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ABSTRACT: In this study, we show that codeposition of temperature responsive microgels in the foulant cake layer and
cleaning of the cake upon stimuli-induced size change of the microgels is an effective method of fouling removal. Humic acid in
CaCl2 solution was used as a model foulant and poly(n-isopropylacrylamide) (p(NIPAm)) and poly(n-isopropylacrylamide-co-
sulfobetainemethacrylate) (p(NIPAm-co-SBMA)) were used as temperature responsive microgels. Filtrations were done below
the lower critical solution temperature (LCST) and temperature was increased to above the LCST for cleaning. As an extra
cleaning a temperature swing of above, below and then again above the LCST was applied. P(NIPAm) was found to be
ineffective in cleaning the foulant deposit despite the 20-fold change in its volume with temperature change at LCST.
P(NIPAm-co-SBMA) microgels, on the other hand, provided high fouling reversibility on hydrophilic poly(ether
sulfone)(PES)/poly(vinylpyrrolidone) (PVP) and hydrophobic PES membranes. Better fouling reversibility with these
microgels was observed at low and high solution ionic strength. While the use of microgels alone increased fouling reversibility
to some extent, even in the absence of temperature stimulus, 100% reversibility could only be obtained when a temperature
switch was applied in the presence of microgels, showing the effect of microgels’ volume change in cleaning.
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■ INTRODUCTION

Membrane fouling is the most important bottleneck of
membrane filtrations in aqueous media. Membrane productivity
and lifetime are directly related to the course and cleanability of
fouling. Fouling can occur inside membrane pores or on the
membrane surface. It may result from adsorption on the surface
due to attractive interactions between filtered materials and the
membrane surface, blocking the membrane pores with filtered
materials, or from cake formation on the membrane surface,
which is the result of an imbalance between permeate drag
toward the membrane surface and back diffusion, causing
deposition of filtered materials on the surface.1−4

A variety of chemistries have been explored to render
membrane surfaces resistant to foulant adsorption. Modification
of the surface is achieved through blending of antifouling
additives in the membrane during preparation,5−10 grafting of
antifouling groups after preparation,11−13 or fabricating
membranes from polymers consisting of antifouling
groups.14−18 This approach decreases fouling and the resulting
flux decline during filtration which is due to adsorption and
typically renders fouling more reversible.
In dead-end and feed-and-bleed type filtration configurations,

which are often preferred with feeds of low foulant load because

they are less costly compared to cross-flow filtration, a cake layer
always forms on the membrane. In addition, in some membrane
applications, such as Membrane Bioreactors (MBRs), the solid
load in the feed is extremely high and cake fouling is
unavoidable.19−23 In such processes, while antifouling surface
modifications are useful to some extent, after a certain amount of
buildup, complete cake removal is not possible and irreversible
fouling occurs. In this case, a cleaning procedure is applied to
remove cake layers from the membrane surface. Physical
cleaning can be done through a number of different ways.
Forward flushing or relaxation involves stopping the driving
force toward the membrane while maintaining cross-flow or air
sparging, which loosens the cake layer.24−28 In backwashing, the
flow direction is reversed which pushes back the cake26,27,29,30

and air sparging uses the wakes behind air bubbles to scour the
membrane surface.31−33 Addition of inorganic particles in the
feed has also been shown to render cake fouling on membranes
more reversible.34−36 The particles added typically have two
effects: The first is to decrease the compressibility of the cake
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and to render it more easily removable, where the added
particles act as inert components within the cake layer, and the
second is to adsorb organic components in the feed, which
increases rejection and decreases internal fouling.
In this study we use stimuli-responsive polymeric microgels

by adding them into the feed to the membrane before filtration,
and we use the response of the microgels, which deposit within
the cake layer on themembrane, to remove cake fouling from the
membrane surface (Figure 1). Stimuli-responsive polymers have

previously been used on membrane surfaces for pore size
tuning37−47 and for fouling removal either by grafting the
polymers to existing membrane surfaces,48−54 fabricating the
membranes from polymers with responsive side chains,55−57

