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ABSTRACT

A major challenge in water treatment today is the elimination of micropollutants, includ-

ing low-concentration emerging contaminants like PFAS and heavy metals like lead. Existing

technologies like activated carbon adsorption fail to eliminate these contaminants due to their

chemical diversity and low concentrations (micrograms to nanograms per liter). Yet, it is impor-

tant to be able to remove micropollutants from water to promote human health, comply with

increasingly stringent laws and regulations, and enable technological development. Given that

wastewater treatment is responsible for 5% of global greenhouse gas emissions, the space limi-

tations on the sizes of treatment processes (such as in large cities), and resource constraints (in

developing markets, which suffer from the greatest water pressure), it is also important to de-

velop methods to eliminate micropollutants sustainably, and in low-footprint, resource-efficient

processes.

Hydrogels (polymer gels containing a significant quantity of bound water) are an ideal plat-

form for the development of new functional materials to bind and degrade micropollutants.

Water-based chemistries and a large library of commoditized precursors allow significant chemi-

cal flexibility to design for desired performance. High porosity and water content allow rapid

transport of micropollutants, reducing equipment footprint and operating costs. A principal

theme in this thesis is the unified design of hydrogel materials at multiple length scales using

a combination of theory, simulations, and experiments - from chemistry control to engineering

scale up. Special emphasis is laid on filling market niches and addressing real-world problems by

means of practical solutions throughout the technology development process.

First, we focus on technologies to sequester micropollutants using hydrogel absorbents. Us-

ing rational design principles that combine simulations and experiments, we synthesize hydrogels

bearing multiple functionalities, including chemically anchored micelles to bind organic microp-

ollutants, and chelating agents and charged groups to bind metal cations. Hydrogel microparticle

absorbents are shown to treat complex contaminated water at environmentally relevant con-

centrations, including in the presence of background hardness. A proof-of-concept packed bed

demonstrates the scalability of this approach. In an academia-industry collaboration, these hy-

drogel microparticles are tuned to treat amino acid fermentation products, selectively removing

impurities without eliminating the target amino acid. The hydrogels achieve performance com-

parable to commercial adsorbents, while simultaneously beingmore sustainable and versatile. We

also further develop hydrogels as a platform technology for sequestration applications, preparing

hydrogel capsules to hold yeast cells for water treatment, aiding in the scalability of biological
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treatment methods by eliminating the need for secondary steps to remove added microorganisms

from water.

Next, we present a solution to degrade organic micropollutants, based on binding single-

atom iron inside hydrogel microparticles. Iron is used to catalyze a Fenton reaction, converting

added hydrogen peroxide to highly reactive hydroxyl radicals that oxidize hazardous organic

micropollutants into safer small molecules. An appropriate chemistry allows us to implement

the Fenton reaction, which normally requires an acidic environment, loses catalyst in the form

of sludge, is footprint-intensive, and suited to the destruction of relatively high concentration

contaminant streams, without suffering from these traditional limitations. We demonstrate the

degradation of recalcitrant micropollutants, providing a pathway to their accelerated elimination

from the environment.

Finally, we turn to the scale up and application of this technology in real-world settings.

Highlighting evolving regulations and improvements in our understanding of water quality, we

present a series of case studies focusing on industrial applications such as food & beverage and

semiconductor manufacturing, and oil and gas extraction. Of special importance here are the

diverse practical considerations and market constraints that must be overcome to promote tech-

nology adoption. Within this context, we discuss how technologies like those introduced in this

thesis could enable versatile and low-cost effluent treatment for regulatory compliance, and tun-

able and selective treatment of influents and process streams to enable high-quality manufactur-

ing. We present a method for scaling up the manufacturing of our hydrogel materials, and discuss

some recent steps taken towards the commercialization of this technology.

Thesis supervisor: Patrick S. Doyle

Title: Robert T. Haslam (1911) Professor of Chemical Engineering
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capsule in the indicated direction (white arrow) while the load and the applied
displacement are measured.b,Load versus displacement experimental data show
a % / X3•2 dependence.c, Fitting of the experimental data using the Hertzian
model provides an e�ective elastic modulus (� ) of 6.28� 0.63 MPa.� �4ACI is
the e�ective capsule area, described in equation 5.5.d,e, The proof-of-concept
cm-scale bio�lter (d) containing yeast-laden hydrogel capsules constructed for
this study, and the breakthrough curve (e) showing the concentration of lead in
treated water coming out (2%12̧ ) as a function of time of operation and amount of
water cleaned. Reported concentrations are� 0”7%. The initial concentration of
incoming water is 100 ppb. The dashed line shows the USEPA action level for lead. 100
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6.1 Synthesis and characterization of iron-functionalized zwitterionic hydrogel mi-
croparticles. a,A monomer solution (blue) is pinched o� using mineral oil (yel-
low) to prepare droplets in an o�-the-shelf micro�uidic device. Droplets are photo-
polymerized into microparticles using UV light and soaked in iron to functionalize
them, and can subsequently be used to catalyze Fenton oxidation in a stirred tank.
b, The hydrogel microparticles are constructed using a zwitterionic monomer
(PSB) and crosslinker (BIS).c, Microparticles prepared using this method are op-
tically transparent and 800� 100` m in size. d, Clear microparticles obtained
after polymerization (left) become yellow after iron functionalization (center),
and dark orange after being used to catalyze Fenton oxidation in the absence
of UV light (right). e, An SEM micrograph and corresponding EDS map of iron,
showing uniform distribution.f, An XRD spectrum (top) obtained from the iron-
functionalized microparticles, and the pair correlation function g(r) obtained there-
from (bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.2 E�ect of binding iron within a zwitterionic hydrogel on Fenton kinetics and
catalyst life. a,Images before and after the rapid degradation of methylene blue
dye in a stirred vial containing hydrogel microparticles at neutral pH.b, The ki-
netics of the process in (a) compared to the same process with an equal con-
centration of free iron ions in solution at pH = 3.0, measured as the change in
the hue of the solution over time.c, The total organic carbon content in water
obtained after a Fenton reaction in the absence of POPs is catalyzed by three dif-
ferent iron-functionalized hydrogels.d, The concentration of iron measured in
the supernatant after the reactions described in (c). . . . . . . . . . . . . . . . . . 109

6.3 Rate and extent of elimination of model POPs in batch processes at environ-
mentally relevant concentrations. a,Structures and elimination of three model
POPs at equilibrium.b,Rate and equilibrium elimination of EDOL by UV light, by
absorption into the hydrogel microparticles, by the e�ect of UV light and hydro-
gen peroxide in the absence of hydrogel microparticles, by the classical Fenton
reaction using hydrogel microparticles, and by the UV-Fenton reaction using hy-
drogel microparticles, for an initial EDOL concentration of 1000 ppb and initial
hydrogen peroxide concentration of 0.07% (w/w).c, Rate and equilibrium elim-
ination of EDOL with varying initial concentration, using the same amount of
hydrogen peroxide and iron-functionalized hydrogel (0.02 g/ml).d,e,f,Rate and
equilibrium elimination of (d) EDOL, (e) DCP, and (f ) PFOA, with varying initial
hydrogen peroxide concentration, with initial POP concentration of 1000 ppb. . . 112

6.4 Regeneration and reusability of zwitterionic hydrogel catalysts. a,The simul-
taneous consumption and regeneration of Fe(II) ions within the hydrogel when
operated in a UV-Fenton process.b, The rate of EDOL degradation over multiple
cycles of use.c,d,e,Equilibrium elimination of (c) EDOL, (d) DCP, and (e) PFOA,
over multiple cycles of use. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
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7.1 Synthesis and use of micelle-laden hydrogel microparticles. a,Hydrogel mi-
croparticles are prepared using two backbone-forming monomers, PEGDA (un-
charged) and PSB (zwitterionic).b,Along with a surfactant and crosslinker, these
are processed into a solution (blue) which is pinched o� by mineral oil (yellow) in
an o�-the-shelf micro�uidic device. Droplets are UV-polymerized into monodis-
perse particles that are shaken or stirred in the valine permeate (c) to treat it. d,
At the molecular scale, the precursor solution consists of monomers, crosslinkers
and surfactants that self-assemble into micelles (1), and polymerization chemi-
cally binds all these components to each other through the acrylate groups (2).
Impurities and valine partition into the crosslinked micelles from the permeate
during treatment (3).e, An image of hydrogel microparticles after equilibrium
swelling in water.f, Images of the valine permeate and �ne liquid obtained from
an industrial fermentation process. . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7.2 Uptake of impurities and contaminants by hydrogel microparticles. a,Impu-
rity concentrations (absorbance units) in valine permeate treated over multiple
days, andb, valine concentrations in the same sample.c,d, Concentrations of
impurities and valine in treated permeate over multiple use-regeneration cycles,
normalized by those when using fresh microparticles (Cycle 1) and with cycle
number increasing each time the microparticles are regenerated. Orange dashed
lines indicate the impurity concentration in the permeate, and the black dashed
lines indicate impurity concentrations in the �ne liquid, measured as described
in section 7.2.9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.3 E�ect of process conditions on uptake of valine and impurities by hydrogel mi-
croparticles. a,Amount of valine retained in the permeate after treatment for 24
h as a function of pH.b, Concentration of impurities (absorbance units) retained
in the permeate after treatment for 24 h as a function of pH.c, Amount of valine
retained in the permeate after treatment for 24 h as a function of temperature.
d, Concentration of impurities (absorbance units) retained in the permeate after
treatment for 24 h as a function of temperature. Orange dashed lines indicate
the impurity concentration in the permeate, and the black dashed lines indicate
impurity concentrations in the �ne liquid, measured as described in section 7.2.9. 127

7.4 Kinetics of uptake and hydrogel microparticle lifetime. a,Kinetics of valine up-
take by micelle-laden PSB hydrogel microparticles at intrinsic and acidi�ed pH.
Dashed lines indicate a �rst-principles model �t to the data (appendix F.1.3).b,
Kinetics of impurity uptake in the same experiment as (a). c,Valine and impurity
concentrations in permeate treated for 1 day and 1 month with constant mixing
under acidi�ed conditions. Orange dashed lines indicate the impurity concentra-
tion in the permeate, and the black dashed lines indicate impurity concentrations
in the �ne liquid, measured as described in section 7.2.9. . . . . . . . . . . . . . . 128

8.1 A high-throughput glass micro�uidic device with 270 nozzles for the production
of monomer droplets at the rate of 1 ml/min. The inset shows the formation of
highly monodisperse droplets using this device. . . . . . . . . . . . . . . . . . . . 135
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8.2 Supension polymerization for scaling up the synthesis of hydrogel microparti-
cles. a,The reactor consists of a ba�ed glass �ask with both an overhead stirrer
and a magnetic stirrer.b,The reaction mixture appears turbid after the addition of
all components due to the formation of droplets that scatter light. These droplets
are seen to polymerize into hydrogel microparticles, which may be observed on
the reactor walls near the �uid-air interface.c,The microparticles obtained using
this setup are neither spherical nor monodisperse, but lie in the correct size range
(0.5-1.0 mm) and their synthesis may be scaled further in a facile manner. . . . . . 137

8.3 A packed-bed �lter containing 300 g of hydrogel microparticles synthesized
using suspension polymerization.. . . . . . . . . . . . . . . . . . . . . . . . . . . 139

A.1 G96 + Restricted bending potential and the �t quartic polynomial potential. . . 145
A.2 Formation of micelles in a system of 100 Span 20 surfactant molecules in the

presence and absence of 5 mM NOL.. . . . . . . . . . . . . . . . . . . . . . . . . 146
A.3 Potential energies of interaction between sorbitan-ester surfactants and NOL

at equilibrium. As before, it can be seen that larger hydrophobic groups, and
larger fraction of hydrophobic groups lead to stronger interactions. . . . . . . . . 146

A.4 Snapshots of the P85 (2.5% v/v in water) and NOL (5 mM) system at equilibrium.
NOL is shown in green, Span 20 hydrophilic beads are shown in blue, and Span
20 hydrophobic beads (alkyl) are shown in yellow. NOL is seen to occupy sites at
the interface of the micelle core and corona. Water beads are not shown to aid
viewing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

A.5 Snapshots of the Span 20 (2.5% v/v in water) and NOL (5 mM) system at equi-
librium. NOL is shown in green, P85 hydrophilic beads (PEO) are shown in blue,
and P85 hydrophobic beads (alkyl) are shown in orange. NOL is seen to occupy
sites at the interface of the micelle core and corona. Water beads are not shown
to aid viewing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

A.6 Span 20-Span 20 radial distribution functions showing equilibration.All data
are averaged over 10 ns centered at the indicated time points. . . . . . . . . . . . 149

A.7 Potential energies of interaction between surfactant molecules in free (hol-
low markers) or immobilized micelles (solid markers) and small hydrophobic
molecules.Each point represents one surfactant-hydrophobic molecule pair, with
surfactants belonging to the same class having the same marker. . . . . . . . . . . 151

B.1 10% PEGDA, 5% B25MA, 5% PI microparticles (A) 1 hour and (B) 1 year after
synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

B.2 Equilibrium uptake experiment schematic. . . . . . . . . . . . . . . . . . . . . . 153
B.3 2-Naphthol absorbance spectra (A) and a Beer-Lambert calibration curve based

on the peak at 272 nm.Other peaks, like the one at 326 nm, may also be used to
prepare calibrations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
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B.4 E�ect of using a water-ethanol mixture as the solvent in the F127DA monomer
solution used at synthesis.All plots are for 10% PEGDA, 5% PI and 15% F127DA
in water-ethanol mixtures of varying ethanol fraction (10%-40%), indicated by
various symbols (10%: triangles, 20%: squares, 30%: diamonds, 40%: stars). Equi-
librium isotherms are shown with water (blue, �lled) and ethanol (red, un�lled)
as the supernatants. The presence of ethanol does not signi�cantly a�ect the
equilibrium isotherms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

B.5 H-NMR spectra for F127DA, S80TA, and T80TA after acrylation.Note the ap-
pearance of acrylate peaks (black boxes), which are absent in the H-NMR spectra
of the unacrylated surfactants. The areas under the peaks can be used to quan-
tify the number of acrylate groups added relative to the number of surfactant
molecules, and hence evaluate conversion. . . . . . . . . . . . . . . . . . . . . . . 156

B.6 Kinetics of micropollutant (2-naphthol) uptake by hydrogel microparticles con-
taining varying amounts of F127DA micelles, compared to commercial acti-
vated carbon (Brita AC) at long timescales.. . . . . . . . . . . . . . . . . . . . . 157

B.7 Kinetics of micropollutant (2-naphthol) removal � all data sets in �gure 3.4
combined for uni�ed viewing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

C.1 Chemical structures of monomers used to prepare hydrogel absorbents in this
study. a, Chemical structures of monomers and crosslinkers used to make the
hydrogel backbone.b,c,Chemical structures and synthesis pathways from com-
mercially available precursor of the surfactants (b) and chelating agents (c) used in
this study. Note that in (a), carboxylic acid groups in GMA-Alg have pKa around 3-
4 [381], and at typical operating conditions (pH = 5-7), possess a negative charge
(�$$ � ) and associated positive counterion. Further, in (c), allylamine may at-
tack any of the carboxylic acid/acid anhydride sites on the DTPA-DA molecule
to produce analogous structures of DTPA-AA, which are all functionalized with
a double bond to enable their incorporation into a polymeric hydrogel, and can
chelate metal ions. The stochiometric ratio of allylamine to DTPA-DA is set so
that 1.15 sites per molecule are functionalized. . . . . . . . . . . . . . . . . . . . . 171

C.2 NMR spectra showing disappearance of acrylate peaks, indicating complete
conversion of reactants during the polymerization process. a,PSB+BIS/DTPA-
AA/F127DA monomer solution before polymerization, with acrylate peaks shown
in the red box. Also present are urea by-products from the synthesis of DTPA-AA
(1-4 ppm).b, The same solution, after polymerization, washing, and digestion
in 14 M sodium hydroxide solution at 80� C for 3 days. Washing eliminates the
urea by-product (loss of peaks in the 1-4 ppm region), while digestion release the
individual monomers back into solution, enabling the use of traditional (non-solid
state) 1H-NMR. The absent acrylate peaks indicate complete conversion during
the polymerization process, implying that the surfactant and chelating agents are
bound to the hydrogel matrix. This procedure has been described in prior work
[144]. NMR assignment shown in inset. . . . . . . . . . . . . . . . . . . . . . . . . 172
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C.3 E�ect of micelles on optical properties of zwitterionic hydrogel microparticles.
a,b,Zwitterionic hydrogel microparticles (PSB) immediately after synthesis, with
(a) and without (b) micelle-forming F127DA. The micelles have su�cient opti-
cal contrast relative to the hydrogel to scatter light when gelled close to each
other, making the micelle-laden microparticles (a) opaque, unlike the microparti-
cles without micelles (b). c, The loss of microparticle opacity as they are dried in
air. Drying results in loss of water that is necessary to hold the self-assembled mi-
celles together. It is possible to reverse this loss of opacity by adding water to the
dried microparticles. The microparticles are seen to lose 50% of their volume dur-
ing drying, indicating a very porous internal structure. (a-c) indicate that micelles
exist in their self-assembled form within the polymerized hydrogel microparticles. 173

