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Polymer hydrogels, i.e., crosslinked networks of polymer chains swollen in water, are
well-studiedmaterials. Superabsorbent polymer (SAP) gels that can atmswebthan 100 their
dry weight inwater are widely used in personal hygiene producktait only in the form of
microscale beaddf dry SAP gels were larger, they would either take too longntell or would
be brittle solids. This dissertation seeks to reimagine polymer gels in very different physical
forms: assoft sponges or foldable, fabike sheetsWe want these macroscale dry materials
retain the ability to absorb large amountsigfiid, either aqueous or organic. In short, we would
like to make polymer gels iconvenient, usabl®rms similar to everydayabsorbents like towels

and sponges.

The key to making gels as macroscale absorbents is to make the gels pooaudirkt
study, we devised a way toeateporous gels by foartemplating.The approach involvas situ
foaming ofa monomer solution followed by fast polymerizatidile generate the foanusing a
doublebarrelled syringe that has acid and base inwts barrels. Gas (C£ is formed at the
mixing tip of the syringe by the aclshse reaction, and gas bubbles are stabilized by an
amphiphilic polymer in one of the barrels. The monomers are then polymerized by ultraviolet
(UV) light to form the gel arounthe bubbles, and the material is dried under ambient conditions
to give a porous solidVe show thathis dry, porous gehbsorbs water at a rate of 20gfil

equilibrium is reached at 30G of its weight This is thefastest swelling and expansion ever



achieved by a hydrogeWe convertthe chemical potential energyom gel expansion into
mechanical work: thegel is able tolift weights against gravitywith a powerdensity of 260

mW/kg.

Next, we synthesize porous gels in the formlanfe sheets thatesemblecloth or paper
towels. For this,we polymerizethin films of the foamsand ambientdry the films after
plasticization Our gel shestareflexible, foldable,and can be cuwith scissordike fabrics.At
the same time, the sheetbsorb more thaB(®® of their dry weightin various aqueous fluids
(water, blood, polymer solutionslRemarkably, thesgel sheets expand as they absorb water,
unlike any commercialowels The expanded shaatetain absorbedluid when lifted upright
whereadluid dripsout of commercialabsorbensheets. Because of these superior properties, our
gel sheets could be used to absorb aqueous liquids in various settings suchsadabeared

hospitas.

Lastly, we desigroleo-sheets which are counterparts to the abdkiat can absorbils,
i.e., nonpolar liquids. We synthesizeleo-sheetsy templatingfoams in which the continuous
phasds nonaqueousnd containsiydrophobicnonomersThe oleo-sheetsare hydrophobic and
can selectively absorb oil from wat@rhey show a high absorptiocapacity(> 50 g/g)for a
range oforganic solvens. The sheetscan also be made magnelig responsiveand an oH
soakedleo-sheet can be lifted up by a magnate dso fabricatea6 J a n u sbsarbamsheed
that hastwo sides: oneside selectively absoibwaterwhile the other side absorbs oil/solt®n
Our oleo-sheetsand omniabsorbent sheetould both be usedn homes, hospitals,and various

industries for cleaning ugifferentspilled liquids
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Li st of Figures

Figure 1.1.Rapidly swelling porous hydrogels synthesized in Chapter J.he porous gel (~ 1
cm) when placed in water, rapidly swells within 20 s. The gel expands agdlabsorbs wate-
G010 RS [ VY= T | o | SO PP 3

Figure 1.2. Porous gelsheets that are flexible and robust after drying (Chapter 4)(A) A
schematic ofjel sheet structure. (B) The gel sheet is foldable and contains connected open pores
(Lot To =T o] o) PP PP PP PPPPPPPPPPRPPRRY”

Figure 1.3.Porous oleasheets for absorbing oils from water (Chapter 5).When added to an
immiscible oilwater mixture, the olesheet selectively absorbs the oil....................ccooeees 5

Figure 2.1. Schematic of the structure in a geA 3D network of polymer chains shown. The
chains are connected at crosslink or junction points. Solvent (such as water) is entrapped in the
LTS3 0110 8

Figure 2.2. Polymerization reactions in acrylamideo-acrylic acid hydrogel formation.

Upon UV irradiation, initiator molecules break down to form radicals. Then radicals begin
reacting with the vinyl groups to form long chains, which eventually get crosslauedo the

two vinyl sites present on BIS crosslinkers. Crosslinked polymer network structure is adapted
from the paper by HIDDINS €LEL..........ccooiiiiiiiii et 10

Figure 2.3. Examples of a higkswelling ionic hydrogel and an ionic organogekA) An ionic
hydrogel of DMAA-sodium acrylate is shown in its shrunken and swollen states. (B) An ionic
organogel containing bulky groups of teadkylammonium étraphenylborate is shown swollen

to almost 4 times its initial size in tetrahydrofuran (THF). Image adapted from Referent2 53.

Figure 2.4. Microstructure of a paper towel.SEM micrograph showing that a standard paper
towel (Bounty® brand) consists of cellulose fibers and is a porous structure. Image adapted from
RETEIENCE BBttt e et et a s 13

Figure 2.5. Foam templating technique.A foam (dispersion of gas bubbles in liquid) is
generated in a monomer solutiand stabilized by surfactants. Upon solution polymerization, the
bubbles get trapped in the polymer network (gel). When the gel is dried, the bubbles become
pores in the fiNal MAtEriAL. ... 15

Figure 2.6. Amphiphilic molecules.(A) Short amphiphilic molecules with hydrophilic head
groups and hydrophobic tails. (B) Amphiphilic polymers, with hydrophobic groups attached
along the hydrophc backbone of the POIYMEer.............eeeiiiiii e, 16

Figure 2.7. Making foams using a double barrelled syringe (DBST.he DBS contains acetic

acid inone barrel and sodium bicarbonate in the other barrel. The acid and base react to produce
CQOz gas bubbles, which get stabilized by the amphiphilic polymer (hmC) present in thel&cid.

Vii



Figure 2.8. Molecular structure of chitosan and hydrophobically modified chitosan (hmC).
The hydrophobes are palmitic (C16) QrOUDRS .......ccoiiiuiiiiiiiiieeers st eeeeeeeeeeeeees 18

Figure 3.1. Gelswelling dynamics at different length scaledry gels are placed in water at t

= 0 and allowed to swell (expand) to their final size. Swelling occurs by diffusion of water into

the dry gel. (A) Microscale gel bead3(0 e m si ze) swel | I n seconds
solid macroscale gelDl cm size) takesD24 h to expand to its final swollen size. (C) A
macroscale gel with microscale pores expands much more rapidly compared to (B). In this study,
one such porous gel is shown to expand to 4x its original size within.15s..................... 21