blending responsive polymers into the membrane during
fabrication,57,58 or depositing them on the surface.59,60 Temper-
ature was used as the most common stimulus, and poly(n-
isopropylacrylamide), p(NIPAm), was the most commonly
used temperature-responsive polymer to be tested for its ability
to remove foulant layers upon its size change with temper-
ature.49−51,53−55,60 Membrane surfaces with p(NIPAm) chains
have been shown to effectively clean protein,51,53−55,60 natural
organic matter,53,55 and oil49 deposits upon cleaning with
alternating temperatures below and above the lower critical
solution temperature of the polymer. Ionic strength,48,51,52

light,56,59 electrical potential,57 and solvent58 responsive
membranes have also been cleaned upon stimulus response
after being fouled by various types of foulants. As a different
approach, Yu et al.61 have infiltrated temperature-responsive
poly(n-isopropylacrylamide) into the protein fouling layer
previously formed on a membrane and changed temperature
to change the volume of the polymer inside the protein deposit
in order to remove the fouling layer.
Co-deposition of microgels within the foulant cake layer

during filtration, where the effect of the microgels upon stimuli
can extend to distances far from themembrane surface, is a novel
approach for removing thick foulant deposits on membrane
surfaces. A second advantage of this approach is that it can be
implemented to existing, establishedmembrane systems without
the need for replacing the membrane. For this purpose, we used
the thermoresponsive polymer poly(n-isopropylacrylamide)
and poly(n-isopropylacrylamide-co-sulfobetaine methacrylate)
copolymer which is responsive to temperature and ionic
strength. Here, we report the effects of incorporating the two
polymers cross-linked as microgels into the feed under a variety
of conditions and using hydrophilic and hydrophobic
membranes. We show that using a cleaning regime that involves

exposing the cake layer to warm water, or exposing it alternately
to warm, cold, and warm water, can lead to highly enhanced
removal of humic acid cakes without the need for a backwash.

■ EXPERIMENTAL SECTION
Materials. N-Isopropylacrylamide (NIPAm, 97%), N,N′-

methylenebis(acrylamide) (BA, 99%), potassium persulfate (KPS),
([2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hy-
droxide (sulfobetaine methacrylate, SBMA, 97%), poly(ethylene
glycol) (PEG400, MW = 400 Da), poly(vinylpyrrolidone) (PVP K90
and K30), humic acid (sodium salt), calcium chloride dihydrate
(⩾99%), hexane (⩾95%), toluene (⩾99.5%), and dimethyl sulfoxide
(⩾99.5%) were purchased from Sigma-Aldrich. Poly(ethersulfone)
(PES E6020P) was supplied by BASF.

Microgel Synthesis and Characterization. P(NIPAm) and
P(NIPAm-co-SBMA) microgels were synthesized by free radical
precipitation polymerization. In Table 1, amounts of monomers
(NIPAm and SBMA), cross-linker (BA), and initiator (KPS) used in
synthesis are given.

Before synthesis, monomers were purified by dissolving them in
toluene and recrystallizing in hexane followed by filtration and drying.
For p(NIPAm) synthesis, NIPAm and BA were first added in DI water,
and the temperature was increased to 70 °C. Nitrogen was bubbled
through the mixture to remove dissolved oxygen in water for 20 min,
and then KPS was added to start polymerization. After 5 h, the reaction
was stopped by quenching the reaction mixture. For p(NIPAm-co-
SBMA) synthesis, SBMA monomers were added to the NIPAm-BA-
KPS solution described above 15 min after KPS was added to start the
polymerization reaction. After synthesis, microgels were separated from
the mixture by centrifugation at 8000 rpm for 30 min, four times at 45
°Cwhere polymers are in collapsed state, after which they were dried at
room temperature.

Dynamic Light Scattering. Dynamic light scattering (DLS,
Malvern CGS-3) analysis was performed inMETUCentral Laboratory.
At each temperature, two to five measurements were taken using 0.01
g/L microgel suspensions.

Scanning Electron Microscopy. Membrane surfaces were
observed by scanning electron microscopy (FE-SEM, QUANTA
400F) in METU Central Laboratory. Membrane cross sections were
observed by Phenom G2 Pure Tabletop SEM in Tufts University.
Membranes were dried under vacuum overnight and sputter-coated
with Pd−Au before analysis. Pore size distributions and surface
porosities were analyzed using ImageJ.