C.4 Surface morphology of zwitterionic hydrogel particles. a,Image of a zwit-
terionic hydrogel microparticle obtained using a light microscope.b, Image of
the same particle using a Keyence VK-X250 laser scanning confocal microscope,
showing a heatmap indicating depth.c, The roughness pro�le along the circle
marked in red in (a) and (b), showing the relative smoothness of the hydrogel
surface relative to the particle size (� 700 um). . . . . . . . . . . . . . . . . . . . . 174

C.5 SEM-EDS elemental maps of a PSB/DTPA-AA/F127DA multifunctional zwitte-
rionic hydrogel microparticle used to absorb lead from water. a,SEM image of
the surface undergoing elemental mapping.b-f, Elemental maps of carbon, oxy-
gen, nitrogen, sulfur, and lead, indicating uniform distribution inside the material.
Sample preparation and analysis is described in appendix C.2.6. Scale bars are the
same for all images. Craters in (a) are an artefact of the carbon coating process
for imaging and show up in (b) and in (c) in the form of oxygen depletion. . . . . 175

C.6 Images showing the use of PSB/DTPA-AA/F127DA multifunctional hydrogel
microparticles to treat high concentration solutions of metal ions. a,b,50 g/l
(left) and 1 g/l (right) solutions of iron before (a) and after (b) treatment. Hydro-
gel microparticles settle to the bottom of the vial under the in�uence of gravity.
Note the increased darkness of the hydrogel microparticles due to the signi�-
cantly higher concentrations inside the particles relative to the supernatant.c,
Hydrogel color after treating 1 g/l solutions of lead, iron, and copper (left to right). 176

C.7 Comparison of ion-chelating selectivities of non-zwitterionic and zwitterionic
hydrogels when functionalized with di�erent chelating agents. a,b,Partition
coe�cients for the elimination of lead, iron, and copper ions by non-zwitterionic
PEGDA (a) and zwitterionic PSB (b), each functionalized with either GMA-IDA or
DTPA-AA. Due to the low a�nity of PEGDA for metal ions, the chelating agent
controls selectivity, while the high a�nity of PSB for metal ions hides the selec-
tivity of the chelating agent. Also see the relative quantities of various functional
agents in appendix C.1.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

C.8 Comparison of partition coe�cients for the uptake of lead, iron, and copper
ions by zwitterionic PSB hydrogels, and non-zwitterionic egg-shell structure-
forming alginate (GMA-Alg) hydrogels. The selectivity of GMA-Alg to speci�c
metals is consistent with prior work [382]. Also see appendix C.1.3. . . . . . . . . 177
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C.9 Partition coe�cients for zwitterionic hydrogels prepared with alternate sur-
factants and chelating agent.Partition coe�cients for PSB hydrogels function-
alized either with chelating agent GMA-IDA or surfactant B25MA, demonstrating
the versatility of the zwitterionic hydrogel platform. Structures of GMA-IDA and
B25MA are shown in �gure C.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

C.10 Relative sizes of (a) commercial activated carbon/ion-exchange resin and (b)
hydrogel particles. Hydrogel particles have faster elimination kinetics despite
their larger sizes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

C.11 Micropollutant uptake kinetics by non-zwitterionic PEGDA/DTPA-AA/F127DA
hydrogels, compared with uptake by zwitterionic PSB/DTPA-AA/F127DA hy-
drogels and commercial adsorbents. a,b,Uptake kinetics of non-zwitterionic mi-
croparticles compared to commercial materials, demonstrating that non-zwitterionic
microparticles also remove micropollutants more rapidly than commercial adsor-
bents. c,d, Uptake kinetics comparison of non-zwitterionic microparticles with
zwitterionic microparticles, both having the same crosslinking density. Zwitteri-
onic microparticles show faster uptake, suggesting that that zwitterions enhance
transport by increasing swelling, and therefore mesh size (appendix C.1.4 and
C.2.1). Note in (b,d) that the total capacity of metal absorption is signi�cantly re-
duced by removing zwitterions that also chelate metals (also see appendix C.1.2).
e,f,Mass transfer coe�cients computed as in the main manuscript, as described in
appendix C.1.6. Non-zwitterionic microparticles have mass transfer coe�cients
that lie between zwitterionic microparticles and commercial adsorbents. . . . . . 179

C.12 Normalized FRAP intensity over time (magenta), also showing the best-�t ex-
ponential described in appendix C.1.5 and the bleaching event.. . . . . . . . . 180

C.13 Stress-strain curves for the determination of Young's modulus of 3 samples of
PSB/DTPA-AA/F127DA multifunctional zwitterionic hydrogels.Young's mod-
uli are measured as described in appendix C.2.2. . . . . . . . . . . . . . . . . . . . 180

C.14 Photograph showing a continuous water treatment setup using a multifunc-
tional zwitterionic hydrogel microparticle-�lled packed bed. . . . . . . . . . . . 181

C.15 Elimination of micropollutants from a complex mixture containing 400 ppb of
each micropollutant using the packed bed setup in �gure C.14.Breakthrough
can be predicted as described in appendix C.1.8. . . . . . . . . . . . . . . . . . . . 182

C.16 1H-NMR spectra con�rming the acrylation of precursors for incorporation into
hydrogel microparticles. a,F127DA, showing the peaks corresponding to the
acrylate moiety in the red box.b,DTPA-AA, showing the peaks corresponding to
the acrylate moiety in the red box.c,GMA-IDA, showing the peaks corresponding
to the methacrylate moiety on the GMA unit in the red box.d, GMA-Alg, show-
ing the peaks corresponding to the methacrylate moiety in the red box. NMR
assignments shown in insets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

D.1 Micro�uidics setup. Using multiple microcrosses with the same UV lamp enables
rapid scale up of hydrogel synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . 190
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D.2 Yeast-laden hydrogel capsulesvisualized using (a) optical microscopy and (b)
�uorescence microscopy. These capsules contain 1% (w/w) yeast cells, which can
be seen through the capsule walls. The yeast cells are stained with Calc�uor,
resulting in �uorescence as seen in (b). No yeast cells or �uorescence is seen
outside the capsule walls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

D.3 Individual yeast cells within beads and capsulesshown in �gure 5.2(d,e). The
yeast cells (cyan) are seen to be intact after polymerization. . . . . . . . . . . . . . 191

D.4 Image of mechanical characterization setup.Yeast-laden hydrogel capsules are
lightly held between the load cell and the base of the instrument and water is
poured into the gap to keep the capsules hydrated. Experiments are then per-
formed as described in methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

E.1 Polymerization schematic.A free-radical chain-growth polymerization reaction
converts dissolved PSB and BIS molecules into a cross-linked hydrogel. . . . . . . 200

E.2 Measurement of Young's modulusfrom two di�erent hydrogel samples (a,b) as
described in appendix E.2.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

E.3 Measurement of UV-Vis absorption spectrumof the PSB hydrogel sca�old as
described in appendix E.2.2. Absorbance is seen to be minimal at the emission
wavelength of the UV lamp (365 nm). . . . . . . . . . . . . . . . . . . . . . . . . . 202

E.4 Thermogravimetric analysis.PSB hydrogels containing iron (yellow) are com-
pared to those without iron (black), and the di�erence yields the iron content as
described in appendix E.2.3. Data is normalized to dry hydrogel mass. As can
be seen from the �gure, the presence of iron accelerates water loss, by replacing
water-PSB hydrogen bonds with stronger iron-PSB coordinate bonds. The curves
are seen to rise after a minimum close to 600� C due to the oxidation of iron in air
to iron oxide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

E.5 Control experiments for methylene blue degradation.Degradation is attempted
in a 2 ml reaction mixture containing 0.008 M� 2$ 2 (only in a), 0.002 M�4 ¹� � º
ions (only in b), 0.001 M� 2($ 4, 30 mg/l methylene blue. Control experiments
show that classical Fenton oxidation in the methylene blue system is not possible
in the absence of either hydrogen peroxide or acid. . . . . . . . . . . . . . . . . . 203

E.6 POP degradation in a UV-Fenton batch process, compared to degradation solely
due to UV light, using a stirred-tank reaction setup as described in methods. The
initial POP concentration (a: EDOL, b: DCP, c: PFOA) is 1000 ppb, and initial
hydrogen peroxide concentration is 0.07% (w/w). 0.02 g hydrogel/ml water is used.
The data indicates that POP degradation is due to UV-Fenton, and not solely due
to the presence of UV light. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

E.7 De�uorination of PFOA, in the same experiment as �gure 6.3(f). The data shows
the same non-linear trend as �gure 6.3, with 0.07% hydrogen peroxide leading
to greater de�uorination than at a higher and lower concentration. Note that
de�uorination is lower than total PFOA degradation, consistent with prior work
using homogeneous UV-Fenton reactions[266]. . . . . . . . . . . . . . . . . . . . . 205
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E.8 Use of hydrogel microparticles to degrade ethinyl estradiol (EDOL) over 11
cycles.Reaction conditions are as described in the experimental section, and no
loss in performance is observed without requiring any intervening regeneration
steps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

E.9 Elemental maps of hydrogel constituents, showing homogeneous structure. . . . 207
E.10 Conversion in GMA-IDA synthesis, measured using 1H-NMR spectroscopy. The

appearance of peaks c,d indicates conversion. . . . . . . . . . . . . . . . . . . . . 208

F.1 1H-NMR spectra showing conversion for the synthesis of F127DA.The brown
box indicates the acrylate peaks, the appearance of which indicates the successful
functionalization of the surfactant. . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

F.2 Micro�uidic setup for the synthesis of hydrogel microparticles. Our setup is
assembled from o�-the-shelf components as shown here. Red food color is used
to highlight the monomer solution. . . . . . . . . . . . . . . . . . . . . . . . . . . 214

F.3 Mechanism of chain-growth polymerization.Free radicals produced by the ac-
tion of UV light on the photoinitiator start the reaction, which propagates as
shown here, linking double bond-bearing acrylate/methacrylate/acrylamide moi-
eties in the precursor solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

F.4 Permeate pH as a function of hydrochloric acid concentration. . . . . . . . . . 216
F.5 Available valine in the raw permeate as a function of (a) pH and (b) tempera-

ture. pH and temperature result in the degradation of polypeptides in the perme-
ate, increasing the overall availability of valine. This data is used to correct raw
concentrations when reporting results in �gure 7.3. . . . . . . . . . . . . . . . . . 217

F.6 E�ect of tuning microparticle porosity by the use of a porogen, PEG, on (a) valine
retention in the treated permeate and on (b) impurity concentration (absorbance
units) in the treated permeate; by changing the concentration of the crosslinker,
BIS, on (a) valine retention in the treated permeate and on (b) impurity concen-
tration (absorbance units) in the treated permeate. . . . . . . . . . . . . . . . . . . 218

F.7 Elimination of color when treating permeate with hydrogel microparticles.
From left to right: (1) untreated valine permeate, valine permeate treated by hy-
drogel microparticles (2) previously regenerated two times, (3) previously regen-
erated three times, (4) at 30ºC, (5) at 40ºC, (6) at pH = 3.65, (7) at pH = 3.86.
Increasing temperature and reducing pH are qualitatively seen to help eliminate
color. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
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G.1 Coarse-grained simulations to study the polymerization of hydrogel backbones
in the presence of functionalized micelles. a,PEGDA monomers used to pre-
pare the hydrogel backbone are coarse-grained using the MARTINI force �eld.b,
Polymerization is modeled via a sequence of NPT simulations separated by steps
to create bonds by rewriting topology �les in GROMACS.c, Each acrylate unit
is treated as though it bears two sites that can undergo a step polymerization,
with certain bond formations restricted to ensure that topologies do not deviate
from chain-growth polymerization.d, Conversion in the system as a function
of the number of NPT steps in (b) denoted by_. e, Polydispersity as a function
of conversion obtained from simulations, overlaid with theoretical and experi-
mental gel points for the 20% PEGDA system.f, Cluster size in the same system
as (e) before polymerization and at the gel point shows the emergence of a gi-
ant cluster. g, Coarse-grained models for an acrylated surfactant, B25, and an
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Chapter 1

Introduction

1.1 The problem of micropollutants

Water is essential for human life and integral to sustainable economic development. It is an
important part of the ecosystem, and problems associated with the availability and quality of
water therefore a�ect us in diverse ways ranging from crop failures and proliferation of disease
to geopolitical con�icts. While water shortages are often in the public eye, a�ecting some one-
�fth of the world's population, water quality is an even bigger problem, a�ecting about two-�fths
of the world's population, most of whom live in developing countries with limited �nancial and
technical infrastructure often insu�cient to address these challenges[1�3].

Water is polluted from use in processes like agriculture, chemicals manufacturing, domes-
tic use and even due to natural disasters like cyclones, wild�res, and pandemics. Pollutants
themselves can be classi�ed into two categories based on total contribution to water pollution -
macropollutants and micropollutants. Macropollutants are few in number but contribute to the
bulk of water pollution - they include coliforms and other microorganisms, runo� from agricul-
ture including phosphates and nitrates, and other organic matter. Micropollutants, on the other
hand, are numerous, with each speci�c component contributing little to water pollution in terms
of mass. Micropollutants include industrial organic solvents, intermediates and lubricants, in-
dustrial surfactants, household products like detergents and disinfectants, antibiotics and other
medication, certain heavy metals, food additives and �avoring agents, and nanomaterials[4, 5].
A 2003 study estimates that humans dispose about two million tonnes of waste into water bodies
every day[1], and given this large volume of waste, micropollutants have become a problem of
concern along with conventional macropollutants[3].

The extremely low concentrations (� 0.01�100`6•;) at which micropollutants occur make
them di�cult to monitor and study. Few micropollutants are well understood in terms of their
prevalence in the environment, their e�ects, and potential strategies for elimination[2, 4, 6�9].
Predicting micropollutant toxicity is di�cult in the laboratory due to mismatch between labo-
ratory conditions and the natural environment[10]. Micropollutants can have synergistic e�ects
with each other and with environmental factors like temperature and light, producing e�ects
at levels at which they individually produce no e�ects in laboratory studies[11�14]. Therefore,
the true magnitude of the micropollutant problem has become/is becoming apparent only very
slowly.
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Figure 1.1:Common types of micropollutants and chemical structures of some well-known
micropollutants.

Though concentrations are low, micropollutants are expected to be widely prevalent based on
the few measurements that have been possible, even after production has ceased[7�9, 15�24]. Dis-
concertingly, many micropollutants can have signi�cant ill-e�ects on the ecosystem even in low
concentrations[2, 3, 6, 7, 23, 25�32]. For example, Joblinget al.(1998) detected widespread sexual
disruption in wild �sh due to estrogen-mimicking micropollutants like vittelogenin. Concentra-
tions as low as10`6•<; resulted in intersex �sh; in certain cases all �sh surveyed downstream of
the pollutant source were intersex[25]. Other studies demonstrate signi�cant harmful e�ects on
other �sh, birds, animals, and even humans[6, 26�32]. On the other hand, several micropollutants
that are found in the environment at low concentrations can accumulate within organisms and
pass amongst them[23, 27, 33�36]. Finally, those micropollutants which do not bioaccumulate,
and which are not toxic, can be subtle, unnatural drivers of natural selection[33].

