“outside-in”-coated membrane.

The membrane’s resistance as a function of temperature
was also investigated at various flux rates (Figure 3b). At
temperatures below VPTT the microgel membrane shows
lower resistance at higher applied fluxes. A higher flux is
achieved by increasing the TMP. Swollen microgels contain
70-80% water’™! and are highly deformable. Therefore an
increased pressure leads to more accessible volume for water
permeation; however, the shear forces exerted are apparently
not large enough to cause detachment and washing out of the
microgel as will be shown in detail below.

The stability of the microgel membrane is of paramount
interest. Therefore several measurements with dead-end
filtration alternating with backwashing were performed (Fig-
ure 4a). For both the “inside-out”-and the “outside-in”-
coated membranes, the microgels could not be removed by
backwashing. The resistance before and after the backwash is
identical, indicating that no significant amount of microgels
was removed. The microgels must be firmly bound by strong
adsorption on the surface of the PES membrane. The fuzzy
microgel surface and high deformation on solid surfaces
ensure the strong adhesion of microgels to different solid
substrates.”’! However, the exact mechanism by which these
microgels adhere to the membrane is still not fully under-
stood.

Furthermore the microgel-modified membranes were
stored in complete darkness (to minimize bio-fouling and
growth of microorganisms) to investigate the long-term
stability. Within this extended storage time several pure-
water permeability measurements were conducted. Within
the first three days the membrane’s resistance decreased
rapidly, indicating some loss of microgels in this period. After
three days the resistance remained constant. The SEM images
(Figure 2) were recorded after the coated-membranes had
been stored for 45 days and after several permeability and
backwashing experiments had been conducted. It is clear
from Figure 2 that the microgels are still present, showing that
the prepared membranes are stable over the period studied
(about six weeks).

To investigate the reversibility of the membrane’s resist-
ance with switching temperature, the membrane’s resistance
was alternatively measured with water at 20 and 45°C
(Figure 4b). For both the “inside-out”- and the “outside-
in”-coated membranes we observed that the change of the
resistance is completely reversible with the temperature. This
is in line with the change of the PVCL microgel’s size, which
also behaves completely reversibly with temperature
changes.?"!

The uncoated ultrafiltration membrane retained humic
acid almost completely and therefore could not be used to
demonstrate and quantify a temperature modulation of the
retention behavior. A microfiltration membrane (MF) with
similar composition as the ultrafiltration membrane was
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Figure 4. a) Backwash stability determined by constant-flux filtration at
100 LMH: A: “outside-in"-coated membrane, O: “inside-out” coated
membrane. b) Microgel membrane stability at alternating tempera-
tures of 20 and 45°C determined at 100 LMH: A: “outside-in”-coated
membrane, O: “inside-out”-coated membrane, and o: uncoated mem-
brane.

employed instead which has a retention for humic acid of
roughly 40 to 50 %. The microfiltration membrane with an
“inside-out” coating of microgels was tested at 25 and 45°C,
and shows similar retention at 45°C to that of the uncoated
MF (Figure 5). However, at 25°C the retention increased to
about 80% showing the thermoresponsive behavior of the
coated MF membrane. A similar effect was observed with the
“outside-in”-coated MF membrane ; however, these measure-
ments were not as reproducible as the retention tests with the
“inside-out”-coated MF membranes.

The experimental data summarized herein demonstrate
that modification of conventional hollow-fiber membranes
with stimuli-responsive microgels provides a straightforward
and versatile route for the design of functional membranes
with new properties. The stimuli-responsiveness of the micro-
gels immobilized in the membrane pores is retained and
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Figure 5. Humic acid retention of uncoated and “inside-out”-coated
microfiltration membrane at 25 and 45°C.

allows the regulation of the flow profile and resistance.
Additionally, the chemical structure of microgels provides
a toolbox for the incorporation of specific functionalities into
membranes, thus increasing the efficiency and selectivity of
separation processes. We believe that the proposed method
can be developed in the future as a platform technology for
the design of interactive membranes for various applications.
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