Membrane Fabrication. PES and PES/PVP blend membranes
were fabricated by phase inversion. The polymer solution compositions
used for fabrication were 25% PES, 20% PEG400−55% DMSO for the
PES membranes and 15% PES, 5% PVP K90, 5% PVP K30−75%
DMSO for the PES/PVP blend membranes. PEG400 in the PES
membrane was used as pore former to obtain a comparable pore size
distribution with the PES/PVP blend membranes. It is known from
previous studies to leach out of the casting solution during coagulation
such that the membrane prepared using PEG400 is a pure PES
membrane.62,63 The solution was cast at 250 μm thickness on a glass
plate and coagulated in a water bath. The membranes were washed in
water for 24 h and stored in 20% aqueous ethanol solutions until use.

Membrane Fouling. Pure water permeance and humic acid
filtration (fouling) tests were done in a 50 mL Amicon cell without
stirring. The absence of stirring was preferred to ensure that a
comparable amount of material deposits on the membrane surfaces in
each test where the same permeate volume is taken. 1 g/L humic acid-2

Figure 1. Schematic drawing of the filtration and cleaning procedure.
The orange film represents the humic acid deposit, and the blue circles
represent themicrogels in swollen form (at 20 °C) or collapsed form (at
38 °C). Step (2) represents the first cleaning, and step (3) represents
the extra cleaning procedure.

Table 1. Compositions of Microgel Synthesis Media as gr
Reactant in 100 mL Water

microgel NIPAm SBMA BA KPS

p(NIPAm) 0.89 0.05 0.06
p(NIPAm-co-SBMA) 0.89 0.23 0.05 0.06
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mMCaCl2 solution was used as feed during fouling tests, as it is known
that Ca2+ ions form complexes with humic acids and yield resistant
fouling layers on the membrane.64,65 Filtration tests were done at 2 bar
transmembrane pressure (TMP) and at room temperature, which was
below the lower critical solution temperature (LCST) of the microgels.
In cases where microgels were added to the feed, their concentration
was 0.01 g/L. Forty mL of the solution was fed to the cell, and 10 mL of
permeate was collected except when indicated otherwise. After
filtration, hot water was added to the retentate side of the cell to
bring the temperature to 38 °C. Cleaning was done at this temperature
by stirring the retentate side in the cell for 5 min. In cases where an extra
cleaning was applied, after this 5 min stirring at 38 °C, the retentate side
was emptied and refilled with water at room temperature and stirred for
10 min, followed by emptying and refilling with water at 38 °C and
stirring for another 10 min (Figure 1). The same cleaning procedure
and temperatures were used in reference tests without the microgels.
Humic acid concentration in feed, retentate, and permeate samples was
measured by UV−visible spectroscopy (Shimadzu UV-1601) at 254
nm for rejection calculations.
Darcy’s Law and resistances-in-series model was used to calculated

the resistance due to foulant deposition on the membrane surface
during filtration and the remaining resistance after cleaning. The
viscosity of the permeate was taken as that of pure water at the filtration
temperature.
The extent and reversibility of fouling was assessed by the decline

and subsequent recovery in permeance, as well as the resistance due to
fouling at the end of filtration and the reversible and irreversible
fractions of this fouling resistance. While resistance analysis already
takes into account changes in permeate viscosity at different
temperatures, permeance values were similarly corrected for temper-
ature.

■ RESULTS AND DISCUSSION

Characterization of Membranes and Microgels. SEM
images of the surfaces of PES and PES/PVP blend membranes
are shown in Figure 2(a) and (b). The pore sizes on the surfaces
were measured as 21 ± 5 and 17 ± 6 nm for PES and PES/PVP
blend membranes, respectively. Surface porosities were
calculated as ca. 10% for the pure PES and ca. 6% for PES/
PVP blendmembranes. On average the pure water permeance of
PES membranes was 33 ± 4 L/h·m2·bar, and that of PES/PVP

membranes was 4.0 ± 1.6 L/h·m2·bar. While the average pore
sizes were similar, the difference in permeances can be attributed
to the lower surface porosity of the PES/PVP blend membrane
as well as the higher apparent skin thickness, which is taken as
the thickness until the start of the macrovoids, seen in the SEM
images (Figure 2(c) and (d)).
P(NIPAm) microgels showed LCST at 32 °C based on DLS

measurements of hydrodynamic diameter (Figure 3), which is

consistent with literature.66−68 The diameters below and above
the LCST were 1144 ± 11 nm and 427 ± 14 nm, respectively,
roughly corresponding to a 20-fold increase in volume upon
change in temperature.
p(NIPAm-co-SBMA) microgels showed LCST around 28 °C

with diameters below and above the LCST as 721 ± 32 nm and
379± 25 nm, respectively (Figure 3), corresponding to about 7-
fold volume increase. The microgels were also ionic strength
responsive, owing to the zwitterionic character of SBMA. At 20
°C, the diameter in 0.5 MNaCl increased to 864± 7 nm, and at
45 °C, to 621 ± 17 nm. The swelling occurred over a broader
temperature range in the presence of salt and the volume change
was only about 3-fold.