Figure 3.2.A Schematic of the procedure used to synthesize porous g€i) A foam of the
monomers is prepared using a dotiidereled syringe (DBSPne barrel of the DBS is an acidic
solution of monomers, crodimkers, and the hmC stabilizer, while the other barrel is a basic
solution with the UV initiator. At the mixing tip of the DBS, €@as is produced, and bubbles

of the gas are stabilized by ihthains. (B) The foam is polymerized by UV light for 2 min. (C)
The bubbles in the foam are retained during the polymerization while a polymer gel network is
formed around the bubbles. (D) The gel is dried under ambient conditions to give the porous gel.
The photo (inset) reveals that the material is a robust solid with a spagexture............. 27

Figure 3.3. Microstructure of the foam and the porous gel made using the foam as a
template. (A) A representative optical micrograph of the foam reveals qasked small
bubbles, most of which are spherical. (B) Representative SEM images of the dried porous gel at
two different magnificatins. The images show a highly porous structure with interconnected

Figure 3.4.Typical swelling/expansion of a porous den water. (A) At time t = 0, a dried gel

is placed in water. Snapshots of the swelling gel at various time intervals are shown (B) Swelling
rati o R and so (2opareiplotted agairstetime, The gelL absorbs more than 300
times its dry weightwithin 15 s, and in the process, its size increases by 300% in 15 s. (C) After
the swelling is complete, the swollen gelf¢dd larger than the original) is robust enough to be
picked up and held by hand.............cooo e ——— 32

Figure 3.5. Comparing the swelling rates of porous gels in this study with past oné&he
swelling rate in this study is 20 g/g-s, whereas those in previous studies were below 5 g/g-s. See
AISO TADIE L. et et 33

Figure 3.6. Effect of ionic monomer content on gedwelling extent and kinetics. (A)
Swelling ratios R at equilibrium of porous gels with different proportions of ionic monomer
(acrylic acid, AAc) to nonionic monomer (acrylamide, AAm). Note: R = mass aflem
gel/mass of dry gel. During synthesis, the total monomer (AAc+AAm) was maintained at 25
wt% while the weight ratio of AAc:AAm was changed. (B) For visualization of the data in (A),
photos of the various gels are shown in the dry and swollen stdtetheAonic gels swell
significantly. (C) Kinetics of geswelling for each of the gels in (A). (D) Zoomgdplot of the

initial data in (C), showing that all the ionic gels swell at roughly the same rate (i.e., the initial
SIOPES A& SIMIIAL)-...ue et eeme et e e e e e et e e e e s aeaneeeeestaaaeaaenes 36
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Figure 3.7. Effect of crosslinker concentration on geswelling extent.(A) Swelling ratios R

of porous gels as a function of the cilvdser concentration. The gels were synthesized with a
total monomer (AAc+AAm) content of 25 wt% and with the AAc:AAm ratio at 3:1 by weight.
Only the c¢onc e n-methgléene(bigdacrytamidet(BIS) crdsslimkédj (mol% with
respect to the total monwer) was varied. (B) For visualization of the data in (A), photos of the
gels are shown in the dry and swollen states. The less crosslinked the gel, the more.it 3Wells.

Figure 3.8. Effect of stabilizer (hmC) concentration on precursor foams and the
corresponding porous gelsA foam stabilized by a given concentration of the amphiphilic
polymer hmC (hydrophobically modified chitos) is injected into a vial and the time for the
foam to dissipate to half its fresh heighijtis used as an indicator of foam stability. The
bubbles in the foam are also analyzed by optical microscopy and the average bubble diameter
Davg is determinedrom the images. (A) Plot ofitand Dwg vs. hmC concentration. As hmC is
increased, the bubbles become smaller and the foam stability increases. (B) Foams with different
hmC content were used to synthesize porous gels, with other compositional sahalile
constant: the total monomer was 25 wt%, the AAc:AAm ratio was 3:1, and the BIS was at 0.375
wt%. SEM micrographs of the dried gels are shown. Interconnected pores are seen when the
hmC is 0.1 wt% (B2) or 0.5 wt% (B3). (C) Swelling ratios at equtitor of the above porous

Figure 3.9.Porous gels in different shapes, before and after swellingA) Porous gels with

the same composition are synthesized in different shapes: with circular, triangular, rectangular,
and square crossections. The image shows the gels in their initial (dry) state. (B) The same gels
after swelling in water. All gels swell isotropically by 30their initial weight. Each dimension

of the initial shapes in (A) isincreased DY3~ 3........oouiiiiiiiii e 40

Figure 3.10.Response of porous gels to pHrhe gel swells (expands) at ambient and higher

pH and shrinks (contracts) at low pH. Repeated cycling between pH 3 and 10 is done, and the
swelling ratio R during these cycles is plotted. Both swelling and shrinking ocediyra full

cycle is completed iD60 s for the first cycle anf90 s for subsequent cycles...................41

Figure 3.11. Extracting mechanicd work from the expansion of a porous gel.(A) A
cylindrical porous gel is placed in a syringe and on top of this cylinder, a load of mass m is
placed (Photo Al). As soon as water is added, the gel swells and expands, thereby lifting the
weight by a heighlh (Photo A2) (B) The height to which the load is lifted by the gel is plotted vs
the mass m of the load. (C) The work done by the gel in lifting the load m by a height h (W =
mgh) is plotted againSt the MaSS M.......ooiiiiiiiii e 44

Figure 3.12. Reversible lifting and lowering of a load by the expansion and contraction of a
porous gel.(A) A cylindrical porous gel is placed in a syringe, and a logdased on it (Photo

Al). When water is added, the gel absorbs water and expands, thereby lifting the load by a height
h (Photo A2). Next, when ethanol is added, the gel contracts (by expelling solvent), and thereby,
the load is lowered to its initial pagin (Photo A3). (B) Repeated cycling is done in water and
ethanol, and the position (h) of the load is plotted across three such cycles. A full cycle is
COMPIETEA IMDT70 St e e bbbt r et et e e e e e s amen e e e e e e e e eeaaeeesd 45



Figure 3.13. Gel-expansion as a way to block the flow of waterA comparison is done
between a macroscopic porous gel and commerciabepds (both of the same weight of 40
mg). The setup involves a syringétlwvan open bottom that is covered by a wire mesh (see inset)
and then a small piece of a paper towel. (A) A cylindrical porous gel is placed on the paper towel
att =0 (1). When water is added from the top, initially it flows out through the wire mdsh at
bottom (2), but by 15 s, the gel is expanded and fills the syringe, thus blocking the flow (3), and
no further flow is observed even after 5 min (4). (B)-Ge&hds are placed on the paper towel at t
=0 (1). When water is added from the top, the beagsl and thicken the water column (2, 3),

but water continues to flow out through the bottom (2, 3,.4).....ccooiiiiiiiiiii 48

Figure 4.1. Comparison between current wateabsorbents and he gel sheets developed in

this study. Current absorbents fall into two categories: (A) Pads or towels made from cloth or
paper, which are soft and flexible, but have low absorption capacity. (B) Superabsorbent polymer
(SAP) gels, which absorb much watbut are hard and brittle. (C) Our gel sheets combine the
desirable properties of both the above while avoiding their drawbacks: they are soft, foldable and
flexible, while also exhibiting high water absorption. Note that the sheet expands as it absorbs
Water. SCAIE DAIS: L CIM...oiiiiiiiiie et e e e e e e e e e e ann e e e e e e e aaeas 52