1.2 Evolution of policy, regulations, and industrial requirements

The regulation of contaminants in e�uent streams, water bodies, and in drinking water in the
United States is, in theory, primarily the responsibility of the states. Federal laws may also regu-
late water based on Congress' power: (1) (a) to regulate interstate commerce (including the chan-
nels, instrumentalities, and activities that are necessary to such commerce, including navigable
streams, other large water bodies, and activities which use those water resources) and (b) enforce
the treaty obligations of the United States (such as implementing laws for the protection of wet-
lands as required by international convention) (the Commerce Clause), (2) the power to regulate
federal lands (including associated water bodies) (the Property Clause), and (3) the power to re-
quire states to spend federal funds disbursed for water protection in speci�c ways (the Spending
Clause)[37, 38]. In practice, a signi�cant portion of water regulation today is a product of federal
law, though states also legislate to �ll gaps in federal protection or enhance regulatory limits
imposed by federal agencies, with the stricter of both sets of laws controlling (for example, see
ref. [39]). Internationally, water resources are protected both by various countries (using state
or federal laws) and by international conventions including the Ramsar Convention (wetlands),
the Oslo and Paris Conventions (Atlantic Ocean), and the Stockholm Convention on Persistent
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Organic Pollutants[40�42].
Broadly speaking, federal laws that protect water quality in United States do so by:

1. controlling the manufacturing, distribution, utilization, and disposal of toxic substances
that may become environmental pollutants (Toxic Substances Control Act (TSCA), last
amended in 2016 [43, 44]).

2. regulating the release from various sources of wastewater and other e�uents into the wa-
ters of the United States (Federal Water Pollution Control Act (1948) [45], which was subse-
quently amended several times, including through the Clean Water Act (CWA, 1972) [46]).

3. requiring that water quality meet certain basic criteria to be suitable for human use or
consumption (Safe Drinking Water Act (SDWA, 1974, last amended in 1996) [47�49]).

4. providing for actions to protect water bodies in extraordinary circumstances, such as in the
case of oil spills, and by allowing federal agencies to make rules to lower the likelihood of
such incidents (Oil Pollution Act (OPA, 1990) [50]).

The U.S. Environmental Protection Agency (EPA) was founded in 1970 to coordinate and
lead the implementation of federal laws to protect the environment. In practice, compliance
monitoring and enforcement is fragmented and involves overlapping interests and regulators
across U.S. states, territories, and Indian country. For instance, drinking water quality monitoring
and enforcement is delegated to the states, which must satisfy certain requirements and impose
contaminant limits that are at least as strict as the National Primary Drinking Water Regulations
(NPDWR) set by the EPA[51]. On the other hand, industrial and utility e�uent is regulated
through the National Pollutant Discharge Elimination System (NPDES), which is implemented by
the EPA in Indian country and U.S. territories, but only in those U.S. states that have not requested
and been granted authorization to self-administer (speci�cally Massachusetts, New Hampshire,
and New Mexico). Even so, authorization may be granted only for limited territories or limited
applications. Similarly, the enforcement of toxic substances controls in the entire value chain is
split between the EPA, U.S. states, territories, and Indian country, though here enforcement is a
collaborative e�ort involving all relevant bodies with their own priorities and funding[52].

As the problem of micropollutants has become apparent, there has been a signi�cant pol-
icy shift towards the study, monitoring, and elimination of micropollutants from both drinking
water and natural water bodies including rivers and lakes. Several micropollutants like per�u-
orooctanoic acid (PFOA), mercury, lead, bisphenol A, and ethinyl estradiol have become topics
of popular interest because of their e�ects. In accordance with the SDWA, the EPA has been
publishing lists of contaminants of concern (primarily micropollutants), and issuing regulatory
orders based on latest �ndings [8, 24, 53]. In 2008, the EPA published a white paper, case studies
and updated guidelines to deal with such pollutants of emerging concern[5, 54]. The European
Union issued a legislative directive requiring the monitoring of micropollutants in 2013, propos-
ing the creation of a watch-list to which molecules could be added as data became available[55].
The �rst such watch-list was published in 2015[56], and subsequently updated in 2018 [57]. Other
countries have also taken a keen interest, and there is a major �nancial push towards researching
technologies in this area[58].

The last �ve years, during which the work underlying this thesis was conducted, have been a
period of rapid change in water regulations. Both the EPA and European Chemicals Agency
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(ECHA) have recently announced proposed regulations on micropollutants such as per- and
poly�uorinated alkyl substances (PFAS)[59, 60]. The EPA has also strengthened existing rules
on lead and copper to lower limits to international standards[61], and proposed new rules on
another micropollutant called trichloroethylene (TCE)[62]. For the �rst time, China introduced
a Pollutant Management Action Plan that addresses micropollutants and aims to regulate them
by 2025[63]. Internationally, the World Health Organization (WHO) announced major updates
in its drinking water guidelines and guidelines for national environmental agencies in 2024[64].
The Oslo and Paris (OSPAR) Conventions have announced a roadmap to control the release of
emerging contaminants into the Atlantic Ocean[41]. The United Nations held a conference on
water for the �rst time in almost 50 years in 2023, introducing a roadmap to greater international
collaboration[65].

Despite encouraging developments in policy and regulations, it must be recognized that sig-
ni�cant gaps exist in protecting water resources, human health, and industry (discussed below)
from micropollutants. These gaps exist due to the long periods of time that pass between: (1)
the initial manufacturing of a novel chemical substance and the development of mature under-
standing among the scienti�c community and lay public about its adverse e�ects, and between
(2) the evolution of scienti�c consensus and the formulation of regulations that can be practically
adhered to by industry, and enforced by regulators. The history behind recent interest in per-
and poly�uorinated alkyl substances (PFAS) is an excellent case in point[66]. Though regula-
tions are currently being introduced, PFAS manufacturing began in the 1940s by 3M. The TSCA
grandfathered in chemicals that had been introduced before its passage in 1976 and had not been
found to be toxic[43, 67]. The �rst PFAS exposure studies began as late as the 1980s (40 years
after initial manufacturing), many of which were funded by a large PFAS manufacturer (E. I. du
Pont de Nemours & Company, `DuPont') and detected no adverse health e�ects[68]. PFAS were
thus exempt from regulation by the EPA. Though current regulations require some amount of
pre-marketing surveillance, it is not clear to what extent it will be possible to predict adverse ef-
fects that micropollutants will have through short-term studies[69]. In the case of PFAS, animal
toxicity studies emerged in the 1990s and the European Union introduced regulations in the early
2000s accompanied by a voluntary phase out of manufacturing, including in the United States[66,
70�72]. The EPA recently introduced guidelines for restricting the discharge of PFAS in permits
issued through NPDES, but the fragmented nature of the regulatory and enforcement framework
means that actual implementation will take a few years. Finally, these regulations only control
e�uents through NPDES/CWA, and �nal regulations on drinking water quality and in other areas
in the U.S. are still awaited.

Though it is essential to eliminate micropollutants to comply with environmental regulations
across industries, agriculture, and domestic processes, it is also becoming increasingly necessary
to do so in a broad range of industrial processes that either manufacture products that require
extremely clean (ultrapure) water (process requirements), or make products intended for human
consumption (regulatory requirements). Industries that require ultrapure water include pharma-
ceuticals (for the manufacture of drug products) and semiconductors (for washing semiconductor
chips, which often have nanometer-scale features). A detailed discussion of industrial market
needs may be found in chapter 8.
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Figure 1.2:Separation and destruction technologies for water treatment.

1.3 Current and emerging water treatment technologies

Broadly speaking, water treatment technologies may be divided into sequestration methods (that
absorb micropollutants and produce concentrated micropollutant streams, either simultaneously
or subsequent to absorption), and destruction methods (that degrade organic micropollutants into
smaller, safer molecules), though there is an increasing overlap between the two. Sequestration
and destruction technologies are often used in conjunction with each other, with sequestration
producing concentrated streams which can be subjected to destructive methods in a more e�ec-
tive and economical manner. Despite the increased interest and the pressing need to develop
technologies that can remove micropollutants from water, there has been very little innovation
in terms of new technologies in this space[4, 5, 73]. Since the problem of micropollutants has be-
come apparent only relatively recently, most water puri�cation methods are still designed only
for the elimination of macropollutants[4, 7, 8]. Consequently, most work on eliminating microp-
ollutants has focused on those same sequestration/destruction technologies, like activated carbon
adsorption, ozone/peroxide oxidation and photodegradation[5, 74, 75].

Though many pharmaceuticals are e�ectively removed through biological treatment and pho-
todegradation[24, 76], the elimination of other micropollutants in wastewater treatment plants
remains highly variable, and is usually low[9, 16, 17, 74, 77, 78]. It is well-known that technology
designed for separating macropollutants is not suited to the elimination of micropollutants. As
also shown in chapters 3 and 4, these limitations arise primarily due to micropollutants bear-
ing chemical functionalities and having sizes that traditional technologies are not designed to
bind (such as in the case of PFAS, and especially short-chain PFAS), resulting in slower elim-
ination[79]. Slow kinetics require that contact times in unit operations be greatly increased to
e�ect elimination to regulatory limits, sometimes to several hours or longer, and it is typically not
practical to scale existing equipment or add unit operations due to space limitations and cost con-
siderations. Chemical diversity also makes it necessary to use multiple techniques sequentially to
e�ect removal[80, 81], though even combined treatment strategies fail to eliminate molecules like
cipro�oxacin[82]. There are additional well-known drawbacks to current methods. For instance,
activated carbon is not suited to removing hydrophilic micropollutants, and removes only cer-
tain hydrophobic pollutants[83]. It is environmentally unsustainable to make activated carbon,
and regenerating it requires extremely high temperatures (� 1500� C)[80, 84, 85]. Ozone/peroxide
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treatment may produce transformation products like chlorates and bromates, which may them-
selves be hazardous[86, 87]. Another classical technology known to e�ectively eliminate many
pollutants is reverse osmosis, which shows poor elimination of hydrophobic micropollutants[88,
89].

There has been some early research into technology speci�cally tailored to sequester microp-
ollutants from water. For instance, Alsbaieeet al.(2015) [73] reported a new method that employs
aV-cyclodextrin based polymer to eliminate micropollutants from water, and the material can be
regenerated e�ectively. A similar resorcinarene cavitand polymer for the removal of dioxanes
and halomethanes was reported by Skalaet al.(2019) [90]. Suet al.(2017) [91] report another in-
novative method that is based on electrochemically separating ionic, charged, or charge-forming
micropollutants from water, while suppressing electrolytic water-splitting. There has also been
some interest in employing nanomaterials for the treatment of water[92, 93]. Of these technolo-
gies, only work based onV-cyclodextrin has progressed beyond the lab. Now primarily focusing
on PFAS, other members of that research team including Helbling, Dichtel, and coworkers have
shown removal of PFAS at environmentally-relevant concentrations[94�100], and have started
translating their technology into a working prototype[101].

Destructive methods include advanced oxidation and reduction processes, biological treat-
ment, hydrothermal treatment, and photochemical and sonochemical methods[102�107]. Of
these, UV irradiation, ozone/hydrogen peroxide-based oxidation, and biological treatment are the
most well-established technologies at scale, and have been classically targeted at macropollutants.
Sequestration-based pre-concentration steps make these methods amenable to micropollutant
elimination, but add to cost and process footprint[108]. In this context, the challenge is the de-
velopment of inexpensive and space-e�cient processes that can be practically implemented in di-
verse settings. Novel destruction technologies that speci�cally target micropollutants and seek to
eliminate them in a resource-e�cient manner include those based on nanomaterial catalysts, and
electrochemical and photochemical methods[109, 110]. Of these, foam fractionation (now seeing
widespread translation for PFAS elimination)[111, 112] and combined sequestration-destruction
electrochemical methods have made signi�cant progress towards commercialization[113, 114].

1.4 Requirements for a practical technology

Water treatment process trains consist of primary, secondary, and tertiary treatment steps. Not
all of these steps may be necessary based on the nature of the contaminants that need to be
eliminated. Primary treatment consists of the elimination of suspended solids and oil droplets and
pH adjustment, secondary treatment consists of biological treatment to degrade macropollutants,
and tertiary treatment consists of �nal polishing to eliminate color, odor, and trace contaminants.
Most micropollutant elimination occurs during tertiary treatment, which may not be present
in all water treatment facilities, and is typically targeted at macropollutant elimination where
present. The general lack of technology designed for the separation of micropollutants from
water perpetuates their ine�ective elimination in wastewater treatment plants, point-of-use and
other drinking water treatment facilities, and in industrial applications[9, 16, 17, 74, 77, 78].

In this context, a micropollutant treatment process must (1) be resistant to the byproducts
of primary and secondary treatment, such as cells, and (2) be space e�cient to enable treatment
plants that do not currently have tertiary treatment, or only have ine�ective tertiary treatment,
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Figure 1.3:Limitations of activated carbon technology.

to incorporate it into their process trains. It is important to note that a large number of water
treatment plants are located in space-constrained environments, such as in the middle of large
cities, in industrial complexes that own limited land, or in o�-grid locations such as oil rigs. To
be widely adopted across geographies and industries, many of which have limited willingness to
pay or constrained access to resources like electricity and logistics networks, such a technology
must be (3) low-cost, (4) scalable, and (5) resource-e�cient. Naturally, the technology must be (6)
safe, preferably use non-hazardous components, and consist of materials that are easy to handle.
(7) Limiting the amount of waste water or solid waste produced by a treatment process is highly
desirable, as is the development of a process with a (8) limited carbon and energy footprint. Cost,
footprint, and resource requirements in these processes are dependent on the types and concen-
trations of the contaminants to be eliminated, equipment size and throughput, residence time, and
operating expenses (chemical inputs, electricity consumption, waste disposal, and regeneration
costs)[108]. Due to the broad range of application areas, these dependencies require that (9) ma-
terials and technologies based on those materials be tunable to diverse operating environments
and target metrics, and (10) allow water treatment using a minimal number of unit operations.

This thesis focuses on engineered polymeric absorbents, which are often inexpensive and easy
to make, can be tuned to perform speci�c separations[80], and to which multiple functionalities
can be added in a facile manner to tune them to diverse treatment applications.

1.5 Hydrogels for separation and puri�cation applications

There has been extensive work in drug delivery, organic synthesis and other areas, based on
using hydrogels as base materials. Cross-linked hydrogels are extremely hydrophilic, and have
tunable pore sizes. This allows good exchange and easy transport of molecules while maintain-
ing structural integrity. At the same time, composite hydrogels can be synthesized to have spe-
ci�c functional zones that are either hydrophobic [115�117] or bind to speci�c ions or molecules
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Figure 1.4:Advantages of hydrogels for water treatment.

[118�120]. Moreover, such hydrogels are environment-sensitive, allowing for regeneration of
fresh hydrogel after uptake [121]. Hydrogels therefore have great potential for use as polymeric
absorbents to eliminate micropollutants from water.

Separate approaches are necessary for sequestering hydrophobic and hydrophilic micropol-
lutants. Work in drug delivery provides inspiration for the design of hydrogels to remove hy-
drophobic micropollutants. Many drugs are hydrophobic, and there has been signi�cant work
on incorporating hydrophobic molecules into hydrophilic hydrogels [117, 122�124]. This can be
achieved by creating hydrophobic patches consisting of associations of hydrophobic molecules
or surfactants attached to the hydrogel matrix, aggregations of hydrophobic side-chains, or by
assembling hydrogels from diblock or triblock copolymers that have hydrophobic segments [117,
124]. Side-chain and main-chain aggregation place limitations on hydrogel structure, and can be
di�cult to achieve because of steric e�ects and interfacial energy barriers [117], but the desired
e�ect is to create hydrophobic micelles using these chain segments [125, 126]. Another easier way
of achieving the same result is to self-assemble surfactants into micelles and then cross-link these
micelles into the hydrogel matrix through various functional groups [115]. Hydrophobic microp-
ollutants should bind to these hydrophobic micelles, preferentially partitioning into them, thus
cleaning water. Finally, the swelling of micelle-laden hydrogels is sensitive to pH and temper-
ature, which allows for drug release under speci�c environmental conditions [124, 126]; if such
materials are used to extract micropollutants from water, then this is a strategy for regenerating
spent absorbent.

Hydrophilic micropollutants like metals, on the other hand, may be absorbed by forming co-
ordination complexes with the charged or charge-forming site. The incorporation of metals into
hydrogels by coordination has been demonstrated, for instance, by Grindy and Holten-Andersen
(2017) [119]. Planket al.(2017) also recently reported their synthesis of a supramolecular hydro-
gel that binds metal ions and could potentially clean water [120]. Of course, such supramolecular
hydrogels are sensitive to salt concentrations and pH, and tend to fall apart over time, and this
is the chief challenge in extending chelation-like strategies to water puri�cation. However, some
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work preparing crosslinked hydrogels with similar functionality, such as that by Terashimaet al.
(2013) [118] lends itself to applications in water puri�cation.

Hydrogels have also been used to encapsulate catalytic materials, including through direct
polymerization, as chelated single ions, in the form of encapsulated nanoparticles, or as immo-
bilized enzymes[127�131]. The high porosity of hydrogels allows rapid transport of reactants
towards, and products away from, catalytic sites. Chemical tunability allows e�ective retention
of the catalyst, increasing its e�ective size for the purpose of separating it from water, while
allowing a high surface area to promote fast kinetics.