Effect of Microgels on Fouling Removal. The effect of
microgel addition during filtration on the amount of fouling
during filtration and reversibility of the foulant deposit was
investigated in dead end filtrations followed by a cleaning step or
multiple steps consisting of setting the retentate side of the
membrane to the desired temperature and stirring for the
predetermined time. Filtrations were done at room temperature,
where the gels were in swollen form, and the first cleaning was
done by increasing the temperature to above the LCST so as to
collapse them. In extra cleaning, a second round of cooling and
heating was applied to reswell and then reshrink the microgels
that are within the foulant deposit. The humic acid rejection in
all filtrations was 85 ± 5%. The swollen-to-collapsed direction
for cleaning was chosen based on preliminary experiments where
it was observed that adding p(NIPAm) microgels to the feed in
collapsed form aggrevated fouling on the membrane, possibly
owing to the lower hydrophilicity of the gels above the
LCST.68,69

P(NIPAm) Microgels with PVP/PES Blend Membrane.
Figure 4 shows that when P(NIPAm) microgels were added to
the humic acid feed solution during filtration, the permeance
declined to 75% of the initial pure water permeance of the
membranes. This decline was similar to the case where no

Figure 2. Surface and cross-section images of (a) and (c) PES and (b)
and (d) PES/PVP blend membranes

Figure 3. Hydrodynamic diameter as measured with DLS for
p(NIPAm) and p(NIPAm-co-SBMA) microgels.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b03217
ACS Appl. Mater. Interfaces 2019, 11, 18711−18719

18713

http://dx.doi.org/10.1021/acsami.9b03217


microgel was used during filtration. After the first cleaning,
which was done by increasing the temperature to 38 °C, above
the LCST, the permeance was almost the same and after an extra
cleaning consisting of decreasing the temperature below LCST
and then increasing it back above LCST, the recovery in
permeance was about 85% both with and without the microgels.
Similar results were obtained when 10 times more PNIPAm (0.1
g/L) was added to the feed solution containing 1 g/L humic acid
(data not shown). These results imply that, although p(NIPAm)
experiences a very large volume change with temperature, this is
not effective in removing the foulant deposit, possibly because of
p(NIPAm)−humic acid interactions prevent the swelling of the
microgel when inside the foulant deposit.
P(NIPAm-co-SBMA) Microgels on PVP/PES Blend

Membrane. SBMA was incorporated into the microgels as a
hydrophilic comonomer to decrease microgel−foulant and
microgel−membrane interactions which was hypothesized to
have diminished the swelling effect of p(NIPAm) microgels on
removing the foulant layer. Effect of p(NIPAm-co-SBMA)
microgels was tested by subjecting the same membrane to
consequent filtration-cleaning-extra cleaning steps.
Figure 5 shows the normalized permeance of the PES/PVP

blend membrane subjected to sequential filtrations followed by
cleaning in three different cases. In Figure 5(a), no microgel was
used. After the decline during filtration, the permeance could be
recovered by up to 95% of the pure water permeance in the first
filtration, and up to a similar percentage of the starting
permeance in following filtrations. In consequent filtration

sets, however, there was a continuing decline in permeance,
indicating irreversible fouling. When p(NIPAm-co-SBMA)
microgels were added to the feed during filtration, and
temperature switching was used during the cleaning steps, not
only was the fouling less, but also the initial permeance could be
fully recovered after the extra cleaning step in all four filtration
sets (Figure 5(b)). To distinguish the effect of microgel
presence from its size change during filtration, a control
experiment was done using the microgels in filtration while
applying no temperature change during cleaning (Figure 5(c)).
The flux decline was again less than the case where no microgel
was used, implying a less resistant foulant deposit. However,
fouling reversibility after cleaning was less complete, showing
that swelling/collapsing behavior of the microgels is effective in
fouling removal.