Figure 4.2. Schematic of the procedure used to synthesize gel she@3.A polymerizable

foam is injectd into a Ziploc bag using a DBS. In the foam, bubbles of &®© stabilized by the
polymeric stabilizer hmC. Glass slabs are used to compress the foam into a thin layer. (B) The
foam is polymerized by UV light for 2 min. The bubbles remain intact andyangolnetwork is
formed around the bubbles. (C) The water in the gel sheet is sekemnged with a 15/85
glycerolethanol solution, followed by ambient drying. The dry-gj@tet is soft and flexible.58

Figure 4.3. Microstructure of gel sheetsRepresentative optical (A) and SEM (B) images of

the dry gel sheet show a highly porous structure with intercd®t@ores..............ccceeeeeeee. 59

Figure 4.4. Fabriclike nature of gel sheets(A) A gel sheet (1¢ 83 0.4 cm) can be folded
and unfolded severalnties, without showing cracks or tears. (B) A gel sheet is cut cleanly and
smoothly like a fabric using a pair of scissors. Scale bars: L.cm..............cviiiceciiiiinnnns 61

Figure 4.5. Texture of a thick gel sheetA 15-mm thick gel sheet in cube form (2.2.5 cm) is
compared sidéy-side with a cotton ball of similar dimensions. Both materials can be squeezed
between fingers several times (10 cycles) without any lasting changes in size or structure. Scale
0= £ St I o 0 PR 62

Figure 4.6. Mechanical properties of gel sheet§A) Tensile stress vs. strain. The tensile
(Youngobs) modul us is 4.8 kPa andtilfaitue. (B el S h e
Compressive stress vs. strain. The gel sheet is a soft, spongy material that can sustain more than
85% compression without damage. The photos show that the compressed gel returns instantly to

its initial size upon removing the load................ooiiieeii s 63

Figure 4.7. Identifying the optimal plasticizer concentration and type.(A) Photos showing

that a gel sheet prepared without glycerol as the plasticizer in the seka@nge step is brittle.

This shows the need for glycerol as a plasti
prepared with various glycerol conceattons in the solveréxchange step. The optimal content



of glycerol is 15% (circled), i.e., glycerol: ethanol = 15:85. If more glycerol is used, the tensile
modulus becomes too low. (C) Gel sheets plasticized by propylene glycol (PG), ethylene glycol
(EG), glycerol, PEE00 and PE&IO0 are compared. In all cases, the sheet is sedxahianged

with a 15:85 plasticizer: ethanol solution. The sheets are then heated in an oven at 70°C, and the
weight drop over time is the plasticizer lost by evaporationaRGEG are completely removed

within 3 h whereas only ~ 30% of the other plasticizers are removed. This data again show
glycerol to be an optimal PlastiCIZEL..............uuuiiiiiiii e 64

Figure 4.8.1dentifying the optimal crosslinker concentration and type.(A) Gel sheets with
different concentrations of PEGDA crosslinker are prepared and their porosities are calculated
using eq 4.2. If the PEGDA conterst oo low, the porosity is low, indicating that most of the
pores collapse during drying. This is consistent with the SEMs in Figure 4.3. For this reason, the
optimal PEGDA is 2.5 mol% (circled), which is used in the rest of the studies. (B) Gel sheets
crosslinked with three different crosslinkers: BIS, TEGDA, and PEGDA (all at the same
concentration of 2.5 mol% of total monomers). BIS and TEGDA are small molecules whereas
the PEGDA has an MW of 575. The bar graph shows the ratio of gel sheet volunaenditsnt

drying (Vary) to the volume before drying (M). When crosslinked by PEGDA, the dry gtleet

retains 90% of its volume, indicating that the pores are mostly intact (not collapsed). (C) Photos
of the gel sheets before and after drying, correspgno the data in (B). The PEGDA ggheet
shrinks the least, consistent with the data shown in (B). This indicates that most of the pores in
the material are intact. Scale bars: 1 cm. These observations indicate thatlaiongrosslinker

like PEGDAIs optimal for the gel Sheets..........ooo i 68

Figure 4.9. Effect of PEGDA content on getheet porosity.SEMs at two magnifications are
shownfor three different PEGDA concentrations: (A) 1.5 mol%, (B) 2.5 mol%, and (C) 5 mol%.
Pores are collapsed in (A), whereas both (B) and (C) show open, interconnected pores. This is
consistent with the data in Figure 4.8A. PEGDA of 2.5 mol% (highlightemlerstified as the
optimum, and this is used in the rest of the studies..............oooiiiiir e, 69

Figure 4.10. Water mopping by gel sheet compared tmntrols. At t = 0, a gel sheet (A) or a
commercial cloth pad (Sungbo Corp.) (B) of identical size3(182 0.4 cm) are placed over a

spill of 25 mL water. Snapshots at various stages are shown. The gel sheet absorbs all the water
and the swollen sheet doaot drip when held vertically. The commercial pad only absorbs 60%

of the water, and moreover, the water drips out when held vertically. Scale bars:.2.cm.70

Figure 4.11. Water mopping by Bounty® paper towel At t = 0, a folded Bounty® paper

towel of 102 83 0.4 cm size is placed over a spill of 25 mL water. Snapshots at various stages
are shown. The towel only absorbs 48% of the water, and moreover, the water drips out when
held vertically. Scale Dars: 1 CM.........oeeiiiiiiiiiiiiieee e eeieeeeeee L

Figure 4.12. Water absorption limit for gel sheetsThe absor pti on | imit (or
the amount of water that can be held by a sheet at saturabiefore it stat to drip. (A) This

quantity is plotted vs. sheet size for gel sheets as well as a commercial cloth pad (Sungbo Corp.).

(B) This quantity is compared for various sheets, all having a size 810 0.4 cm. The gel

sheet exhibitsBthe absorption limit oftte others..............ccooriiiiiiii e, 71
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Figure 4.13. Expansion of gel sheets upon absorbing wat&-cm discs of a gel sheet and a
paper towel (Bounty®) & compared after adding given amounts of water-A8)1 Photos at
different times. (B) Plot of diameter vs. time. The gel sheet expands by 80% whereas the paper
towel remains at the same size. Scale barsS:L.CM..........uuuiiiiiiiicccirre e 73

Figure 4.14. Blood mopping by gel sheet compared to controlat t = 0, a gel sheet (A) or a

gauze wound dressing (McKesson®) (B) of identical size3(B® 0.4 cm) are plackover a

pool of 40 mL blood. Snapshots at various stages are shown. The gel sheet absorbs 99% of the
blood and the swollen sheet does not drip when held vertically. The commercial gauze only
absorbs 55% of the blood, and moreover, the blood drips out méidrvertically. Scale bars: 2