1.6 Thesis organization and overview

The overarching goal of this thesis is the development of hydrogels as a platform technology
for the removal of micropollutants from water. A combination of theory, simulations, and ex-
periments is used to rationally design and optimize hydrogel properties. We use the hydrogels
to prepare sub-millimeter structures to limit the length scales on which micropollutants need
to di�use to reach active sites for sequestration/destruction, though we show how hydrogels can
also be created with alternative form factors, such as tablets for single-use o�-grid portable water
treatment. Sequestration is achieved by using chemically anchored micelles to absorb organic mi-
cropollutants and charged moieties and chemically bound chelating agents to absorb inorganic
micropollutants (cations). Single-atom catalysis strategies that implement Fenton oxidation in
the interior of the hydrogel allow us to degrade organic contaminants. Hydrogels are shown
to treat real water samples, their synthesis is scaled, and they are incorporated into prototype
unit operations for continuous water treatment. We envision the incorporation of a company to
commercialize the work in this thesis within the next year.

Chapter 2 begins with the use of coarse-grained molecular dynamics simulations to rationally
design micelle-laden hydrogel systems for the uptake of organic molecules from water. The ef-
fects of immobilization on micelle properties are studied (the e�ects of micelle immobilization
on hydrogel properties are discussed in appendix G) and the simulations are used for the high-
throughput selection of appropriate chemistries. In chapter 3, the hydrogels introduced in the
previous chapter are synthesized and experiments validate predictions made in those simulations.
The micelle-laden hydrogel microparticles are shown to eliminate a model organic micropollu-
tant (2-naphthol) at environmentally relevant concentrations more rapidly and to a greater extent
than commercial activated carbon, and can be regenerated and reused in a facile manner. Addi-
tional functionalities are then added to the hydrogel microparticles to sequester multiple classes
of contaminants in a single step in a footprint-e�cient process in chapter 4. Functionalities can
be added in a plug-and-play manner, allowing rapid tuning to diverse applications, and the syn-
thesis of hydrogels with diverse form factors for di�erent use cases is demonstrated (in chapter
4 we demonstrate a tablet, while appendix H presents hydrogel �bers). The hydrogels are used
to create a prototype packed bed �lter that treats highly contaminated water with multiple mi-
cropollutants to drinking water quality for a period of two weeks. Chapter 5 further develops
hydrogels as platform technology, demonstrating the use of hydrogel capsules to trap yeast cells
that clean water, e�ectively increasing their size for the purpose of separating them from water,
without sacri�cing their capacity to bind dissolved lead. The ideas presented in this chapter can
be readily translated to improve the implementation of biological water treatment methods that
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are widely used in water treatment processes, eliminating the need for ancillary separations that
remove the added biological matter from treated streams. In chapter 6, we move away from se-
questration to demonstrate a degradation solution. Zwitterionic hydrogel microparticles are used
to chelate single iron ions that catalyze a Fenton oxidation reaction to degrade organic microp-
ollutants. An appropriate choice of hydrogel backbone allows the tuning of iron work function
to perform Fenton oxidation at neutral pH (the classical reaction requires acid addition) at a rate
comparable to its homogenous equivalent. The hydrogel platform is shown to solve the numer-
ous problems associated with classical Fenton oxidation - iron loss through sludge formation,
need for acid and iron addition, slow reaction rates, and large footprint, simultaneously. Having
developed hydrogels as a platform technology for water treatment, chapter 7 uses them to treat
amino acid fermentation products obtained from a large South Korean food and beverage indus-
try partner in proof-of-concept experiments designed to demonstrate the translatable nature of
this work. An appropriate choice of operating conditions allows hydrogels to selectively remove
contaminants from the fermentation broth without eliminating useful components. Finally, chap-
ter 8 discusses in detail the regulatory frameworks and process requirements that create a viable
market opportunity for the work in this thesis. Case studies highlight typical industry-speci�c
problems that must be considered during translation. The synthesis of the hydrogel microparti-
cles is scaled, and they are incorporated into an intermediate-scale �lter. Chapter 9 summarizes
the conclusions drawn from this work and comments on directions for future work.
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Chapter 2

Micelle-laden hydrogel microparticles:
Theory and simulations

Micelles immobilized in polymer materials are of emerging interest in drug delivery, water treat-
ment and other applications. Immobilization removes the need for membrane-based separation
to eliminate micelles from the medium, enabling facile extraction and delivery in diverse indus-
tries. This chapter lays out a coarse-grained molecular dynamics simulations framework for the
rapid identi�cation of surfactants for use in immobilized micelle systems. Micelles are immo-
bilized by constraining one end of the constituent surfactants in space, mimicking what would
occur in a copolymer system. We demonstrate that constraints a�ect how the micelles interact
with small hydrophobic molecules, making it important to account for their e�ects in various
drug-surfactant and drug-pollutant simulations. Our results show that in several systems there
is stronger interaction between hydrophobic small molecules and micelles in immobilized sys-
tems compared to unconstrained systems. These strengthened interactions can have important
implications for the design of new micelle-based extraction and delivery processes.

While this chapter primarily focuses on the e�ects of immobilization onmicelleproperties,
interested readers may explore the e�ect of immobilization on thepolymer sca�oldproperties in
appendix G.

This chapter has been adapted from D. Gokhale, I. Chen, and P. S. Doyle, `Coarse-grained
molecular dynamics simulations of immobilized micelle systems and their interactions with hy-
drophobic molecules,'Soft Matter18, 4625�4637 (2022)[132], with permission from the Royal
Society of Chemistry.

2.1 Introduction

Surfactants have been used for chemical separations for several decades[133, 134]. They �nd
applications in several industries and areas, including drug delivery, emulsi�cation, biologics
puri�cation, and oil recovery[115, 135�138]. These applications are enabled by the self-assembly
of surfactants into micelles when above the critical micelle concentration (CMC). Micelles are
aggregates with hydrophobic cores and hydrophilic shells. Hydrophobic molecules preferentially
partition into the hydrophobic cores, resulting in the formation of large agglomerates. Micelles
are therefore useful in both extraction, where the goal is to remove a hydrophobic substance
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from water, and delivery, where the goal is to deliver a hydrophobic substance into water. In
extraction applications, micelles collect hydrophobic molecules in their cores and can then be
separated from water by processes like ultra�ltration[139, 140]. On the other hand, in delivery
applications, micelles are reservoirs for the storage and slow release of hydrophobic molecules
into an aqueous medium[115]. However, studies examining the kinetics of micelle formation and
how they are a�ected by the presence of small molecules and by solvent e�ects remain limited.

Most surfactants cannot be allowed to enter the bulk medium in environmental or physiolog-
ical applications, imposing extremely restrictive design constraints on the kinds of surfactants
which can be used in these areas. While the use of a membrane is feasible in some applications
to retain micelles while allowing the passage of small molecules[140], it is not suited to certain
applications in drug delivery where it may not be possible to insert or remove a membrane en-
closure or in environmental remediation (such as the recovery of oil from a spill) where the scale
of the separation is too large to allow the use of a membrane.

Driven by problems where membrane enclosures cannot be used to retain micelles, and by
the desire to develop lower cost and more e�cient processes that do not require a membrane-
based separation step, there has been a growing interest in developing materials (slabs, powders,
particles) in which micelles are immobilized[141�144]. Immobilization, which can be e�ected by
several methods such as chemically cross-linking micelles into a polymer matrix or by thermally
gelling micelles in place, allows retention within the material itself, and no membrane is neces-
sary. The porosity and mesh size of the matrix can be controlled to ensure high mass-transfer
rates[144].

In the context of delivery, a large body of prior work models micelles for drug delivery ap-
plications, focusing on the loading and release of small hydrophobic drug molecules from mi-
celles[145]. Apart from the engineering advantages associated with retaining micelles within a
macroscopic structure, micelle immobilization has been explored in the context of drug delivery
as a way of improving micelle stability by preventing micelle bursting when diluted to below the
CMC in biological �uids like blood[146]. Prior simulation work generally does not account for
the e�ect of immobilization on micelle-hydrophobic molecule interactions, treating immobilized
micelles in the same way as free micelles in solution[145].

In the context of extraction, immobilized micelles have been used in our experimental work in
water puri�cation[144], in which context computational studies to study the e�ects of immobi-
lization are useful and can help optimize absorbent composition. Simulations of micellar systems
are uncommon in water puri�cation literature.

As we show in this study, the interactions between immobilized micelles and hydrophobic
molecules are fundamentally di�erent from the interactions between free micelles and hydropho-
bic molecules, which has important implications for the simulation and study of any system
comprising immobilized micelles. This di�erence is primarily attributed to the restrictions on
micelle motion conferred by the immobilization process, preventing the aggregation of smaller
micelles to form larger agglomerates. From a thermodynamics perspective, constraints prevent
the micelle-hydrophobic molecule-solvent system from reaching the global minimum on the po-
tential energy landscape, forcing it into a di�erent, local, minimum. As such, there is a need for
scalable simulation studies that quantify the e�ect of constraints on immobilized micelle systems
in the context of diverse chemistries and applications.

The MARTINI coarse-graining framework and force �eld[147], which has been used in a large
body of prior work with great success to study surfactant self-assembly and to study interactions
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Figure 2.1:Overview of coarse-grained molecular dynamics simulations. a,Surfactants are
added to a water box (1) and allowed to reach equilibrium in an NPT simulation which produces
micelles (2). Hydrophobic small molecules are then added while constraining (3a) or not con-
straining (3b) the end groups (red circles). Hydrophobic molecules are seen to partition into the
micelle cores at equilibrium (4a,4b), while unconstrained micelles coalesce during such partition-
ing. b, MARTINI 2.0 coarse-grained structures of the �ve hydrophobic molecules used in this
chapter.c, MARTINI 2.0 coarse-grained structures of the three main surfactant classes.

between large and small molecules[148, 149], is used in this chapter to examine the interactions
between �ve hydrophobic molecules and three classes of surfactants to demonstrate the versa-
tility of such a framework while examining the e�ect of diverse chemistries on micelle-small
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molecule interactions in conjunction with constraint forces. Coarse-grained simulations are nec-
essary, as opposed to all-atom simulations, for computational accessibility of large domain sizes
containing several micelles while allowing rapid testing of potentially useful surfactant-small
molecule combinations. The hydrophobic molecules studied here are chosen to represent chemi-
cally diverse species drawn from a large variety of sources, re�ecting the diversity of industries in
which micelle-based separations are, or are likely to be used. They include 2,4-dicholorophenol
(DCP, from pesticides), 2-naphthol (NOL, from dyes), per�uorooctanoic acid (PFOA, an indus-
trial surfactant), bisphenol A (BPA, from plastics), and ethinyl estradiol (EDOL, a drug). These
molecules are also all contaminants of concern[53], of interest in water puri�cation studies using
immobilized micelles[144]. The surfactants of interest are drawn from three classes - alkyl-PEO
(poly(ethylene oxide)) or polyethoxylated alkane surfactants, PEO-PPO (poly(propylene oxide))-
PEO surfactants (also called Pluronics or poloxamers), and sorbitan ester-based surfactants (like
Span and Tween), all of which are widely used for separations in the chemical industry, in envi-
ronmental remediation and water treatment, and in drug delivery.

The present study implements and extends existing coarse-graining schemes for the wide
range of molecules listed above. We study the self-assembly of the surfactants into micelles, and
examine the interactions between micelles and hydrophobic molecules in presence and absence
of constraint forces that mimic immobilization, as shown by the schematic in �gure 2.1(a). Ma-
chine learning tools are used to study the kinetics of micelle formation from molecular dynamics
data in the presence and absence of hydrophobic molecules, and in the presence and absence of
constraints. This methodology is robust and can easily be extended to the general study of self-
assembly or aggregation kinetics, and enables studies that are otherwise impossible because of
data set sizes and the need to count self-assembled domains manually.

We also study systems wherein the immobilized micelle structures are generated in ethanol-
water mixtures. Synthesizing immobilized micelle structures in ethanol-water mixtures is com-
mon in both extraction and delivery applications because it often allows higher surfactant loading
and helps tune micelle size by changing the polarity of the solvent which controls surfactant self-
assembly into micelles[144, 150]. Adding ethanol to the solvent also allows us to change micelle
size independently of the presence of small molecules. We examine the e�ects of ethanol-water
synthesis pathways on micelle growth, sizes, and immobilized micelle-hydrophobic molecule in-
teractions.

2.2 Methodology

The GROMACS 2019 package was utilized with the MARTINI 2.0 force �eld (MARTINI FF)[147]
to carry out CGMD simulations at 293K with a 5 fs time step. Table 2.1 lists the surfactants used
in our CGMD simulations. 100 molecules were used for each type of surfactant simulated in order
to ensure the formation of at least 3 micelles in the system and avoid �nite scale e�ects[151]. The
resulting system sizes are large and necessitate coarse-graining, implemented using the MARTINI
FF that has been used with great popularity to treat similar coarse-grained systems in previous
studies[148, 149]. Using MARTINI enabled us to leverage vast prior literature wherein coarse-
grained models for diverse polymers and biomolecules were built and validated, allowing rapid
testing of surfactant-small molecule combinations with a long-term perspective. Every simu-
lation utilized a cubic box with periodic boundary conditions. All surfactants studied here are
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Table 2.1:List of surfactants used in this study, each belonging to one of three classes: alkyl-
PEO, Pluronic, and sorbitan-ester.

Surfactant # C # EO # PO Molecular weight (g/mol)
Alkyl-PEO surfactants

L10 12 10 0 627
C10 16 10 0 683
L23 12 23 0 1268
C20 20 20 0 1124
S20 18 20 0 1152
B25 16 24 0 1496

PEO-PPO-PEO surfactants (Pluronics)
L31 0 4 16 1189
L44 0 20 23 2299
L61 0 6 31 2147
L64 0 28 31 3115
L92 0 16 50 3689
P85 0 52 40 4693
F68 0 150 30 8425
F127 0 202 56 12221

Sorbitan-ester surfactants
Span 20 11 0 0 346
Span 80 17 0 0 429
Tween 20 11 20 0 1228
Tween 80 17 20 0 1310

acrylate-terminated, which corresponds to the use of acrylate groups to functionalize surfactants
to enable their incorporation into polymer gels[115, 144]. Acrylate addition in experiments is
often accompanied by the introduction of a small amount of methacrylic acid in the solvent to
limit acrylate loss by degradation, which we replicate in our simulations but is seen not to af-
fect surfactant self-assembly or micelle behavior. The number of solvent (methacrylic acid (1.25%
(v/v)) and water) molecules in simulations was calculated using the basis that the surfactant has
a 2.5% (v/v) concentration in the system; this results in concentrations that exceed CMC in all
cases. Due to large variation in surfactant molecular weights as seen in table 2.1, the number of
solvent molecules and box size in each surfactant system was distinct.

Surfactants were modeled using classical MARTINI FF beads utilized in conjunction with the
polyethylene glycol (EO) beads modeled in Grunewald,et al.[152] and the polypropylene glycol
(PO) beads introduced by Nawaz,et al.[153]. Alkyl groups were represented using the apolar C1
bead, methacrylates and methacrylic acid were modeled using the Na bead, and sugars in sorbitan
ester-based surfactants were modeled using the nonpolar SN0 and the polar SP0 beads, as shown
in �gure 2.1(c), all of which belong to the original MARTINI Force Field[147]. As in prior liter-
ature, Pluronics, polyethylene/polypropylene glycol block copolymers, are coarse-grained using
the EO and PO beads, while sorbitan ester-based surfactants are coarse-grained using EO, SN0,
SP0, and C1 beads[154, 155]. Alkyl-PEO surfactants, also block copolymers, are coarse-grained
using polar EO beads and nonpolar C1 beads.[147] The coarse-graining for the three types of
surfactants are shown in �gure 2.1(c). Na beads were used to represent terminal acrylate groups
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introduced to mimic actual chemistries used in experimental studies. Similar to previous imple-
mentations[153], the coarse-grained molecules closely match the geometry of the actual chemical
structure to determine bond angles and bond lengths, as shown in appendix A. The EO beads also
incorporated a �restricted bending� potential derived from Grunewald,et al.[152]; all other bond
lengths and strengths are based on canonical MARTINI literature[147]. Coarse-grained models
for the small hydrophobic molecules studied here are also based on prior MARTINI literature,
which optimizes for thermodynamic parameters that capture self-interactions and interactions
with other large molecules including surfactants[147, 156�160]. Smaller solvent molecules such
as water were coarse-grained using a 4:1 coarse-graining ratio and utilized the original MARTINI
FF[147].