Figure 4. Normalized permeance as a function of permeate volume
during humic acid filtration on PES/PVP blend membrane, circles
represent data from three different membranes, gray stars show the
average normalized permeance after the first cleaning, and white stars
show the average normalized permeance after the extra cleaning: (a)
No microgel and (b) 0.01 g/L p(NIPAm) added in the feed. Initial
clean membrane pure water permeances are 3.5 ± 0.6 and 2.6 ± 0.1 L/
h·m2·bar for (a) and (b), respectively.

Figure 5. Normalized permeance as a function of permeate volume
during consecutive sets of humic acid filtration on PES/PVP blend
membrane. Circles, gray stars, and white stars represent normalized
permeance during filtration, after the first cleaning and after the extra
cleaning, respectively. Vertical, dashed lines indicate the end of a
filtration-cleaning period. (a) Humic acid only, with no microgel
addition. (b) Humic acid with 0.01 g/L p(NIPAm-co-SBMA)
microgels and heating/cooling during cleaning steps. (c) Humic acid
with 0.01 g/L p(NIPAm-co-SBMA) microgels with no heating/cooling
during cleaning steps. Initial clean membrane pure water permeances
are 5.8, 3.4, and 4.4 L/h·m2·bar for (a), (b), and (c), respectively.
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To distinguish effects of different starting permeances on the
rate of permeance decline, fouling behavior was also analyzed by
the resistance due to fouling at the end of the filtration and the
part of this resistance that can be cleaned by temperature
switching. Figure 6 shows these resistances for the three cases
considered, where it can be seen that fouling removal was
significantly more with microgels. After an extra cleaning, about
one-third of the fouling resistance still remained on the
membrane surface when no microgels were used. With

microgels and temperature change during cleaning, a single
cleaning could remove half the fouling resistance, and with extra
cleaning, all fouling was removed. When no temperature change
was applied during cleaning in the presence of microgels, the
extent of fouling resistance removal was quite the same as the
case without microgels, confirming that it was the swelling and
collapsing behavior of the gels that was effective in cleaning the
deposit.

Figure 6. Fouling resistance during filtration, after the first cleaning and after the extra cleaning on PES/PVP blend membrane. (a) Humic acid only,
with no microgel addition. (b) Humic acid with 0.01 g/L p(NIPAm-co-SBMA) microgels and heating/cooling during cleaning steps. (c) Humic acid
with 0.01 g/L p(NIPAm-co-SBMA) microgels with no heating/cooling during cleaning steps. Numbers 1−4 on the x axes represent consequent
filtration-cleaning sets, separated from each other with vertical dashed lines in Figure 5.

Figure 7. Normalized permeance as a function of permeate volume (circles) and after a single cleaning (gray stars) on PES/PVP blend membrane.
Vertical, dashed lines indicate the end of a filtration-cleaning period. (a) Humic acid in 0.5 M NaCl. (b) Humic acid with 0.01 g/L p(NIPAm-co-
SBMA) microgels in 0.5 M NaCl. Heating applied during cleaning in both. The insets in (a) and (b) show the fouling resistance after filtration and
cleaning for the tests without and with microgels, respectively. Initial clean membrane pure water permeances are 1.6 and 2.4 L/h·m2·bar for (a) and
(b), respectively.

Figure 8.Normalized permeance as a function of permeate volume during four sets of humic acid filtration on PES membrane. Circles, gray stars, and
white stars represent normalized permeance during filtration, after the first cleaning, and after the extra cleaning, respectively. Vertical, dashed lines
indicate the end of a filtration-cleaning period. (a) Humic acid only, with no microgel addition. (b) Humic acid with 0.01 g/L p(NIPAm-co-SBMA)
microgels and heating/cooling during cleaning steps. Initial clean membrane pure water permeances are 39 and 33 L/h·m2·bar for (a) and (b),
respectively.
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The same tests were also carried out with and without
p(NIPAm-co-SBMA) microgels in 0.5 M NaCl solution. It was
observed that fouling was more severe when there is salt in
solution both with and without the microgels. Permeance
declined to about 70% of the pure water permeance and the
fouling resistance was about an order of magnitude higher than
when filtrations were done in pure water (Figure 7). The higher
resistance of humic acid fouling layer in the presence of salt can
be attributed to the salting out of humic acid at high ionic
strength thus allowing a more compact deposit.70 With
microgels, the fouling resistance was about half the amount
with no microgel, which may be due to the highly swollen
microgel loosening the foulant layer. While fouling was more
severe at high ionic strength both with and without microgels,
the percentage of fouling resistance that could be removedwith a
single cleaning was similar when the use of p(NIPAm-co-SBMA)
microgels in pure water and in saline water was compared.
P(NIPAm-co-SBMA) Microgels on PES Membrane.