Figure 4.15. Blood absorption limit for gel sheet and commercial productsThis quantity $

the amount of blood that can be held by a sheet at saturation and it is compared for a gel sheet, a
gauze dressing (McKesson®), a polyurethane (PU) sponge, and an Always® sanitary pad. All
have a size of 2 23 0.4 cm. The gel sheet absorbs abduti® bbod compared to the others.
.......................................................................................................................................... 76

Figure 4.16 Absorption limit for viscoelastic solutions.Solutions of xanthan gum (XG) with
varying zereshear viscosities (Pa.s) were tested. The absorption limit is the amount of liquid that
can be absorbed by a sheet at saturation (without dripping). It is ceshjoara gel sheet and a
cloth pad (Sungbo), both 0f Size 0F 23 0.4 CM....cooviiiiiie e enenaes 77

Figure 5.1. Foam stability in aqueous phase vs naqueous phase(A) Foams rapidly get
produced when acidic solution is added to water containing sodium bicarbonate and surfactant
Tween (TW) 80. In presence of TW80, aqueous foams show very high foamability. (B) When
water is replaced with oil, TW80 fail®o stabilize noraqueous foams and thus show low

1072 1 4= 10111377 USSP SPUURTR 81

Figure 5.2. Schematics of the method used to create oleophilicsabbent. (A) A foam is
generated in the oil phase by mixing acidic aqueous solution with base. The oils phase contains
monomer, crosslinker, thermal initiator, silicone surfactant and dispersed sodium bicarbonate
(NaHCO3). An accelerator is also added peesd up the polymerization process. (B) The acid

and base react to produce CO2 gas bubbles. Simultaneously, oil in water emulsions are formed
due to mixing of two immiscible phases. Both foam and emulsion are stabilized by surfactant.
Foams are quickly tresferred into either a sheet or cylindrical mold and polymerized in 3 min.
Photos of porous solid in the form of a sheet and cylinder reveals that the material is flexible and
Nas & SPONGRKE TEXIUIE.......ueiiiiiiiii e 87

Figure 5.3. Microstructure and schematic of foameeemulsion system and oleospong@)

The monomer solution and water are immiscible and so the monomer foams are expected to have
both bubbles and oil in water (O/w) emulsions (1). A schematic of this foam solution is shown
(2). Representative optical micrograph of the foam confirms the presence of emulsion around
bubbles (3). (B) When these monomer foams are polymerized, the motiaplets polymerize

to give a continuous network around bubbles (1&2). Optical micrograph reveals numerous pores
surrounded by continuous polymer NEIWOIK (3)..........uuuuiiiiiiiiieeeiiree e e e e e e e eeees s 90
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Figure 5.4. Micrographs and size distribution of monomer foam and oleospongé) An
optical micrograph of monomer foam, prior to polymerization, shows nearly closely packed
bubbles. ive optical micrographs of such monomer foam were analyzed to get bubble size
distribution which is shown as histogram. (B) The SEM micrograph of oleosponge shows porous
structure with interconnected pores. The corresponding pore size distribution isedbbgi
analyzing pores in thre@ SAMPIES. ........ooviiiiiiiiii e 92

Figure 5.5. Mechanical characterization An oleosheet of dimensions 07 cm and thekness

4 mm folded/unfolded and rolled several timessj1 The photos show no visible cracks and
tearing on the final sheet. (B) Mechanical strength of the oleophilic absorbent is characterized
using tensile and compression tests. The sheet can beetréicl35% strain before tearing and

has a very high tensile modulus (1). It can sustain more than 70% compression strain for several
cycles and yet shows no structural damages (2). 1 cm scale.bar..............oooeeeeeeieeeeennn. 93

Figure 5.6. Contact angle of oleosponge and PU foamroplets of various liquids (acidic,

basic, water, ethanol, and toluene are placed on a flat (A) oleosponge and (B) PU foam surface.
Aqueous droplet remains spherical on oleosponge surface whereas droplet slightly settle down
on PU foam surface. In both foam, solvent droplets get absorbed. The oleosponge and PU foam
show a contact angle of 130° and 75° with water respectively. Thesponding digital photos

are SNOWN UNAEINEALN........ooiiiiiiii e e e e e e e e e e e e e e e tnrne e e e e e e e eeeees 95

Figure 5.7. Solvent absorption(A) An oleosponge of dimensions322 3 0.6 cm isadded to
toluenewater mixture (1). The oleosponge selectively absorbs toluene (dyed with oil redo)
completely and underneath water turns clear. The oleosponge expands as it absorbs solvent
(2&3). (B) When PU foam of the same size is added to tolweate mixture, it fails to absorb

toluene completely indicated by the toluene layer (dyed with oil redo) on the water surf@ce.

Figure 5.8. Oleosponge and polyurethane (PU) foam after absorbing water and toluene.
Initially both PU foam and oleosponge are of the same size with dimensfong 2 0.6 cm.

When both are added to water which is dyed with methylene blue, PU foam abatebsnd
becomes bluish in color. Contrarily, oleosponge did not absorb water and thus appeared white.
Upon absorbing toluene (dyed with oil redo), PU foam expanded slightly whereas oleosponge
size increased a lot. This difference was clearly visiblearptioto. The scale bar is 0.5 cnB8

Figure 5.9. Swelling kinetics and absorption capacity in solvents and o{lA) An absorbent
(dimensions 2 23 0.6 cm in all cases) was added to toluene and linear dimension expansion
was measured. Then this expansion was extrapolated to get volume in a swollen state at any time
and volume expansion (ratio of final to initial volume) vs. time atptl for our oleosponge and
commercial PU foam. The inset shows photos of initial and fully swollen matefi)s.
Equilibrium volume expansion in various solvents is plotted for both materials. (C) The
absorption capacity of oleosponge (weight of fulbtusated to initial dry material) is also
measured for a wide range of solvents and oil. (D) For material reusability efficiency test,
solvent was squeezed out of fully saturated oleosponge and reused. This process was repeated for
100 cycles in chloroformtoluene and decane and corresponding absorption capacity is plotted.
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Figure 5.10. Oleopsonge and polyurethane (PU) foam expsion (A) To measure material
expansion as solvent is absorbed, toluene was added dropwise directly to the material and
corresponding linear size was recorded. A plot of linear size increase % which is defined as
change in linear dimensions/initial lengil®0 is plotted as a function of added toluene amount.
The oleopsonge attained equilibrium expansion at ~ 10 ml even though it got saturated at a
higher amount. Contrarily, PU foam got saturated in less than 5 ml. (B) Photos of both
absorbents are showndifferent states during this process. Scale bar: L.cm.................. 101

Figure 5.11. Large oil spill clearup using oleosheet(A) An oleosheebf dimensions 10 crh

7 cm and thickness 4 mm was spread over a 40 ml toluene spill. The sheet absorbs the toluene
quickly and expands to a size of dimensions = 1493 8 cm. The sheet is robust enough to be
picked by hand. It holds the solvent within thelymer network when held upright and no
dripping OCCUIS. SCaAlE DAI: LCIMLu..iiiiiiiiiiiieiieeee bbb e e e e e e e e e ens 102