The uptake simulations for each surfactant-hydrophobic molecule pair consist of two sub-
processes; the �rst subprocess simulates the surfactants self-assembling into micelles, as shown
in �gure 2.1(a)(1). After energy minimization, the system undergoes an NPT production run
for 100-150 ns, until the total Lennard-Jones potential energy of interactions in the system and
between surfactant molecules, and the surfactant-surfactant radial distribution functions have
equilibrated to a stable value. The equilibrium structure corresponds to a state in which surfac-
tants have self-assembled into micelles as shown in �gure 2.1(a)(2).

The second subprocess in the uptake simulations then simulates the absorption of hydropho-
bic molecules by the micelles produced in the previous step. The �nal system produced by surfac-
tant self-assembly into micelles is �rst modi�ed by constraining the end-groups on the surfactant
molecules, emulating micelle immobilization while retaining the innate mobility of individual
surfactant molecules. Acrylate beads, which are the points of attachment between micelles and
the polymers within which they are immobilized, are constrained in a steep parabolic potential
well to mimic their attachment to a polymer backbone, resulting in the immobilization of mi-
celles. Note that we do not model the polymer backbones themselves in our simulations to limit
computational complexity. The introduction of constraints is an approximation that mimics the
polymerization of functionalized surfactants into a porous hydrogel[144], and is shown in �gure
2.1(a)(3a). Hydrophobic molecules, also coarse-grained using MARTINI FF beads as shown in
�gure 2.1(b), are then inserted into the constrained system at random locations with an overall
concentration of 5 mM and an energy minimization step is again performed. The concentra-
tion is of the same order of magnitude as what would be expected in extraction and delivery
applications, given the low solubility of the hydrophobic molecules considered in this study. As
before, the surfactant-hydrophobic molecule-solvent system now undergoes an NPT production
run for 100-150 ns, until the Lennard-Jones potential for the overall system, between surfactants,
between surfactant and hydrophobic molecules, and the surfactant-surfactant radial distribution
function has equilibrated to a stable value. This process is shown in �gure 2.1(a)(4a).

In order to determine the e�ect of constraining micelles on uptake simulations, a second set of
simulations with unconstrained micelles was also run for the representative surfactants B25, L61,
L64, P85, Span 20, and Tween 20 on the hydrophobic molecules EDOL, NOL, and PFOA. The pro-
cess for performing these simulations is very similar to that of the simulations with constrained
micelles; however, the constraining step after the self-assembly is ignored, as shown in �gure
2.1(a)(3b), and the uptake simulations are run directly on the self-assembled micelles, resulting in
the formation of larger agglomerates in the absence of constraints as shown in �gure 2.1(a)(4b).
The aggregation numbers of the micelles after unconstrained uptake, as well as the Lennard-Jones
interaction energies between micelles and the surfactants, were determined. Our aggregation
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data for the unconstrained micelles of� 8� 4 compares favorably with prior simulations using a
similar MARTINI FF[148] (see appendix A). In general, while MARTINI FF simulations tend to
underpredict experimentally observed aggregation numbers, trends for a given composition are
meaningful and speci�c aggregation numbers may be quantitatively accurate (also see appendix
A)[148, 161]. Trends in structural data (e.g. radial distribution functions) presented in this chapter
are expected to match experiments, and are backed up with quantitative data (e.g. Flory-Huggins
j parameters).

To determine the thermodynamic favorability of the uptake of hydrophobic molecules into
the micelles, we performed Gibbs free energy calculations for representative systems. These
calculations required two steps: calculating the Gibbs free energy change associated with re-
moving the hydrophobic molecules from the system (i) before, and (ii) after they partition into
micelles. The di�erence between the two values is the Gibbs free energy change associated with
the absorption of hydrophobic molecules by the micelles. The computational process for both
calculations involves thermodynamic integration and works by utilizing a range of coupling pa-
rameters between 0 and 1, as explained in Christ,et al. and associated prior work[162�164]. As
the interaction parameter incrementally increases from 0 to 1 (usually by a small step, 0.05), the
interacting forces between the the hydrophobic molecules and the rest of the system are progres-
sively weakened, emulating the slow removal of the molecules from the system. The change in
the Hamiltonian is recorded with every incremental change to the coupling parameter, and can
then be converted into Gibbs free energy using a function, developed by Berendsen,et al.[165].
Surfactants that contained EO beads required modifying the default bond angle potentials due to
the Gibbs-free energy simulations being incompatible with restricted-angle potentials developed
by Grunewald,et al.[152]. This modi�cation is implemented by replacing the classical restricted
bending potentials by polynomials �tted over the range of bond angles typically sampled through
the course of simulations using the restricted bending potentials. Further information is provided
in appendix A regarding this modi�cation.

Prepolymer surfactant solutions for uptake simulations were also prepared in 10%, 20%, 30%
and 40% (v/v) ethanol in water to determine the e�ect of ethanol on micelle formation and re-
sulting e�ects on hydrophobic molecule uptake in water. Ethanol-water mixtures are of interest
in experimental work because they allow for a greater solubility of certain surfactants such as
F127, allowing for more micelles per unit volume of polymer and potentially more hydropho-
bic molecule uptake as described previously[150]. Adding ethanol to the solvent also a�ects the
relative amphiphilicity of surfactants and allows us to change micelle size independently of the
presence of small molecules. The process for performing self-assembly simulations in ethanol is
almost identical to that of in pure water in �gure 2.1(A)(1�! 2); instead, coarse-grained ethanol
beads replace water beads so that the desired concentration of ethanol is reached. These ethanol
simulations were performed on the representative surfactants Span 20 and P85, utilizing the hy-
drophobic molecule NOL, which grouping is representative of surfactant-hydrophobic molecule
systems utilized in our broader simulations. The aggregation numbers of the micelles in ethanol,
as well as the Lennard-Jones interaction energies between micelles and the surfactants, were de-
termined. After micelles assemble in ethanol solutions, they are constrained as before and the
solvent is then changed to pure water. Hydrophobic molecules are introduced and uptake stud-
ies are performed as before. Since experimental work focuses only on ethanol solutions used
for preparing immobilized micelles, we do not perform uptake simulations for unconstrained
micelles in ethanol solutions.
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Figure 2.2:Use of machine learning tools to study the kinetics of micelle formation. a,Frames
are extracted at periodic intervals from the micelle-assembly simulations. Hydrophobic beads
are preserved and clustered using DBSCAN, which successfully identi�es the numbers and sizes
of micelles.b, B25 molecules (2.5% v/v) in water, colored by DBSCAN based on the cluster they
are identi�ed as being a part of. Beads of the same color are seen to belong to the same micelle,
indicating successful clustering. Certain colors are repeated when micelles are well-separated
visually to limit the total number of colors used.

We use unsupervised machine learning tools (DBSCAN), which have been used in limited
ways in similar contexts recently[166], to cluster the hydrophobic beads in surfactant molecules
and automate micelle counting, and enable the determination of average aggregation numbers
(and error estimates) over thousands of frames without having to manually count micelles. The
DBSCAN algorithm is similar to inbuilt tools in GROMACS (gmx clustsize), but analyzes data
frame-by-frame without requiring trajectory data and can be more robust when there is an ex-
change of surfactant molecules between distinct micelles. DBSCAN is run with an epsilon (the
distance at which two beads will be recognized to be parts of the same cluster) of 1 nm and a min-
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imum sample size (the size of a predicted cluster which is a lower threshold separating it from
noise) equal to the number of hydrophobic beads per surfactant molecule. We also extend prior
work and show that DBSCAN can be used to study the dynamics of micelle formation, which
though less studied than aggregation numbers, are also of academic interest and convey useful
information about micelle stability. We leverage automatic clustering to investigate the e�ect of
introducing hydrophobic molecules and changing the solvent on the rate of micelle formation
as shown in �gure 2.2(a). Frames are extracted at periodic intervals from the simulations and
hydrophobic beads are isolated within each frame. DBSCAN successfully clusters these beads to
identify micelles, as indicated by �gure 2.2(b), wherein individual micelles identi�ed by DBSCAN
in a box containing 100 B25 molecules are each colored based on the micelle to which DBSCAN
predicts them to belong. By applying this technique to a succession of frames, we rapidly count
the number of clusters as surfactants assemble into micelles (a process which is impossible to do
manually), and enables the study of the kinetics of micelle formation. It is important to note that
the MARTINI FF is known to spuriously speed self-assembly, but the relative rates are preserved
since the systems being compared contain extremely similar structures and are worth examin-
ing[167].

2.3 Results and discussion

2.3.1 Partitioning of hydrophobic molecules into micelles

As described in the methodology, we performed uptake simulations for 17 surfactants and 5 hy-
drophobic molecules at 293K, both with and without constraints on the surfactants. Simulation
snapshots are useful to validate the scheme shown in �gure 2.1(a). Figures 2.3(a,b) show con-
strained surfactant systems at equilibrium after the addition of hydrophobic molecules, indicat-
ing the partitioning of hydrophobic molecules into micelles as anticipated. Figure 2.3(a) shows a
zoomed out view of the entire F68-NOL system, showing that very few hydrophobic molecules
exist outside the immobilized micelles at equilibrium, which can be expected at the low hydropho-
bic molecule concentrations used in our study. Magni�ed views of single immobilized micelles
can be seen in �gure 2.3(b) for four representative surfactants, before and after the absorption of
hydrophobic small molecules (here, NOL, in green). Note in particular that several hydrophobic
molecules sit at the corona-core interface of the micelle. This location is expected based on the
presence of small hydrophilic moieties in each of the hydrophobic molecules considered in our
study (for example, the hydrophobic molecule shown here, NOL, has a phenolic alcohol moiety).
The presence of hydrophilic moieties is common in most hydrophobic molecules that are of in-
terest in drug delivery, water treatment, and other applications. Being located at the interface
allows the bulk of the hydrophobic molecule to rest inside the core while hydrophilic moieties
can point out into the less hydrophobic corona. Moreover, it is also apparent that interfacial sites
are easier for the hydrophobic molecules studied here to access than sites located deep inside the
micelle cores. More snapshots demonstrating this e�ect are shown in appendix A.

Figure 2.3(c) shows the potential energies of interactions between surfactants and hydropho-
bic molecules. This data combined with that for free micelles is shown in �gure S5. Our ob-
servation of the preferential partitioning of hydrophobic molecules into immobilized micelles is
consistent with the negative sign of the potential energies. A lower potential energy implies the
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Figure 2.3:Uptake of hydrophobic molecules by immobilized micelles. a, b,Uptake of NOL
molecules (green) by immobilized micelles (blue: hydrophilic ethylene oxide groups; orange: hy-
drophobic propylene oxide groups; yellow: hydrophobic alkyl groups).a shows a zoomed out
F68-NOL system at equilibrium, andb shows zoomed in images of four surfactant systems con-
taining NOL at equilibrium. c, Potential energies of interaction between surfactant molecules
in immobilized micelles and small hydrophobic molecules. Each point represents one surfactant-
hydrophobic molecule pair, with surfactants belonging to the same class having the same marker.
d, Gibbs free energy changes (per mole of small molecules) associated with the partitioning of
NOL into immobilized micelles of four representative surfactants.e, f, Variation of magnitudes
of potential energies of surfactants-hydrophobic molecule interactions inc as a function of the
size of various groups in the surfactant molecule for alkyl-PEO (e) and Pluronic (f ) surfactants.
Color indicates the magnitude of the potential energy. All potential energy values are reported
per mole of surfactant.
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formation of stronger physical bonds between surfactants and hydrophobic molecules, and can
be expected to correlate strongly with the extent of partitioning of hydrophobic molecules at low
concentration into immobilized micelles in real systems. Interestingly, all the potential energies
determined here are at least several kT (1 kT� 2.4 kJ/mol at 293K), which agrees well with our ob-
servation that small hydrophobic molecules, after partitioning into micelles, do not escape those
micelles into the solvent phase without a change in environmental conditions. It is apparent that
the strength of the interaction is a strong function of the surfactant class, and only weakly depen-
dent on variations in sizes of hydrophobic and hydrophilic groups within that class. The Pluronics
have the strongest interactions with the hydrophobic molecules, and the alkyl-PEO surfactants
have the weakest interactions. Note that the only hydrophobic molecule which does not obey
these trends is PFOA, which is itself a strongly-amphiphilic surfactant inherently di�erent from
most hydrophobic small molecules.

The potential energies of interactions between the micelles and small hydrophobic molecules
are surrogate metrics for the free energy change during the uptake process. The free energy
change is computationally expensive to obtain, requiring thermodynamic integration as described
in section 2.2. Magnitudes of Gibbs free energy changes associated with the partitioning of hy-
drophobic NOL molecules into immobilized micelles are shown in �gure 2.3(d) for four represen-
tative surfactants chosen across classes, and can be seen to correlate with the potential energies
in �gure 2.3(c). For instance, the Pluronic system (P85) shows the largest free energy change, and
the alkyl-PEO surfactant (B25) shows the smallest. The absolute values obtained here are sim-
ilar to values obtained experimentally for other drug-surfactant systems[168�170], and can be
expected to be quantitatively accurate since MARTINI is parameterized for accurate free energy
determination in self-assembled systems[167]. Error bars in �gure 2.3(d) re�ect the magnitudes
of numerical errors produced by discretization in thermodynamic integration, as described in
the methodology. Based on the data in �gure 2.3(E), we can conclude that the Pluronics, which
have the strongest interactions with the hydrophobic small molecules, are also likely to show the
fastest uptake or release of those molecules when immobilized in macroscale structures. Recent
experimental work using immobilized micelles for water treatment showed the improved perfor-
mance of Pluronics compared to alkyl-PEO and sorbitan-ester surfactants[144], demonstrating
the ability of these simulations to help optimize material compositions.

Figures 2.3(e,f) show the dependence of potential energies of interaction between surfactants
in immobilized micelles and hydrophobic small molecules on the sizes of surfactant hydrophobic
groups (PPO in Pluronics and C in alkyl-PEO surfactants, respectively) and fraction of hydropho-
bic groups by molecular weight for the Pluronics and alkyl-PEO surfactants respectively. Since
the alkyl groups are more hydrophobic than PPO groups, commercial alkyl-PEO surfactants can
have a smaller fraction of hydrophobic groups than Pluronics, in order to maintain solubility in
water. The data points in �gure 2.3(E) are therefore clustered on one side of the plot. Note that
this clustering is therefore not an artifact of our surfactant selection process, but arises as a result
of the limited range of hydrophobic group sizes and fractions at which commercial alkyl-PEO
surfactants are available.

Based on the data in �gures 2.3(e,f), it can be inferred that more hydrophobic groups and a
larger fraction of hydrophobic groups result in stronger interactions between the surfactants and
hydrophobic molecules, as can be expected in free micelles. The same e�ect is seen in sorbitan-
ester surfactants, shown in �gure A.3. In practical applications, improving surfactant perfor-
mance by increasing the total size and fraction of hydrophobic groups will be limited by solu-

53



bility, which limits surfactant dissolution in monomer mixtures for immobilization in polymers.
The solubility is reduced as the total size and fraction of hydrophobic groups increase.

2.3.2 E�ect of immobilization

Figure 2.4:E�ect of immobilizing micelles. a, Ratio of micelle aggregation numbers at equi-
librium after the addition of 5 mM NOL without constraints to micelle aggregation numbers at
equilibrium after the addition of 5 mM NOL with constraints, for four representative surfactants.
b,Di�erence between the potential energies of surfactant-hydrophobic molecule interaction with
and without constraints.c, Radial distribution functions for B25 and P85 systems at equilibrium,
both containing NOL, with and without immobilizing constraints. These radial distribution func-
tions only account for the hydrophobic beads in B25 (alkyl groups) and P85 (PPO groups), and
the origin on the x-axis of these plots corresponds to a point in the interior of the micelle cores.
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We compare the behavior of immobilized micelles as seen in the previous subsection to that of
free micelles in water. Videos SV1 and SV2 (see appendix A) show the agglomeration of free mi-
celles into larger micelles upon the introduction of hydrophobic molecules. Recent experimental
and simulation work on a speci�c unconstrained surfactant-small molecule system also detected
this e�ect, which was attributed to the disruption in micelle geometry created by the hydropho-
bic small molecule[171]. This geometric disruption is the result of small molecules partitioning
either into the micelle core or at the core-corona interface, disrupting interactions between sur-
factant molecules. To prevent water (or other solvent) from entering the hydrophobic micelle
core, an e�ect which is energetically unfavorable, more surfactant molecules must enter existing
micelles to stabilize the geometry. This insertion manifests itself as an increase in the aggregation
number, which is the average number of surfactant molecules per micelle. On the other hand,
it is apparent that immobilized micelles, being locked in place within a matrix, cannot agglom-
erate to form these larger structures as seen in videos SV3 and SV4 (see appendix A), and their
aggregation number remains unchanged after the introduction of hydrophobic molecules. It is
interesting to note that the introduction of small molecules into a surfactant solution can slow
down micellization, as seen in �gure A.2. Figure 2.4(a) shows for four representative surfactants
(one from each class) the ratio of the aggregation number of free micelles to the aggregation num-
ber of immobilized micelles, after the introduction of hydrophobic molecules of NOL. The ratio is
always greater than one, indicating that free micelles always prefer to form larger agglomerates
when hydrophobic molecules are added. The ratio can be seen to be weakly dependent on the
surfactant type, and is close to 1.5.