Fouling on PES/PVP blend membranes was relatively low,
presumably due to the hydrophilicity of the PVP-enriched
surfaces of these membranes.5 The higher pure water permeance
of the PES membrane is likely another contribution to this
difference, since in a constant TMP fouling test, a membrane
with a higher initial permeance experiences a higher permeate
drag toward the membrane, which makes it foul more in the
beginning of the filtration.
The effectiveness of p(NIPAm-co-SBMA) microgels was

tested on themore hydrophobic PESmembranes, as well. Figure
8 shows the flux decline in four consequent filtration-cleaning-
extra cleaning steps with and without p(NIPAm-co-SBMA)
microgels. In both cases there was a higher permeance decline
compared to the PES/PVP blend membranes. When humic acid
alone was filtered through the PES membrane, the permeance
was about 60% of the pure water permeance of the clean
membrane when the first 10 mL permeate was taken. This could
only be increased up to 85% with cleaning and in the second 10
mL filtration, it declined to 60% of this starting value. After
cleaning the permeance increased to 68% of the cleanmembrane
pure water permeance and was marginally improved with extra
cleaning. In subsequent filtrations the permeance decline
followed a similar trend and the fouling could only be cleaned
to a certain extent with 40% of the clean membrane permeance
lost after four filtration-cleaning steps.
When 0.01 g/L p(NIPAm-co-SBMA) was added to the feed

solution, the permeance decline was higher. The permeance at
the end of filtration was, on average, 45% of the starting
permeance. This fouling, however could be fully removed with

cleaning. In the first cleaning, about 85% of the initial permeance
was recovered and after an extra cleaning essentially all fouling
was removed.
The same can be observed when comparing the fouling

resistance data (Figure 9). While, there exists a higher fouling
resistance when microgels were used, 90% of the fouling
resistance was cleaned with a single cleaning and about 100%
was cleaned after the extra cleaning. On the other hand, without
the microgels, about half the fouling resistance remained after
the first as well as the extra cleaning.
Figure 10 shows the photographs of these membranes after

the first and extra cleaning steps. It is clearly seen that the

microgels could effectively clean the foulant deposit from the
membrane surface, even with a single cleaning step, whereas
without them, a significant amount of humic acid deposit
remained on the membrane surface.

Effect of Fouling Resistance on Subsequent Clean-
ability. When fouling tests are done by challenging the
membranes to be compared with the same permeate volume,
the fouling resistance ending up on the membrane can be
different, which in turn challenges the cleaning procedure with
different resistances to remove from the membrane surface. To
compare the effect of microgels on cleaning the same amount of

Figure 9. Fouling resistance during filtration, after the first cleaning and after the extra cleaning on PES membrane. (a) Humic acid only, with no
microgel addition. (b) Humic acid with 0.01 g/L p(NIPAm-co-SBMA) microgels and heating/cooling during cleaning steps. Numbers 1−4 on the x
axes represent consequent filtration-cleaning sets, separated from each other with vertical dashed lines in Figure 8.

Figure 10.Photographs of PESmembranes after the first (first and third
columns) and extra (second and fourth columns) cleaning steps.
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fouling resistance, we have done filtrations until a low fouling
resistance (20 × 1012 m−1) and a high fouling resistance (35 ×
1012 m−1) with and without the p(NIPAm-co-SBMA)microgels,
and subjected the membranes to the same cleaning with an extra
cleaning procedure.
Figure 11(a) shows the membranes challenged with a low

fouling resistance with and without microgels. This resistance
could be fully removed when microgels are used, whereas about
half of it was irreversible without the microgels. Similarly, when
the filtration was continued until a higher fouling resistance built
up on the membrane, about 60% of the resistance remained on
the membrane without the use of microgels, whereas only 30%
of the resistance was irreversible when microgels were used.