Figure 5.12. Magnetic responsive oleosponge(A) The oleosponge was synthesized by
incorporating iron (Ill) oxide particles in the monomer solution while keeping all the
composition and mixing steps the same. This oleosponge was added to a bath containing toluene
(dyed with oil redo) and water. It sticks to magnetic very strongly and swells in toluene as
expected. The swollen oleopsonge is picked up by magnet. Scale bar..lLcm............... 103

Figure 5. 13-abédanbeaest omheetd for absorbAng bot
A hybrid sheet that has two layers with opposite wettability for water is used to clean up both
solvent and water spill. The shae prepared by gluing the oleosheet to a gel sheet from chapter

4. In the initial photo 1 both layers are clearly visible. This sheet is first spread on a 30 ml
toluene spill. It absorbs the solvent and expands while the hydrophilic side remains adtidered

does not absorb any toluene. (B) Then the sheet is spread on water (dyed with methylene blue)
(1-4). The hydrophilic side also swells upon absorbing water. No solvent and water drips back
from this sheet when held vertically. The sheet photo in fitad $s intact one piece with both

layers swollen (5). Scale bar: 2 CMl.......oooviiiiii e 105

Figure 6.1 Blood absorption by our porous gel comparetb a commercial bloodabsorbent
( 6 Ge |l f oTaerbtodd)absorption capacity vs. time is plotted for the two materials when
brought in contact with bovine whole blood. Photos before and after swelling are alsolstibwn.

Figure 6.2. Porous materials for stopping bleeding from a severe liver hemorrhagéA) A

severe injury was created on a swine liver and a gel sheet piece was cothpgessst injury

for two minutes. The gel piece absorbed blood and no further bleeding occurred upon removing
compression. (B) Contrarily on a similar severe injury, Gelfoam failed to absorb blood and got
pushed away by flowing blood from the wound. No betasis was achieved in this casel112

Figure 6.3. TachoSil structure. Image of Tachosil,(Baxter® commercial hemostatic patch
with two layers: collagen and blood clotting proteins...............eeeeiiiccceeeveiiiceee e 113

Figure 6.4.Hybrid porous gel with two layers. (A) Schematic showing a hybrid sheet with two

porous gel layers. (B) A photo of hybrid gel: top layer based on acrylic acid and bottom layer is
N OSSO PPSPSR 114
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Chapter 1

|l ntroducti on and Overview

1.1 Problem Description and Motivation

Materials that can absorb liquids have been in use throughout the course of human
history’ Thefirst absorbent materialacluded animal furs, grassndcloth woven from natural
fibers including cotton andvod. Disposable absorbentvere first developed by nursefor
wound care on the battlefield in the 1888sSince then,much effort has been put into
developing cheap aneffective absorbentdor absorbing both aqueous fluff$ and oils>*!
Examples of macroscale absorbents that are commonly used in everyday life include cloth
towels, paper towels, and personal hygiene products such as diapers and sanitary napkins.
Generally, these materiaddl have a porous structurewhich facilitates fast liquid imbibition
through capillary actio®*® Ideally, absorbent materials should be able to absmmhificant
amountsof liquids ata fast rate They shouldalsohave good mechanical integrity in botheir
dry state as well as when completely soaked in ligGidth and paper towels also have the
advantage of convenience: they can be folded and rolled up so that they can be stored in a

compact form until use.

Another class of lasorbents arsuperabsorbent polymer hydrogels (SAPSY!® These
have been widely studied for the past fifty years, and are known for their abgibstwbmore
than 108 their dry weightin water*’ A gelis athreedimensional (@) networkof polymer
chainscrosslinked by covalent grhysical bonds, and a hydrogel is a polymer network that is

swollen in watef®?® Commercial absorbent pads such diapers typically have SAPs in the



form of dry microbeads sandwiched between sheets of fabric or pHmsrraises an interesting
guestion: why are polymer gels used in the formmaérobeadsi.e., why not as macroscale
materiak that can be folded antblled up? That is, even though SAPs have much higher
absorption capacity than cloth or paptey are physically found in very different formBhe
reason is thawvhen a bulk (centimetescale) SAP gel is dried, it usually beconazekard and
fragile solid?#?*Many studies have tried toake gelsstrongerin the wet staté®>® but such gels
remain robust only when they contain watéherefore, fordry SAPs to be useds water

absorbents (such asdiapers, thar size is limited to the microscale

To summarize theurrent statef-the-art, absorbents based on cloth and paper are used
as large sheets. Absorbents based on gels are found only as micrébeagsoject attempts to

bridge the gapcan we reimagine a very different kind of polymer gelone that can be a

macroscale thin sheet? Or a soft, spongy object? Thus, the motivation for our work is to make
absorbents thdiridge the properties of traditional absorbents (like cloth towels or sponges) and

absorbents based on polymer gels.

1.2Proposed Approach

The broad goal of thisvork is to engineernew classes ofelbased absorbentvith
improved propertiesThe properties we are interested in obtaining arehi@) absorption of
solvent(water or other liquids), (Zast expansion/swelling and (@bust mehanical properties,
both in the wet and dry stateBhiree classes of nevbsorbents are described in the Chapters of

this dissertation:



1.2.1PorousHydrogels thatRapidly Swell and Expand

In Chapter 3, wereport the synthesis ofporous hydrogels thatwell and expand at
unprecedented rate¥/e realized that the key to enhancing the swelling rate was to introduce
macropores into the geld.o do this, we employa foamtemplating technique in which
monomer solutions foamed, folbwed byfast polymerizatiorof the monomersy ultraviolet
(UV) light. Thus, weform the gel around the bubblesthe foam. e gelis thendried under
ambient conditionsconverting the bubbles into por&8e show thathis dry, porous gedbsorbs
waterat a rate of 20g/antil equilibrium is reached at 30G its weight The gel expands by ~
43 as it swells (Figure 1.1). To our knowledge, this is fdstest swelling and expansion ever
achieved by a hydrogeWe convertthe chemical potential energyom gel expansion into
mechanical work: thegel is able tolift weights against gravitywith a powerdensity of 260

mW/kg.

Swollen
Water Water

DIVES ~20s 2

Figure 1.1. Rapidly swelling porous hydrogelssynthesized in Chapter 3The porous ge(~ 1
cm) when placed in waterapidly swells within 20 s. The gel expands Byafhd absorbs water ~
30 its dry weight.



1.2.2PorousGel-Shees for Absorbing AqueousLiquids

In Chapter4, we synthesize porous géh the form of largesheets that resembttoth or
paper towelsWe again usea foamtemplating technique, but first the foam is introduced ato
Ziploc bag andoressed into a thin filnfollowed by polymerizationThe resulting gel is then
plasticized by glycerol before andnit drying, which again converts the bubbles into pdrbs
givesgel sheet that areflexible and foldablelike fabrics Figure 1.2. We show that these gel
sheetsabsorb more tharBC® their dry weight in various aqueous fluids (water, blood,
viscoelasic polymer solutions)Remarkably, theheets expand as they absorb water, unlike any
commercialtowels The absorfion capacity of the sheets exceeds that of commercial materials,

which suggests that they could be attractive for mopping up spiienmes, labs and hospital.