It is also apparent that a change in micelle size and morphology caused by the introduc-
tion of hydrophobic small molecules will a�ect the interactions between the micelles and those
molecules. Figure 2.4(b) shows the di�erence between the interaction energies with constrained
and unconstrained micelles for four representative surfactants with three hydrophobic molecules.
A negative value here implies that the interaction is stronger when micelles are immobilized, or
that the formation of larger micelles inhibits the interactions between the micelles and hydropho-
bic molecules. It can be seen that the di�erence is small for most micelle-small molecule systems,
but remarkably, is actually negative for speci�c systems (for example, with surfactant P85 in
�gure 2.4(b)). These negative values imply that micelle immobilization can strengthen the in-
teractions between hydrophobic small molecules and surfactants. This strengthened interaction
can explain the high levels of drug loading seen in prior experimental work, for example with
micelle-laden hydrogels used to encapsulate small drug molecules[115].

When we immobilize micelles, we constrain the system and prevent certain molecular rear-
rangments (increased aggregation numbers) which might otherwise lower the free energy of the
overall system. In constrained systems, the less e�cient packing of the micelles due to the sub-
optimal aggregation numbers and other prohibited rearrangements results in a higher overall
free energy, but also exposes micelles to more favorable interactions with the small hydropho-
bic molecules, enhancing the hydrophobic molecule-micelle interactions and lowering the free
energy corresponding speci�cally with these interactions of interest. In general, constraints af-
fect micelle properties in two ways - (1) changed aggregation numbers, and (2) changed space
of available conformations that the surfactant molecules can access. To probe the relative im-
portance of these two modes, we studied the P85-NOL system in �gure 2.4(b) as an exemplar for
systems that show strengthened surfactant-small molecule interactions when constrained. First,
we equilibrated the P85 system with NOL in the absence of constraints, which produced micelles
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with larger aggregation numbers than when produced by constraining after equilibration in the
absence of NOL. Then, we measured the potential energy of interaction between P85 and NOL
at equilibrium. NOL was then removed from the system, and constraints imposed to immobilize
the P85 micelles at this higher aggregation number. Finally, NOL was reinserted and the system
allowed to attain a new equilibrium in the presence of constraint forces, and the potential energy
of P85-NOL interactions was recorded at equilibrium. The simulation protocol thus gave us two
potential energy values, one with constraints, and one without constraints, but both at the same
value of aggregation number. We noted a di�erence of only about 4% in these values, compared
to a 16% di�erence when immobilization is accompanied with an aggregation number change as
in real systems. Consequently, it follows that the aggregation number e�ect is more signi�cant
than the constraint force e�ect.

To probe the mechanisms underlying the e�ect of aggregation number changes on surfactant-
small molecule interactions in greater detail, it is useful to look at the radial distribution functions
shown in �gure 2.4(c), for the systems constructed using NOL and two surfactants, Span 20 (which
does not show enhanced interactions), and P85 (which does). Though MARTINI is not optimized
for the quantitative determination of aggregate size and radial distribution functions, qualitative
matches with real trends are expected, and the data can be quantitatively accurate for speci�c sys-
tems[148]. These radial distribution functions only account for the hydrophobic beads in Span
20 (alkyl groups) and P85 (PPO groups), to separate the core from the corona. The origin on the
x-axis of these plots therefore corresponds to a point in the interior of the micelles, close to their
centers. B25 is a strongly amphiphilic molecule which forms micelles with strongly hydrophobic
cores. On the other hand, P85 is a weak amphiphile and forms micelles with weakly hydrophobic
cores. The di�erence in the breadth and height of peaks seen in �gure 2.4(c)(a) and �gure 2.4(c)(d)
indicate the formation of larger and denser micelles by the strong amphiphile Span 20, compared
to the weak amphiphile P85. At the same time, �gures 2.4(c)(c,f) indicate the signi�cantly greater
presence of water in the cores of the P85 micelles. To further con�rm the lower hydrophobicity of
the P85 micelle cores relative to Span 20, we performed simulations to measurej parameters be-
tween water and the hydrophobic segments of two surfactants, P85 (a weak amphiphile) and Span
20 (a strong amphiphile), which have been used elsewhere in our work (chapter 3 and 4) as exem-
plars for these categories. The beads contained in the hydrophobic segments were kept attached
to each other (since bond structure a�ects overall hydrophobicity), and the hydrophilic portion
of the surfactant molecules were removed for the purpose of these simulations. We observed
that j %85¹�~3A>?�>182º� , = 0”5019Ÿ j (?0=20¹�~3A>?�>182º� , = 2”1103, demonstrating the di�erence
in surfactant properties.

The small hydrophobic molecules that we examine, and which are representative of those
small molecules used in drug delivery, water treatment, and related applications, contain hy-
drophilic groups even though they are overall hydrophobic. Such molecules are likely to adsorb
at the core-corona interface in the Span 20 system, allowing their bulk to reside in the hydropho-
bic core even as speci�c hydrophilic groups point out into the corona. In the P85 system, they
are much likelier to adsorb into the core of the micelle, which contains hydrophilic oxygen atoms
and is still su�ciently hydrophilic to admit several water molecules. A core-site adsorption in
Pluronics is supported by prior experimental work[171]. This �nding is also supported by the
radial distribution functions in �gure 2.4(c), which show narrower peaks (closer to the core) for
P85-NOL (�gure 2.4(c)(e)) compared to the longer tails seen for Span20-NOL (�gure 2.4(c)(b)) (also
see simulation snapshots in appendix A).
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Table 2.2:Flory-Huggins j parameters for surfactant segment-small molecule interactions at
293K.

P85 Span 20
j �~3A>?�>182 j �~3A>?�8;82

j �~3A>?�8;82

j �~3A>?�>182
j �~3A>?�>182 j �~3A>?�8;82

j �~3A>?�8;82

j �~3A>?�>182

PFOA 0.4593 0.5165 0.8892 0.8950 0.6691 1.3376
EDOL 0.1724 0.2205 0.7818 0.4967 0.3512 1.4144

When free micelles are allowed to agglomerate in the presence of hydrophobic small molecules,
two di�erent phenomena occur based on the sites into which the small molecules partition. In
the Span 20 system, small molecules partition into the core-corona interface, and agglomeration
involves the micelle cores becoming denser while driving out water molecules, as seen in �g-
ure 2.4(c). The number of interfacial sites does not reduce signi�cantly enough to limit small
molecule partitioning at low small molecule concentrations (the Span 20-NOL radial distribution
function is unchanged), and micelle-small molecule interactions are not signi�cantly a�ected by
agglomeration. In a system like this, when the surfactants are strongly amphiphilic, micelle im-
mobilization does not a�ect the micelle-small molecule interactions.

In the P85 system, small molecules prefer to partition into the micelle cores, which are sparse
because the micelles are themselves small. The partitioning of small molecules is accompanied
by a change in conformation of the micelle cores to admit these molecules, since micelle cores are
denser than the corona. The thermodynamic e�ect of these conformation changes is to improve
micelle stability by strengthening surfactant-surfactant interactions, because surfactants are the
dominant species in the micelles. This strengthening of surfactant-surfactant interactions is at the
expense of surfactant-hydrophobic molecule interactions, and the small hydrophobic molecules
are driven out of the micelle cores (�gure 2.4(c)(e)). Adding constraints limits these conformation
changes upon the addition of small molecules and allows the surfactant-small molecule interac-
tions to remain strong. Therefore, in systems in which the surfactants are weakly amphiphilic,
micelle immobilization strengthens the micelle-small molecule interactions compared to systems
in which the micelles are not immobilized.

This mechanism is further supported by the variation seen across small molecules in �gure
2.4(b). PFOA, the smallest and most amphiphilic molecule which occupies the least volume and
always occupies interfaces is least a�ected by immobilization, while EDOL, the largest and least
amphiphilic molecule which strongly prefers core sites that are most sensitive to micelle confor-
mation, is most a�ected.

To strengthen these conclusions using thermodynamic data, we performed simulations to
measurej parameters for the interactions between two hydrophobic molecules, PFOA (per�u-
orooctanoic acid, of interest in water treatment) and EDOL (ethinyl estradiol, a drug), and the
hydrophobic and hydrophilic segments of P85 and Span 20, taken separately. It must be noted
that MARTINI is optimized for the quantitative determination of thermodynamic quantities, and
these data can be expected to match experimental values.j values were determined through free
energy simulations using methods similar to those in prior work[172], and are shown in table
2.2. The parameter of interest here is the ratio ofj parameters (j �~3A>?�8;82• j �~3A>?�>182), which
is an indicator of the optimal positioning of the small molecule with respect to the core-corona
interface in a hypothetical two-component micelle-small molecule system. Larger values of this
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Figure 2.5:E�ect of ethanol on micelle formation, structure, and properties. a,Kinetics of Span
20 micelle formation as ethanol fraction increases (darker to lighter).b, Aggregation numbers
of Span 20 and P85 micelles in the absence of small molecules with increasing ethanol solvent
fraction. c, Potential energies of interaction between constrained Span 20 micelles, produced in
varying ethanol fractions, separately for 5 mM of three di�erent hydrophobic molecules.d, The
same interaction energies for P85 systems.

ratio indicate that the small molecules would prefer to be closer to the hydrophilic corona, and
smaller values indicate that the small molecules would prefer to be closer to the hydrophobic
core. From the values in table 2.2, we draw two conclusions � (1) the small molecules prefer to
be deeper inside the core of weak surfactant micelles like P85 that have less hydrophobic cores,
and (2) small molecule chemistry a�ects the relative position, with EDOL positioned deeper in
the core than PFOA in such micelles. Moreover, the location of EDOL deeper inside the core
compared to PFOA corresponds well with our prior observation that immobilization strengthens
EDOL-P85 interactions more signi�cantly than PFOA-P85 interactions, and that such strength-
ening is related to core conformations. Of course, it must be noted that the systems studied in
our manuscript are three component systems, and also contain water. The e�ect of water is to
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push all hydrophobic small molecules deeper into the micelles � and so even when thej -ratio is
greater than one, small molecules still partition into the micelles.

2.3.3 E�ect of ethanol

The study of systems containing immobilized micelles prepared in water-ethanol mixtures is of
practical interest in various applications including drug delivery. The addition of ethanol to the
synthesis solvent increases surfactant solubility, allowing for higher loading of small molecules[144,
150]. In the context of examining the e�ect of aggregation number on micelle-small molecule in-
teractions, preparing micelles in ethanol-water mixtures is a simple way of changing the micelle
aggregation number and further investigating the interaction mechanism introduced previously.
As previously described in the methodology, we prepared micelles in water-ethanol mixtures,
then applied constraints to mimic immobilization inside a polymer, then changed the solvent to
pure water and added hydrophobic molecules, and performed uptake simulations.

Figure 2.5(a) shows the kinetics of micelle formation in water-ethanol mixtures starting with
a hundred molecules of Span 20 in the absence of small hydrophobic molecules, for increasing
ethanol fractions. Hydrophobic segments in the surfactant molecules interact with ethanol more
favorably than with water, and the presence of ethanol in the solvent increases the relative sta-
bility of the free surfactant phase (surfactants not incorporated into micelles). At the same time,
ethanol-water mixtures have a lower polarity than pure water, and can penetrate deeper into mi-
celle cores, weakening hydrophobic interactions and lowering the stability of the micelle phase.
The increased stability of free surfactants and decreases stability of micelles lowers the force driv-
ing micellization compared to systems in which the solvent is pure water. This can be seen to
slow the formation of micelles signi�cantly at low ethanol fractions. Increasing ethanol fractions
continue to marginally lower the micelle formation rate. It is important to note that the MAR-
TINI FF is known to spuriously speed self-assembly, but the relative rates are preserved since the
systems being compared contain extremely similar structures[167]. The data here are therefore
meaningful, though time points are in qualitative time units.

Ethanol also simultaneously reduces the aggregation number, resulting in the production of
smaller micelles as seen in �gure 2.5(b) for two di�erent surfactants. Note that the aggregation
number e�ect, and consequent e�ects on micelle properties are solely dependent on the destabi-
lization of micelles due to the reduced solvent polarity, and are independent of the stabilization
of free surfactants, as long as surfactant concentrations exceed the CMC. The lowering of ag-
gregation numbers has been well-attested in a large body of previous experimental work[173,
174], and the extent of size reduction depends on the surfactant. Strongly amphiphilic surfac-
tants like Span 20 form signi�cantly smaller micelles because the destabilization of the micelle
phase due to the lowered polarity of water-ethanol mixtures is large. On the other hand, weakly
amphiphilic surfactants like P85 are not signi�cantly a�ected because the low hydrophobicity of
their micelle cores admits polar solvents like pure water, and lowering solvent polarity by adding
ethanol does not signi�cantly further destabilize the already less-stable micelle phase. Similarly,
we note that the reduction in aggregation number for the more amphiphilic Span 20 is reduced as
the ethanol fraction increases beyond 10%. This reduced decrease is a result of the lack of further
destabilization of the already destabilized micelle phase.

Finally, although micelle aggregation numbers are reduced, the energy of interaction between
the surfactants constrained in water and small hydrophobic molecules is not signi�cantly a�ected
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as seen in �gures 2.5(c,d). This �nding is also supported by recent experimental results[144], and
again is a result of separate phenomena. Micelle-hydrophobic molecule interactions in systems
with strongly amphiphilic surfactants are insensitive to changes in micelle size, as seen previously
in �gure 2.4(b). For less amphiphilic surfactants, the changes in micelle size with the introduc-
tion of ethanol are small as seen in �gure 2.5(b), and micelle-small molecule interactions remain
una�ected.

2.4 Conclusions

We have presented a framework that can be used for the scalable and rapid evaluation of immo-
bilized micelle-small molecule systems. The current framework neglects the polymer backbone
in which the micelles are immobilized for computational ease while capturing the relevant phe-
nomena. We expect the current framework to be accurate whenever micelles are immobilized
using chemical or strong physical bonds, and the formation of immobilizing bonds is on time
scales much slower than the time it takes for surfactants to re-equilibrate after perturbation by
the formation of these immobilizing bonds, which is true in several experimental systems in lit-
erature[115, 144]. The current framework also predicts relative surfactant performance in exper-
imental studies[144]. For a given surfactant class, we showed that micelle-hydrophobic molecule
interactions are a stronger function of the chemical nature of the moieties present in each group,
and a weaker function of the proportion in which those moieties occur. We have also shown
that micelle immobilization can signi�cantly a�ect interactions between surfactants in micelles
and small hydrophobic molecules. Immobilized micelles are constrained to be smaller agglom-
erates far from equilibrium, and these reduced aggregation numbers are the primary drivers of
strengthened surfactant-small molecule interactions. In general, micelle-hydrophobic molecule
interactions in systems with highly amphiphilic surfactants are insensitive to changes in aggre-
gation number, but are strengthened in systems with less amphiphilic surfactants as aggregation
number is reduced.
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Chapter 3

Micelle-laden hydrogel microparticles:
Synthesis and experiments

Micropollutants, which occur at low concentration in the environment, are ubiquitous, haz-
ardous, and di�cult to remove from water using current methods. This chapter introduces
hydrogel-based polymeric absorbents containing immobilized micelles for the removal of hy-
drophobic micropollutants from water. Acrylated surfactants are synthesized and self-assemble
into micelles with hydrophobic cores. The acrylate groups enable the incorporation of micelles
into poly(ethylene glycol) diacrylate (PEGDA) hydrogels by free radical polymerization. NMR
spectroscopy is used to characterize the cross-linked hydrogels. The hydrogels are formulated
into microparticles using droplet-based micro�uidics to speed uptake by increasing surface area.
Hydrophobic micropollutants quickly partition into the immobilized micelles within these mi-
croparticles, with mass transfer coe�cients greater than those determined for a commercially
available activated carbon that is frequently used for water puri�cation. Finally, a sustainable
and facile method of regenerating spent absorbent is demonstrated.