■ CONCLUSIONS

p(NIPAm) and p(NIPAm-co-SBMA) microgels were synthe-
sized by free radical precipitation polymerization and were used
to remove fouling layers from membrane surfaces with their size
change upon changing temperature following their deposition
on the surface together with foulants. This was, to our
knowledge, the first attempt at using responsive microgels not
as membrane materials, but as feed additives to modulate the
removability of a cake layer.
p(NIPAm) microgels were not effective in removing humic

acid foulant deposits, possibly due to interactions between
p(NIPAm) and humic acids preventing the swelling of the
microgel within the deposit. P(NIPAm-co-SBMA)microgels, on
the other hand, could fully clean foulant deposits on PES/PVP
membranes with a cleaning procedure of switching the
temperature above, below, and above the LCST, as opposed
to the absence of microgels as well as the absence of a
temperature change when microgels were present in the feed.
They were also effective in removing the fouling in 0.5 M NaCl
medium. Fouling of PES membranes, which was significantly
more than PES/PVP membranes, could also be cleaned
completely as observed from the membranes’ filtration perform-
ance as well as the appearance of themembranes before and after
cleaning. Finally, membranes were challenged with a low and
high fouling resistance with and without p(NIPAm-co-SBMA)
microgels, to assess the effectiveness of microgels’ stimulus
response against the same fouling resistance, where it was also
observed that fouling reversibility was higher with the use of
microgels and a temperature switchingmethod for cleaning. The
method presented is a practical way of cleaning cake fouling,

which can easily be implemented in existing membrane
processes.
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(60) Yu, S.; Lü, Z.; Chen, Z.; Liu, X.; Liu, M.; Gao, C. Surface
modification of thin-film composite polyamide reverse osmosis
membranes by coating N-isopropylacrylamide-co-acrylic acid copoly-
mers for improved membrane properties. J. Membr. Sci. 2011, 371,
293−306.
(61) Yu, S.; Chen, Z.; Liu, J.; Yao, G.; Liu, M.; Gao, C. Intensified
cleaning of organic-fouled reverse osmosis membranes by thermo-
responsive polymer (TRP). J. Membr. Sci. 2012, 392−393, 181−191.
(62) Liu, Y.; Koops, G.; Strathmann, H. Characterization of
morphology controlled polyethersulfone hollow fiber membranes by
the addition of polyethylene glycol to the dope and bore liquid solution.
J. Membr. Sci. 2003, 223, 187−199.
(63) Susanto, H.; Stahra, N.; Ulbricht, M. High performance
polyethersulfone microfiltration membranes having high flux and
stable hydrophilic property. J. Membr. Sci. 2009, 342, 153−164.
(64) Katsoufidou, K.; Sioutopoulos, D.; Yiantsios, S.; Karabelas, A. UF
membrane fouling by mixtures of humic acids and sodium alginate:
Fouling mechanisms and reversibility. Desalination 2010, 264, 220−
227.
(65) Schafer, A.; Fane, A.; Waite, T. Nanofiltration of natural organic
matter: removal, fouling and the influence of multivalent ions.
Desalination 1998, 118, 109−122.
(66) Pelton, R. Temperature-sensitive aqueousmicrogels.Adv. Colloid
Interface Sci. 2000, 85, 1−33.
(67) Lu, Y.; Zhou, K.; Ding, Y.; Zhang, G.; Wu, C. Origin of hysteresis
observed in association and dissociation of polymer chains in water.
Phys. Chem. Chem. Phys. 2010, 12, 3188−3194.

(68) Maeda, Y.; Nakamura, T.; Ikeda, I. Changes in the hydration
states of poly(N-alkylacrylamide)s during their phase transitions in
water observed by FTIR spectroscopy.Macromolecules 2001, 34, 1391−
1399.
(69) Schild, H. Poly(N-isopropylacrylamide): experiment, theory and
application. Prog. Polym. Sci. 1992, 17, 163−249.
(70) Hong, S.; Elimelech, M. Chemical and physical aspects of natural
organic matter (NOM) fouling of nanofiltration membranes. J. Membr.
Sci. 1997, 132, 159−181.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b03217
ACS Appl. Mater. Interfaces 2019, 11, 18711−18719

18719

http://dx.doi.org/10.1021/acsami.9b03217