] =43 Polymer
network

Figure 1.2. Porous gelshees that are flexible and robust after drying (Chapter 4). (A) A
schematiof gel sheet structure. (Bhe ¢l sheet is foldable ancbntainsconnected open pase
(micrograph)



1.2.3PorousOleo-Shees for Absorbing Organic Solvents

In Chapter5, we extend thabsorption capabilities to neagueous liquids such as oils
and organic solventd-or this, we synthesize olesheets by templating foams in which the
continuous phase is nagueous and contains hydrophobic monomerse oleasheets are
hydrophobic andan selectively absorb oil from water (Figure 1.3). They show a high absorption
capacity (> 50 g/g) for a range of organic solveli{e also fabricatea 6 J a n u sabsarlbramt i
sheeb t hat h as dde selectivield absorbs watee while the othee sidbsorbs
oil/solvents.Our olessheets and omy@bsorbent sheets could both be used in homes, hospitals,
and various industries for cleaning up different spilled liquldey could even be used to clean

up large oil spills.

2 Complete oil absorption
in oleosponge

Initial

Oil- water
mixture-

Figure 1.3. Porousoleo-sheetsfor absorbing oilsfrom water (Chapter 5). When added tan
immiscibleoil-water mixturethe oleesheetselectively absorbthe oil.

1.3 Significance of This Work

The studies described in this dissertation are significant in many respects. First, we use a
simple, eceriendly strategy to makegels that ar@orous. In this techniqugasbubbles are used

asthetemplate for poresand drying is done under ambient diions. Thus, the techniquen



be easily scaled up for industrial use. Second, our work seeks to overcome two major limitations

of current hydrogels,e.,weak mechanical properties in dry and swollen siatel lowswelling

rates. Our porougels offeran unprecedented combination fast swelling rate high absorption

capacity andgood mechanical integrity. Additionaaspectsregarding specific studies from

Chaptes 3-5 arementionedbelow:

T

In Chapter3, we developed aouble barrekyringebased foam templiaig strategy which
could be used to create poroussgelany shape and size. Our poroussgatelland expand
very rapidly in water and reveto their initial unswollenstateupon reduction opH or
addition of ethanol. Wewere able toexploit this fast expasionkhrinking of our gels to
perform mechanical workThis opens new avenues for our gefs mechanechemical
engines, soft actuators, and artificial musdregviously, theslow response of gels prevedt
their use insud devices Thus, our fastesponding gel coultte a gamehangerfor such

systems.

In Chapter4, we created gedheets that are flexible, foldable, and robust in ttheéad form.

This is thefirst time, to our knowledgethat gels have been synthesizedsach largefabric-

like sheets.Our gel sheets outperforrmany commercially available absorbent sheets
including cloth and paper towsein terms of absorption capacityhus, theycould prove
useful in clearup of spilled liquids in a variety of scenasjdncluding countertops at home

or in a labor in hospitals. Additionally, theseould be used for absorbing biological fluids
during surgeriesWe are also evaluating them as hemostatic materials that can help in

stopping bleeding from serious injuries.



T

In Chapter 5, we created olsbeets thasibsob oils and organic solventsVhile the strategy
of making porous hydrogels by templating agueous foams is known, this is the first time the
same strategy has been used with -aqneous foams. The olsbeetsare inherently
hydrophobicandcan absorb a range of solventgweiry quickly. Suchlargesheetould be
used to selectively remove oil/solvents frevater bodies, e.gduring oil spills or incidents
of industrial solvent leakagekastly, our omniabsrbentshees offer the ability to absorb
both oil and water using two sides of the same material. Such a material is also novel, to our

knowledge, and could prove useful in various applications.



Chapter 2

Background

In this Chapter we will discussthe basics of gels, porous materials and different
strategies for makinghe latter Then we will review basics of foam stability atite foam

templating methothat will be usedo synthesize porowgelsin Chaptes 3-5.

2.1Polymer Gels

Polymer
Chains

Solvent

Crosslinks

Figure 2.1. Schematic of thestructure in a gel A 3D network of polymer chagis shown. The
chains are connected at crosslink or junction points. Solvent (such as watgrpgpedn the
network

Gels are threedimensional crosslinked networks of polymer chains swollen in a
solvent?*?® The polymer chainin the gelcan be msslinked by chemicagcovalen) bonds or
physicalbonds ¢€lectrostatic, hydrogen bondimg hydrophobic interactiong®*¢%®The -0d el |
we eat as desert is a physically crosslked gel whereas contact lenssa® an example of
chemically crosslinked gef€. The structure of the crosslinketktwork in a gel is shown

schematicallyin Figure 2.1. Gels containing water as a solvent are called hydsaged these



aremade from hydrophilic polymers:*6:37If the solvent is an oil or organic solvent, thesare
known as organogef§4? Gels are usedn many applicationsincluding drug delivery, tissue
engineering regenerativemedcine, and asbiosensoré®*® On the other hand, organogels are

mostly used in food technaly, cosmetics, and oil recove}/*

Gels with chemical crosslinks are tgplly synthesized by freedical polymerization. In
this method, three main componentse., monomers, crosslinkers anditiators interact
simultaneouslyto form a polymer netwotkThe reactions ina typical hydrogel synthesigre
shown inFigure 2.2 Here, monomex(acrylamide acrylic acig,ac r o s s | i AMetaytene( N, N6
bisacrylamide, BIS) andn initiator (lithium acylghosphinate, LAP) are dissolved in water.
When the solution is exposedutiraviolet (UV) light, the initiator gets cleaved to generate free
radicals(this is theinitiation step) Free radicals are highly reactive species and begin to interact
with the vinyl groups (i.e.,the carboncarbon double bondspresentonmonomers and
crosslinkersin the propagation ste@he vinyl groups then connect with other monomers or
crosslinkers to propagatee., grow into chains. Thanonomes have one vinyl groupeachand
so they can grow only linearlywhereas crosslinkers generally have at least two vinyl groups
Therefore when linear chains encounter BIS, they get crosslinked randomly into a né&hisrk.
process will continue to occur untio vinyl sites aredft for reaction or all free radicals are
terminated due tachain combinationsNote that of the two monomers in this example,
acrylamide is nonionic whereas acrylic acid is anionic. The monomers will copolymerize