This chapter has been reprinted (adapted) with permission from D. Gokhale, I. Chen, and P.
S. Doyle, `Micelle-laden hydrogel microparticles for the removal of hydrophobic micropollutants
from water,' ACS Appl. Polym. Mater.4(1), 746�754 (2022)[144]. Copyright (2022) American
Chemical Society.

3.1 Introduction

Water is essential for human life and integral to sustainable economic development[1�3]. Pol-
lutants may be classi�ed into two categories: macropollutants, and micropollutants. Macropol-
lutants are few in number but contribute to the bulk of water pollution - they include coliforms
and other microorganisms, runo� from agriculture including phosphates and nitrates, and other
organic matter. Micropollutants, on the other hand, are numerous, with each speci�c component
contributing little to water pollution in terms of mass. Micropollutants include industrial organic
solvents, intermediates and lubricants, industrial surfactants, household products such as deter-
gents and disinfectants, antibiotics and other medications, certain heavy metals, food additives
and �avoring agents, and nanomaterials[4, 5].

Though their concentrations are low (� 0.01�100̀ g/L), micropollutants have been detected to
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be prevalent in the environment based on the limited measurements that have been conducted[7�
9, 15�24]. Disconcertingly, many micropollutants can have signi�cant adverse e�ects on the
ecosystem even in low concentrations, which has made them a problem of concern along with
conventional macropollutants[2, 3, 6, 7, 23, 25�30, 32]. Despite increased interest and the press-
ing need to develop technologies that can remove micropollutants from water, there has been
little innovation in terms of new technologies[4, 5, 73]. Since the problem of micropollutants
has become apparent only relatively recently, most work on eliminating micropollutants has fo-
cused on technologies developed for the elimination of macropollutants, such as activated car-
bon adsorption, ozone or peroxide oxidation, and photodegradation[4, 5, 7, 8, 74, 75]. Though
many pharmaceuticals are e�ectively removed through biological treatment and photodegrada-
tion[24, 76], the elimination of other micropollutants in wastewater treatment plants remains
highly variable, and is usually low[9, 16, 17, 74, 77, 78]. It is necessary to use multiple tech-
niques sequentially to achieve removal[80, 81], though even combined treatment strategies fail
to eliminate molecules like cipro�oxacin[82]. There are additional well-known drawbacks to cur-
rent methods. For instance, it is not environmentally sustainable to make activated carbon, and
regeneration requires extremely high temperatures (� 1000� C)[80, 84, 85]. Ozone or peroxide
treatment may produce transformation products like chlorates and bromates, which may them-
selves be hazardous[86, 87]. Another classical technology known to e�ectively eliminate many
pollutants is reverse osmosis, which shows poor elimination of hydrophobic micropollutants[88,
89]. Technologies designed for separating macropollutants are therefore not suited to the elimina-
tion of micropollutants. The United Nations Sustainable Development Goals[175] seek to `ensure
availability and sustainable management of water and sanitation for all'. It is apparent that this
goal will not be achieved without the development of technologies tailored to the removal of
emerging contaminants from water.

There has been some nascent research into technologies speci�cally tailored to removing
micropollutants from water based on absorbing polymers[73, 90, 91]. There has also been interest
in employing nanomaterials for the treatment of water[92, 93]. However, very few technologies
have translated from the lab to implementation[94�97, 99].

Micelles with hydrophilic shells and hydrophobic cores can be used to capture hydrophobic
molecules from water[176, 177]. Micelle cores capture hydrophobic molecules into aggregates
larger than the molecules themselves. These aggregates can be removed using methods such
as ultra�ltration that are easier to implement and more e�ective than reverse osmosis[88, 89,
178�180]. Previous studies that attach micelles to much larger clay[141, 142] or magnetic parti-
cles[143] evade the extra ultra�ltration step. Here we report the synthesis of hydrogel microparti-
cles containing chemically-anchored micelles and demonstrate their use in water puri�cation. In
contrast with previous work which used surface adsorbents, these particles are bulk absorbents
and can therefore be larger and easier to separate from water (since surface area considerations
are less important). They also have greater chemical diversity, show faster uptake, are signi�-
cantly easier to produce at scale, and much easier to regenerate.

Though they are large enough to easily separate them from water, (for example, by gravita-
tional settling for a few seconds) microparticles are su�ciently small to limit the length scales
on which transport needs to occur, allowing fast uptake. Microparticles can easily be made using
o�-the-shelf devices like micro-crosses, capillary devices or T-junctions which are built from a
few simple parts like tubes and adapters[181, 182]. Similar to previous work, we use a micro-
cross with an aqueous phase �owing into a continuously �owing oil phase, resulting in droplet
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formation at the junction by pinch-o�[183]. Such devices are easy to build and scale-up, and
produce monodisperse droplets with uniform sizes in a reproducible manner[183, 184]. Hydrogel
monomers, micelles, and a photoinitiator are dissolved in the aqueous phase, and the droplets are
UV-polymerized to create hydrogel particles. These hydrogel particles can be incorporated into
existing unit operations like packed and �uidized beds for implementation in water treatment.

The partitioning of hydrophobic molecules into the micelle cores within the hydrogels is en-
ergetically favorable, but does not result in the formation of strong physical or chemical bonds
like in commercial activated carbon; this allows easy regeneration of micelle systems. Here we
introduce simple regeneration by washing with 90% ethanol. Ethanol is bio-safe at low concen-
trations, inexpensive and combustible, allowing for safe and economically productive disposal.
Hydrophobic micropollutants are signi�cantly more soluble in ethanol than water; only a small
volume of ethanol needs to be used to regenerate hydrogel absorbent used to clean a large volume
of water (1 : 103 � 109).

We also systematically compare our hydrogel materials with Brita activated carbon (AC), a
commonly used activated carbon in water puri�cation. Brita AC is a representative AC, which
remain the only class of commercial methods used to remove micropollutants today, and has been
used as a standard for comparisons in prior work[73]. We demonstrate that our materials not
only solve the sustainability and regeneration concerns surrounding the use of activated carbon,
but also represent a scienti�c advance as a bulk-active replacement for surface-active activated
carbon.

3.2 Materials and Methods

3.2.1 Materials

All chemicals used in this study were purchased from Sigma-Aldrich and used as received. Ma-
terials used in hydrogel synthesis include PEGDA, PI, and surfactants. B25MA is purchased from
Sigma-Aldrich while S80TA, T80TA and F127DA are synthesized from unacrylated precursors
which are commercially available. Acryloyl chloride, dichloromethane (DCM), and sodium bi-
carbonate are used in the acrylation process, and 2-naphthol is used in uptake studies. Ethanol,
used for regeneration, is purchased at 99.9% purity and diluted to 90%.

3.2.2 Synthesis of acrylated surfactants

Unacrylated precursors S80, T80 and F127 terminate in alcohol groups. Acrylate groups are at-
tached following a modi�ed form of the procedure described in prior studies[115, 185]. Surfac-
tants are dissolved in DCM (120 ml) and a 20% molar excess of sodium bicarbonate is added. The
same molar excess of acryloyl chloride is dissolved in DCM (20 ml), and the solution is added
to the reaction mixture dropwise over 60 minutes with constant stirring. The reaction is then
allowed to proceed with continuous stirring, in the dark for 48 hours. The mixture is then �l-
tered using a Buchner funnel to remove solids and the solvent is removed under vacuum at30� C.
H-NMR spectroscopy is used to con�rm acrylation and calculate conversion (¡ 90% in all cases,
�gure B.5).
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3.2.3 Synthesis and processing

We synthesize micelle-laden hydrogel particles from an aqueous solution of monomers contain-
ing a cross-linking agent (poly(ethylene glycol) diacrylate (PEGDA)," = = 700 g mol-1), a photoin-
tiator (2-hydroxy-2-methylpropiophenone (PI)), and one of four acrylated surfactants (B25MA =
poly(ethylene glycol) behenyl ether methacrylate," = � 1500 g mol-1; S80TA = Span 80 triacry-
late, " = � 591 g mol-1; T80TA = Tween 80 triacrylate," = � 1472 g mol-1; F127DA = Pluronic
F127 diacrylate," = � 12700 g mol-1). The surfactants are chosen to represent a broad diversity
of sizes and structures. B25MA is a polyethoxylated alkane, S80TA is a sorbitan ester, T80TA is a
polyethoxylated sorbitan ester, and F127DA is a poloxamer.

All surfactants can be considered to have the general form shown in �gure 3.1(a), with one
or more acrylate head groups, one or more hydrophilic blocks, and a hydrophobic block. This
is in contrast to PEGDA, which has two acrylate groups and a single hydrophilic section. The
acrylate groups enable the copolymerization of the surfactants with PEGDA, as shown in �gure
3.1(b). Polymerization is induced by free-radicals generated from the photointiator by exposing
the monomer solution to UV light, and results in the formation of the cross-linked bond net-
work in �gure 3.1(b). The surfactants have low critical micelle concentrations (CMCs) as shown
in appendix B, and always exceed their CMCs in the monomer solution[115]. The amphiphilic
structure of the surfactants causes them to assemble into micelles in the monomer solution and
are subsequently incorporated as micelles into the cross-linked hydrogel (�gure 3.1(c)).

The aqueous monomer solution is amenable to various forms of processing. We use an o�-the-
shelf micro-cross (�gure 3.1(d)) to prepare monomer droplets which form due to pinching-o� by a
mineral oil phase as shown in �gure 3.1(f). These monomer droplets are then UV-polymerized to
make hydrogel microparticles. Flow rates are tuned to make particles� 500` m in diameter, irre-
spective of particle composition. The resultant microparticles are stable in water for long periods
of time (�gure B.1). Figure 3.1(e) shows a �uorescence microscopy image of monodisperse parti-
cles incorporating PEGDA, B25 and rhodamine acrylate made by this method, showing uniform
cross-linking.

Cross-linked hydrogels so prepared are then washed over 7 days in water, which is replaced
daily, to remove any unreacted monomers and oligomers that are not incorporated into the gel
matrix. Extensive washing ensures that no hydrogel leaches into the water when used for microp-
ollutant removal, and enables detection and quanti�cation of micropollutants at environmentally-
relevant concentrations. The entire synthesis process is summarized in �gure B.2.

3.2.4 H-NMR spectroscopy for characterization

All H-NMR spectra were obtained using a three-channel Bruker Avance Neo spectrometer oper-
ating at 500.34 MHz. The system is equipped with a 5mm liquid-nitrogen cooled Prodigy broad
band observe (BBO) cryoprobe. Data is collected with 16 scans per sample.

3.2.5 Uptake and regeneration

Equilibrium uptake experiments

Hydrogels are prepared using a monomer solution with a �xed amount of cross-linking agent
(10% PEGDA) and photointiator (5% PI), but with a varying amount of surfactant to assess ef-
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Figure 3.1:Synthesis of micelle-laden hydrogel microparticles. a,Structural templates of the
constituent surfactants and cross-linking agent.b, Chain-growth polymerization of monomers
to produce cross-linked bond network.c, Surfactants form micelles in the monomer mix, and
are incorporated in this form into the cross-linked gel.d, An o�-the-shelf microcross used to
process the monomer solution into droplets, which are then UV-polymerized into particles (e). f,
A schematic of the micro-cross and microparticle synthesis process.

fects on micropollutant uptake. 2-Naphthol is used as a canonical hydrophobic micropollutant
in this chapter. 2-Naphthol has been used in prior work as a model micropollutant and is itself
an organic pollutant of concern, known to be di�cult to remove using conventional methods[73,
186]. Varying quantities of 2-naphthol are dissolved in two solvents, water and 90% ethanol, and
a known volume of hydrogel microparticles is added to each sample and mixed for 24 hours in the
dark. The initial concentration of 2-naphthol is low, and in the range relevant to water puri�ca-
tion. 2-Naphthol is detected using UV/Vis absorbance spectroscopy using a spectrophotometer.
Peaks in the spectrum at 273 nm and 326 nm are used to prepare a calibration based on the Beer-
Lambert law, and accurate detection of micromolar concentrations is possible (�gure B.3). The
concentration of 2-naphthol in the supernatant is measured at equilibrium and a mass balance is
used to determine the concentration inside the hydrogel microparticles.
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Uptake-regeneration cycling

The hydrogel microparticles are denser than water and can be separated by simple gravitational
settling. After reaching saturation in a water solution, the 2-naphthol containing water is re-
moved and 90% ethanol is added to the spent hydrogel particles to regenerate them. Particles
are mixed with 90% ethanol in the dark for 24 hours, followed by a second 24 hour wash in
clean water to remove any residual ethanol that may interfere in 2-naphthol quanti�cation. 2-
naphthol containing water is then added and equilibrium uptake measured as discussed above.
These uptake-regeneration cycles are continued to assess the impact of repeated regeneration on
hydrogel performance.

3.3 Results and discussion

3.3.1 Characterization of hydrogels

Hydrogels prepared as described in section 3.2.3 are characterized using H-NMR spectroscopy
to study conversion during the polymerization process and assess the extent of leaching during
the washing process. The hydrogels we synthesize are cross-linked and therefore not soluble in
any solvent, which precludes direct H-NMR analysis. We therefore hydrolyze the synthesized
gels using a strong base, 1mNaOH. Hydrolysis breaks the ester linkages in PEGDA and the sur-
factants, leaving behind a mixture of poly(ethylene glycol) (PEG), unacrylated surfactant, and
sodium polyacrylate, all of which are oligomers soluble in water (�gure 3.2(a)). This hydrolysis
process does not a�ect any unreacted double bonds, and can be used to analyze conversion.

Figure 3.2(b) shows H-NMR spectra corresponding to the hydrolyzed monomer solution (I)
and the hydrolyzed hydrogel particles (II) for a composition of 10% PEGDA, 5% PI, and no sur-
factant. Peaks (a,b) correspond to PEG protons, (c) to protons in the solvent (water), and (d,e,f) to
acrylate protons. The disappearance of peaks (d,e,f) during the polymerization process indicates
near-complete conversion of double bonds. However, not all molecules are incorporated into
the gel matrix, with some forming oligomers held within the hydrogel by steric e�ects. These
oligomers are slowly released into water during washing over the course of a week. The concen-
trations of such oligomers are su�ciently low as not to a�ect most hydrogel applications; in this
study, we analyze them carefully because they could potentially interfere with the detection of
low concentrations of micropollutants.

The amount of PEGDA and PI incorporated into the hydrogel particles can also be deter-
mined using H-NMR analysis. Figure 3.2(c) shows the H-NMR spectrum corresponding to par-
ticles which are hydrolyzed after washing for 7 days to remove any unincorporated oligomers.
Peaks (a,b,c) are as described above, and peak (p) corresponds to the photoinitiator (PI). Peak
(s) corresponds to acetone, a precise amount of which is added as an internal standard. An in-
ternal standard is essential to benchmark the decrease in the area of peaks (a,b,p) compared to
the original mixture (�gure 3.2(b)), while correcting for any measurement linked variation that
may occur. Acetone is used as an internal standard because it is miscible with the hydrolyzed
mixture, because it produces only one sharp peak in H-NMR spectra, and because that peak is
well-separated from other peaks of interest. Since the concentration of acetone is known, the area
under the acetone peak can be used to determine the concentrations of PEGDA and photoinitia-
tor. These are found to be lower than the concentrations in the unwashed particles (�gure 3.2(b)),
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Figure 3.2:Conversion and incorporation of monomers in hydrogel microparticles: H-NMR
analysis. a,Hydrolysis of hydrogels into soluble components for H-NMR.b, Spectra for the
hydrolyzed monomer mixture (blue) and for hydrogels hydrolyzed immediately after polymer-
ization (red). Any oligomers are removed through 7 days of washing and cleaned hydrogels are
hydrolyzed and analyzed to obtain spectrumc, which also contains acetone as an internal stan-
dard.

and the di�erence corresponds to the loss of PEGDA and PI during the washing process, in the
form of unincorporated oligomers. We determine the di�erence to be 18.8% of the initial amount
of PEGDA, and 62.1% of the initial quantity of PI, for a composition of 10% PEGDA, 5% PI, and no
surfactant. The amount of photointiator loss is much larger because the PI is in signi�cant molar
excess (molar ratio 4.43:1) to ensure fast polymerization, and because smaller oligomers have a
greater molar fraction of PI than PEGDA.