randomly, leading to a net anionic chaeadb the chains and thereby to the gel.
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Figure 22. Polymerization reactions in acrylamideco-acrylic acid hydrogel formation.
Upon UV irradiation, initiatormoleculesbreak down to form radicals. Then radicals begin
reactingwith the vinyl groups to form long chainsvhich eventually get crosslinked duethe
two vinyl sites present on BI&rosslinkers Crosslinked polymer network structuiseadapted
from the paper byHibbinset.al 4’
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Hydrogels responsive to various stimuli can be synthedigedppropriate choice of
monomers? For example,gels of Nisopropylacrylamide (NIPAYespond totemperaturé?
Whenthesegels are heated above their lower catisolution temperature (LCSTWhich is ~
32°C, they shrink whereaswvhen cooledbelow the LCST, they swell back to their initial state.
This is because, above LCST, the isopropyl gsoop the NIPA backbone become more
hydrophobic and aggregateausingwater to be expellet$:>° Another response is to solvent
quality: for examplein solvens like ethanol and acetongels ofacrylamide(AAm) shrink due

to incompatibility between the solvent and the polyer

lonic gels, where thepolymer chains have ionizable functional groups such as
carboxylate or aminegsre responsive to pH: they swell when the chains are ionized and shrink
when the chains lose their chafd@’ In fact, the swelling of ionic gels (with ionized groups) in
water is particularly higldue to the electrostatic repiges betweenthe polymer chains anthe
high osmotigoressure caused by the couittes*1’ Photos of an ionicgel in initial and swollen
states areshownin Figure 2.3A.These gels can be engineered to absorb more than 100 times of
their dry weight and are known as superabsorbent polymers (SAPS) in taeidge Previously
in our lab,an ionichydrogelbased on sodium acrylate andNIiRdimethyl acrylamide was shown
to absorb wateup to~3000 timests dry weight!® lonic gels can lao be made to collapse by

adding organic solvents.

For a gel to swell in organic solvents, the ionic functional groups shodiloldphilic and
bulky in contrast to smalfjroups likecarboxylate and amines®>* An organogel containing

groups oftetraalkylammonium tetraphenylborateas been shown to absotétrahydrofuran

11



(THF) to more than 100 timets initial dry weight (Figure 2.3Bj® Note that this organogel
requiral special synthesiand such high-swelling organogels are rare in the literatuténlike
ionic gels,nonionic gels swellessin water, andtheir degree of swelling idetermined bynany
factors includinghe affinity of the polymer towardsvaterand theelasticrepulsionwhen chain

segments between crosslinks siretched?

(A) lonic Hydrogel: Swollen in Water (B) lonic Organogel: Swollen in THF

Figure 2.3. Examples of a highswelling ionic hydrogel andan ionic organogel (A) An ionic
hydrogelof DMAA -sodium acrylates shown in its shrunken and swollen sta{@ An ionic
organogel containing bulky groups of teatkylammonium tetraphenylboraie shownswollen
to almost 4 timegs initial size in tetrahydrofuran (THF Image adapted from Refererng@

2.2 Polymer-Based Porous Absorbents

Porous absorbent materials at@quitousfrom paper towels to woundressingsThese
materials are made frofibers of naturally occurring or synthetic polymers. For instance, paper
towels are made of cellulosehich is derived from plant€otton, obtained from flowers athe
Gossypium herbaceumplant, is again based on cellulose. Most cloth towels are mama fr

cotton,linen, and polyesteras are gauze dressings used to absorb blood from wdrstsbent

12



materials including cloth andpaper towelshave a porous structurewhich allows water to
diffuse rapidly through capillary actiorfFigure 2.4 shows themicrostrucure of a paper
towel.>® Conventional absorbents basau cellulose have limited watabsorption capacity. For
this reason, cellulose is either modified with hydrophilic functional groups or combined with

synthetic ionic polymers®’

Figure 2.4. Microstructure of a paper towel. SEM micrograph showinthat a standargaper
towel (Bounty® brand) consists of cellulose fibers and is a porous strubtnageadapted from
Referencé6.

Superabsorbent polymeréSAPS) such as polyacrylic acid show very high water
absorption capacity and are us@dsanitary pads, diapers, and absorbent MEtSAPs are
generally used in the form of microbeadsthese materials (see Chapter \hich facilitates
rapid absorptionFor a bulk SAFhydrogel to absorb water fast, pores have to be creati
continuous polymer network:?® Various strategies have been pursuedréate pores in gels
These include porogen leachitfgjce-templating?®°® and foam temlating>%° In porogen

leaching, particles of salt, sugar or polymers are dispersed in the monomer solution and
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polymerized. The particles are latéissolvedto create pores. This method prasdcontrol over
pores size and porosity but leaching particles out takes ttasemplating involves partial
freezing ofa prepolymer solution to create ice crystdislowed by polymerization. The ice
crystalsare thenremoved by evaporation. Gels dyesized using this method are referred as
cryogels in the literature. The major limitation of cryogelation is poor control over porosity.

Foamtemplatingis our technique ofhoice ands discussed in detail in the next section.

2.3 Foam Templating

In foam templating gas bubbles are dispersed @& monomer solution prior to
polymerizatior®®° These bubbles can be generated by various means. A simple teastiis
the monomer solutiovigorousdy to trap airbubbles®® This reqiresthe solutiorto be viscousif
not, the bubbles willquickly escape. Another way to introduce bubbles is using microfluidics in
which discrete gas bubbles uniform sizeare generateth the monomer solutiof?. A third
approach igo creategas bubbles through a chemical reacfibsuch asy mixing acetic acid
and sodium bicarbonate. The acid and base react to generatga€®ubblesn situ. These
bubbles thernave to bestabilized by surfactants. Upon polymerizitings foam the bubblesare
trapped in the polymer geind when this gel is dried, the bubbles turn into pdfagife 2.5.
The bubblesize and density will determine the pore size and porosity respectively. Thus, to
achieve high porositya high volume ofgasbubbles need to be generated aneseshould
remain stable during polymerizatioithis strategyis simple and easilyand is being used

industrially to make polyurethane foams for cushions and mattr&sses.
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Figure 25. Foam templating technique A foam (dispersion ofgas bubblegn liquid) is
generatedn amonomer solutiomnd stabilized by surfactants. Upon solution polymerization, the
bubbles get trapped in the polymer netw@gkl). When the gel is dried, the bubblescome
poresin the final material
2.4 Foam Stability

Foams are colloidal dispers®of gas bubbles in a continuous ph&&.In foams, he
bubblesize is governed by a balance between two counteracting forces: surfioa tardthe

pressure differencBP betweentheinterior andthe exteriorof the bubblesThe latteris givenby

theYoung Laplace equation:

DP :Zr—g (2.1)

where, grepresentshe surfacednsion andR is the radius of the bubldeThe surface tension
tries to minimize the surface areahich implies the bubbles will coalesddowever,the DP

counteractshisand an equilibrium between these two foreélsdictate the bubble size.
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(A) Short molecule (B) Polymer
Hydrophilic g,
Head A~
/
Hydrophobic ~ Hydrophobic Hydrophilic
Tail group backbone

Figure 2.6. Amphiphilic molecules. (A) Short amphiphilic molecules with hydrophilic head
groups and hydrophobic tasl (B) Amphiphilic polymerswith hydrophobic groups attached
alongthe hydrophilic backbonef the polymer