3.3.2 Equilibrium uptake and regeneration

Hydrogels are prepared using a monomer solution in water with a �xed amount of cross-linking
agent (10% PEGDA) and photointiator (5% PI), but with a varying amount of surfactant to assess
e�ects on micropollutant uptake. The amount of surfactant is limted by solubility for B25MA,
S80TA and T80TA, but by the formation of a gel for F127DA. Varying quantities of 2-naphthol are
dissolved in two solvents, water and 90% ethanol, and the initial concentration of 2-naphthol is in
the range relevant to water puri�cation. 2-naphthol containing water is mixed with the hydrogel
microparticles and concentrations of 2-naphthol inside and outside the particles are recorded at
equilibrium, as detailed previously. These data are then used to produce the equilibrium isotherms
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shown in �gure 3.3.

Figure 3.3:Equilibrium isotherms for the uptake of 2-napthol dissolved in water (blues) and
90% ethanol (reds).Isotherms are shown for three surfactants:a, S80TA,b, B25MA, andc,
F127DA, each with various concentrations. Note that the isotherms should not be interpreted
to extend to very low concentrations, below 0.5 mM, which are outside the linear regime.

Straight lines can be seen to �t the data in �gure 3.3 well. The parameter of interest is the
slope of the equilibrium isotherms, called the partition coe�cient, de�ned here as the ratio of the
concentration of 2-naphthol inside the particles to the concentration in the supernatant at equi-
librium. The partition coe�cient is greater than 1 for all systems, indicating that hydrophobic mi-
cropollutants always preferentially partition into the hydrogel microparticles. This partitioning
is a combination of two e�ects: the physical separation of pollutant molecules into hydrophobic
micelle cores, and the formation of hydrogen bonds between the pollutant molecules and ethylene
oxide units in the hydrogel matrix. The �rst e�ect is weakly dependent on the supernatant, and is
responsible for preferential partitioning in surfactant-free hydrogel microparticles. The second,
micelle-mediated e�ect, is strongly dependent on the supernatant; hydrophobic molecules prefer
micelle cores to water, but this preference is much lower when the supernatant is itself more
hydrophibic.

We therefore observe that the partition coe�cient when water is the supernatant increases
upon increasing the amount of surfactant in the hydrogel; the increase is attributed to the in-
creased number of micelles in the hydrogel, increasing its carrying capacity. The introduction of
micelles disrupts hydrogen bonding in the hydrogel, but the micelle-mediated e�ects dominate
when water is the solvent. F127DA has higher partition coe�cients than S80TA and B25MA,
corresponding to the larger size of the hydrophobic zone in those molecules.

On the other hand, the micelle-mediated e�ect is weaker and does not dominate when the
supernatant is 90% ethanol, which has greater a�nity for hydrophobic molecules than water. The
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disruption of hydrogen bond formation due to the introduction of micelles is now the dominant
e�ect, and the partition coe�cient decreases with an increase in surfactant concentration (red
isotherms in �gure 3.3).

As expected, the partition coe�cient is larger when water is the supernatant compared to
ethanol, and this di�erence is leveraged to regenerate spent absorbent. Hydrogel micropar-
ticles are used to clean contaminated water, and pollutant can be recovered from microparti-
cles by washing with a smaller volume of 90% ethanol. 90% ethanol is used because it is su�-
ciently hydrophobic, relatively inexpensive (being lower in concentration than the ethanol-water
azeotrope), biocompatible in trace amounts (if it enters the water stream through regenerated
particles), and �ammable (so it can be used as a fuel or fuel-additive, destroying any pollutant
molecules during combustion).

3.3.3 Kinetics of water puri�cation

The rate of pollutant removal is as important as the equilibrium capacity of the absorbent in water
puri�cation applications. Hydrogel microparticles (500� 75` m) are prepared using a monomer
solution with 10% PEGDA, 5% PI and varying surfactant fractions. The microparticles are added
to a well-mixed bath containing 100 times their volume of 5mM 2-naphthol and absorbance spec-
troscopy is used to track the concentration of 2-naphthol in the supernatant over time, which is
shown in �gure 3.4.

Figures 3.4(a-c) show the decrease in 2-naphthol concentration in the supernatant over time,
which corresponds to the uptake of pollutant molecules by the hydrogel microparticles in the
bath. The decrease is exponential, and increasing the surfactant fraction in the microparticles
increases the speed and extent of pollutant removal. All micelle-laden hydrogels perform better
than hydrogels without surfactants (shown using �lled circles). We compare the performance of
these materials to an equal weight of commercial activated carbon sold to clean drinking water
(Brita AC, in black asterisks). One of the formulations shown here, with 15% F127DA, can be seen
to outperform an equal mass of activated carbon in terms of total pollutant removed on the short
time scales that are more relevant to water puri�cation, where contact times are typically on the
order of minutes[187]. Additional data for longer time scales is shown in �gure B.6 for inter-
ested readers. Figure 3.4(d) indicates that there is slight variation across surfactants at the same
concentration, with F127DA-containing particles showing the best performance. The concentra-
tion (5%) is chosen as a common point of comparison, and data over a range of concentrations is
shown in �gure B.7 for the interested reader.

The data in �gures 3.4(a-d) �t equation 3.1, which is derived in appendix B. Here,+ is the
bath volume,+? is the absorbent/adsorbent volume, is the partition coe�cient de�ned in the
previous section,: 20 is the mass transfer coe�cient.
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(3.1)

The mass transfer coe�cient is the parameter of interest in water puri�cation studies, because
it limits the maximum water �ow rate through the absorbent bed. The mass transfer coe�cient
increases with increase in surfactant present within the hydrogel (�gure 3.4(e)), and is larger than
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Figure 3.4:Pollutant removal kinetics. The concentration of 2-naphthol in the supernatant
over time when removed using hydrogel microparticles containinga, B25MA,b, F127DA, and
c, S80TA. Uptake by activated carbon shown using black asterisks.d, Comparison of pro�les for
four surfactants at the same concentration (5%), as a common point of comparison.e, f, Mass
transfer coe�cients corresponding to the hydrogel microparticles and a commercial activated
carbon (Brita AC; black asterisks).

the mass transfer coe�cients corresponding to surfactant-free hydrogels and activated carbon.
F127DA and T80TA-containing hydrogels have a higher mass transfer coe�cient than B25MA
and S80TA-containing hydrogels; this corresponds to the larger hydrophobic groups in F127DA
and T80TA compared to B25MA and S80TA.

3.3.4 Nonaqueous solvents to increase surfactant load

The extent and speed of pollutant uptake increases with surfactant concentration, which is limited
by solubility for B25MA, S80TA, and T80TA, and by the formation of a gel for F127DA. Gelation
precludes the use of a micro-cross to prepare droplets and also prevents polymerization due to the
high viscosity of the sample. With 10% PEGDA and 5% PI, the concentration of F127DA cannot
exceed 15% in the aqueous monomer solution without forming a gel. However, gel formation
can be inhibited by dissolving the monomers in a mixture of water and ethanol. Phase equilibria
in similar systems have been studied previously, and it is known that 30% or higher ethanol
amounts allow the dissolution of greater amounts of F127 without gelation[150]. At the same
time, ethanol concentrations cannot exceed 50%, because this reduces the surface tension of the
monomer solution to the extent that stable droplet formation is not easily achievable.

Figure 3.5(a) shows a phase diagram corresponding to a monomer solution with 10% PEGDA,
5% PI and varying concentrations of F127DA dissolved in water-ethanol mixtures with varying
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ethanol fraction. The maximum F127DA concentration which can be achieved without gelation
is 40%, when 40% of the solvent is ethanol. The presence of ethanol does not a�ect the uptake ca-
pacity of the microparticles signi�cantly (�gure B.4), and microparticles made from 10% PEGDA,
5% PI, and 40% F127DA in 60% water and 40% ethanol are expected to show the fastest and greatest
pollutant uptake.

Figure 3.5:E�ect of preparing F127DA monomer solutions in ethanol-water mixtures to boost
surfactant incorporation. a,Phase diagram showing the sol-gel transition in F127DA systems
with 10% PEGDA, 5% PI dissolved in ethanol-water mixtures, and the domain in which surface
tension allows good quality droplets to form.b, The equilibrium isotherms corresponding to the
40% F127DA in 40% ethanol system, compared to F127DA systems in water.c, Kinetics andd,
mass transfer coe�cients showing the same comparison, and also comparing performance with
a commercial activated carbon (Brita AC).e, Partition coe�cients for 10% PEGDA, 5% PI, 40%
F127DA system in water across multiple uptake-regeneration cycles.

The equilibrium isotherm corresponding to the 40% F127DA/40% ethanol system are shown
in �gure 3.5(b). As before, the increase in surfactant load increases the water partition coe�cient
(to nearly double that of 15% F127DA particles), and reduces the ethanol partition coe�cient.
The speed and extent of uptake (�gure 3.5(c)) are also improved, due to an increase in the mass
transfer coe�cient (�gure 3.5(d)). The total pollutant removed is twice the amount removed by
activated carbon in 5 minutes, and 40% F127DA particles achieve the same amount of pollutant as
an equal mass of activated carbon with a contact time of 10 minutes in only 3 minutes. The mass
transfer coe�cient is 4 times the commercial activated carbon. Note that the increase in mass
transfer coe�cient decreases with increasing F127DA loading. This is a result of two competing
e�ects: (i) greater number of micelles, which increase mass transfer, and (ii) denser (and less
porous) particles, which lowers mass transfer.

Finally, �gure 3.5(e) shows partition coe�cients for the 40% F127DA particles across multiple
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cycles of uptake and regeneration. Cycle 1 data is for uptake before the �rst regeneration step,
cycle 2 data is for uptake before the second regeneration step, and so on. The initial decrease of
about 34% corresponds to the formation of hydrogen bonds with the hydrogel backbone (since
these bonds cannot be reversed by the addition of ethanol in the regeneration step), and provides
additional support for the mechanism of uptake proposed above. After the modest decrease dur-
ing the �rst cycle, the partition coe�cient is seen to stabilize. Further decreases will occur on
much longer time scales associated with particle breakdown, which can take several years at pH
7. The particles can therefore be used without further loss in performance over long periods of
time.

3.4 Conclusions

We have demonstrated the use of micelle-laden hydrogels for the removal of hydrophobic mi-
cropollutants. We used a model hydrophobic micropollutant, 2-naphthol, in this study, but the
approach extends to the removal of any hydrophobic micropollutant since it is not dependent
on the formation of speci�c chemical bonds. Both the speed and extent of pollutant removal in-
crease with the amount of surfactant incorporated into the hydrogels, and surfactants with larger
hydrophobic segments are more e�ective in removing pollutant molecules. Preparing microparti-
cles using the hydrogels reduces the length scale of pollutant transport, and the materials studied
in this chapter have higher mass transfer coe�cients than a commercial activated carbon. The
production of microparticles is easy to scale up. We also demonstrated that the presence of mi-
celles allows spent absorbent to be regenerated, and the extent to which regeneration is possible
increases with increase in the amount of incorporated surfactant. Finally, testing across multiple
uptake-regeneration cycles demonstrates that these microparticles can be used for long periods
of time without signi�cant loss in performance. Micelle-laden hydrogel microparticles are there-
fore a promising material for the elimination of hard-to-remove hydrophobic micropollutants
from water.
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Chapter 4

Multifunctional hydrogels for simultaneous
removal of organic and inorganic
micropollutants

The elimination of micropollutants from water is challenging due to their chemical diversity, low
concentrations, and slow uptake by industrial adsorbents. Here we report a tuneable multifunc-
tional hydrogel platform for the rapid absorption of organic and inorganic micropollutants in a
single step. Zwitterionic backbones increase mesh size while simultaneously adding counterion-
free adsorption sites, enabling the removal of diverse micropollutants at least 10 times more
rapidly than a commercial activated carbon/ion exchange resin mixture, and 100 times faster
than other multifunctional adsorbents. The hydrogels have a facile synthesis, and form factors
can be tailored for speci�c applications, such as microparticles for packed beds or tablets for
portable water treatment. We demonstrate their e�ectiveness in treating complex contaminant
mixtures, including in the presence of background hardness. Lower compressibility, rapid mass
transport, and high stability make zwitterionic hydrogels scalable for real-world applications in
e�ciently treating highly contaminated water to below regulatory limits for extended periods of
time.

While this chapter explores the use of hydrogel microparticles and tablets, interested readers
may explore some initial work towards the development of functional, layered hydrogel �bers in
appendix H.

This chapter has been adapted using material from: D. Gokhale, A. F. Hamelberg, and P. S.
Doyle, `Multifunctional zwitterionic hydrogels for the rapid elimination of organic and inorganic
micropollutants from water,'Nat. Water2, 62�71 (2024)[188], published 2024, Springer Nature.

4.1 Introduction

Micropollutants include chemically diverse materials such as organic solvents, chemical interme-
diates, industrial surfactants, lubricants, detergents, disinfectants, antibiotics and other medica-
tions, certain heavy metals, food additives, �avoring agents, and nanomaterials[4, 5]. Found at
low concentrations (µg/l-mg/l) relative to conventional contaminants, micropollutants are ubiq-
uitous in the environment[8, 9] and have signi�cant adverse e�ects on the ecosystem (including
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cancer in humans and animals, and the increased prevalence of antibiotic-resistant diseases) due
to long-term exposure, bioaccumulation, and synergistic e�ects in complex mixtures[6, 7, 23, 25,
29, 32, 33, 36]. The elimination of most micropollutants in wastewater treatment plants remains
low[4, 9, 17, 74, 77, 78].

At-scale processes aimed at eliminating micropollutants from water currently rely on conven-
tional water treatment methods, such as reverse osmosis, activated carbon adsorption, and the use
of ion exchange resins, which are not well-suited to removing micropollutants from water[189].
While newer techniques including advanced oxidation processes and innovative adsorbents such
as those based onV-cyclodextrin have been explored[5, 73, 190], these methods and conventional
methods only eliminate speci�c classes of contaminants and face other challenges. For exam-
ple, reverse osmosis is less e�ective against hydrophobic organic contaminants[88, 89], while
activated carbon adsorption performs poorly at eliminating polar or hydrophilic molecules[83].
Consequently, it is often necessary to use multiple techniques sequentially to achieve removal,
adding to the capital and operating costs of water treatment processes[80, 81]. There is a pressing
need for new technologies that can eliminate chemically diverse low concentration micropollu-
tants in facile processes requiring a minimum number of unit operations.

Adsorption is widely considered to be most suited to removing micropollutants due to rela-
tively low costs at scale[80, 191]. Treatment using an activated carbon/ion exchange resin column
is often the �nal polishing step in water treatment processes and is also often required to elim-
inate byproducts from other methods like oxidation processes[5]. Pre-existing adsorption beds
in conventional water treatment processes enable the easy incorporation of engineered multi-
functional adsorbents for eliminating multiple micropollutant classes without extensive capital
outlay[53, 192]. In this context, some multifunctional adsorbents, several of them based onV-
cyclodextrin-EDTA (ethylenediaminetetraacetic acid) systems, have been reported in literature,
but su�er from slow � O(100-1000 min) micropollutant elimination[137, 191, 193, 194]. Existing
methods like activated carbon adsorption are also known to require long contact times to remove
micropollutants[83, 144, 195]. Most water treatment plants have contact times of less than 20
min in their adsorption columns (and almost always less than 60 min), making it essential to en-
gineer materials with rapid mass transfer properties[195, 196]. Multifunctional adsorbents that
have been reported in literature also possess limited chemical �exibility to tune them to speci�c
applications[194].

In this chapter, we introduce a multifunctional absorbent platform based on zwitterionic hy-
drogels for the simultaneous elimination of organic and inorganic micropollutants from water.
Shifting from traditional surface adsorbents to bulk absorbents greatly increases the e�ective
functional area, while allowing us to retain the same process equipment currently used with
conventional adsorbents. The backbone of our materials is prepared from superhydrophilic zwit-
terionic monomers, and they are highly swollen in water to maximize mesh size for rapid mass
transport[197]. At the same time, the zwitterionic monomers can act as functional sites for the
elimination of charged heavy metal species like lead ions. Since the monomers are zwitterionic,
there is no counterion which competes to limit elimination as in classical polymeric ion exchange
resin materials. Similar zwitterionic materials have been explored in the context of surface coat-
ings for anti-fouling membranes, and possess advantages over other polymers in this context[197,
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