The bubblesn a foam have to bstabilized by surfactanfé.Surfactantsare amphiphilic
molecules they have both hydrophobic and hydrophilic domaksamples of smalinolecule
and polymeric amphiphiles are shown in Figure &6tfactants reversiblpdsorbat the air
waterinterface by orienting their hydrophobic p&otvard theair andtheir hydrophilic domain
toward water. In doing so, they reducg and stabilize bubbles against coalescetireugh
colloidal repulsion®*®> Foam stability can also be enhanced by increasiagolution viscosity.
Viscous solutions flow slowland thushinderliquid drainage in foamwhich prevents bubbles
from coming closend coalescing. Foastabilized by small surfactants such as sodium dodecyl
sulfate (SDS) andween 80 are stable only foa few minutes whereasoams stabilized by

amphiphiic polymers can bestable for longer time%°
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Side A: hmC +
CH,-COOH

/| Pl

liquid film
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Gas / AN {Gas

Reaction: CH;-COOH + NaHCO; -CH,;-COONa +(CO, (gas)|+ H,0

Figure 2.7. Making foams using a a@uble barrelled syringe (DBS).The DBS contains acetic
acid in one barrel and sodium bicarbonate in the other barrel. The acid and base react to produce
COz gas bubbleswvhich get stabilized bthe amphiphilic polymerimC) present irthe acid

Our lab has been particularly interestachmphiphilic polymersuch asydrophobically
modified chitosan (hmC) and hydrophobically modified alginate (hmA). Recently we
synthesizedobust,elastic foams by stabilizingbubblesusing hmC and hmA8 These foams are
generatedn situthrough a double barted syringe (DBS) As shown in Figure 2.7, one side of
the DBS contains acetic acid andmC while the other side containsodium bicarbonate
Bubblesof COz are produced at the mixing tip, and these are stabilized by ihgSe foams are
stable for more than 3 houig/e will employ this technique i@haptes 3 and 4 Aqueous foams

can also be stabilized by proteins such as casein and pvbyn’® Whipped creamsi a vell-

known example of such foams.
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While foams in water are wedtudied, foams with aonaqueougontinuousphaseare
much less studiett”® These foams cannot be stabilized by regular surfacthetsuse
noraqueoudiquids havevery low surface tensi@due to which surfactants do not preferentially
move to interface. Special stfactants based ofluoroalkyls, and siloxans are needed to

stabilizesuch foams, as we will discuss in Chapter 5.

2.5 Chitosan andHydrophobically Modified Chitosan

Chitosan HmC

CHs :CHs
& ¢ ( NH . ° NH
NH, NH 2
O HO
HO Q HO dig O&L 0
-0 o) OH/O&LO o) 2 ""O%\ HO 0 @)
- - OH OH

Figure 2.8. Molecular structure of chitosan andhydrophobically modified chitosan (hmC).
The hydrophobes are palmitic (C16) groups

Chitosan (Figure 2.8)is a linear polysaccharide derived from chitin (pbhacetyt
glucosamine) by deacetylatiéhChitin is the second most abundant naturally occurring polymer
next to cellulose. It is present in the skeli crabs, shrimpsrustaceans, arid thecell walls of
fungi. Chitosan is obtained by hydrolysistbé N-acetyl groups present @he chitin backbone
under basic conditions. The extent of hydrolysis is termethe@degree of deacetylation and
usually it ranges from 70% to 99% in commercially available chigg@hitin is insoluble in
water whereas chitosan can be dissolvedaditic solutions belowa pH of 6.5. Under acidic

conditions the amines get protonated and chitosan becomes a cationic biggolipume to its
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biocompatibility and its antimicrobial nature, chitosan is being explored for many biomedical
applications including wund care, drug delivery, scaffold for tissue engineering and
antimicrobial coating$>’® Our lab has been interested in chitosan partilyufar its ability to

stop bleedingpost hydrophobic modificatiof?:#°

Hydrophobically modified chitosan (hmC) can be easyynthesized byeactingalkyl
anhydride with the amines on chitosan via nucleophilic substitution reaction. In this process,
one amine hydrogen (NMis substituted withan acyl group to form amidéonds.”® The
structure ofan hmCmodified with palmitic anhydride (C16 hydropbobesjs shown inFigure
2.8. The hydrophobicity ohmCvaries with alkyl tail length and modification percentaghich
canboth be controlled bythe reaction stoichiometryWhen chitosan is converted to hmC, the
solutionviscosity significantly increases due to hydrophobic interactions. Generally shert (C6
C10) hydrophobesan be attached up to 10%tbk free amines. But with longer hydrophobes
(C14-C18), themodification % needs to be low @2%6); otherwisethe hmCsoluion will become
too viscouor the hmCcould evenbecome insoluble. For our studieGhaptes 3 and 4we use

an hmC that ha€10, C12 and ClBydrophobesogetherin varying proportions
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Chapter 3
Porous Hydrogel sanbda&ExpPapddly Swel

The results presented in this chapter have been published in the following journal article:
Choudhary, H. ; R a g h-Bxpamding Pofous HRdrogels: SPughiegr New s t
Frontiers in Converting Chemicllot ent i al i nt o Us ACSuUAppl. Materh ani c ¢
Interfaced 4, 1373313742(2022.

3.1 Introduction

Polymer hydrogels are creBeked networks of polymer chains that are swollen in
water?®?? Gels can be engineered to absorb significant extents of water (more than 100 times
their weight)!#1” Such superabsorbent polymer gels (SAPs) find applications in dibaedsas
additives that keep the soil moist for plant groftiRecently, our lab has reported a class of
SAPs that absorb 3000 times their weight in water, which is the highest swelling ratio reported in
the literature’® SAPs used in applications such as diapers are typically in the form of microscale
beads! which facilitates their rapid swelling, as illustratedFigure 3.1A. The same gels are
commonly made in labs as orascopic solids (e.g., centimetsrale cubes or cylinders).
However, a macroscale dry gel will take a long tird24 h) to swell to its equilibrium size in
water (Figure 3.1B). The reason for this slow swelling is that it occurs by diffusion of water (of
di ffusivity D) into the gel  l’6B)depentstorthetlengthe s c a l
scalel of the sample. Thus, for a macroscale gd( 1 ¢ m) , this timescale
whereas for microbeadsd& 10 € m, -fold smaler size), thi©tinescale is reduced to
seconds. For a large piece of gel to swell rapidly, it is necessary to make it {6roa&°8°The
length scale relevant for diffusion will then be the pore diameter rather than the overall gel size
(Figure 3.1C). If the pores are microscale and are interconnethet, porous gels can swell at
rates that are 100000fold higher than those of nonporous gels.
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(A) Gel Beads (Microscale) (B) Solid Gel (Macroscale) (C) Porous Gel (Macroscale)

& & D & - ) & I
water ~10 vater water ~24 water water ~15 water
k—-,.., ! k‘,” = - ) e I\_ﬁ_ﬂ_i p—— LL_7_7
Size ~ 10 pm Swell rapidly Size ~ 1 cm Swells very slowly Size ~ 1cm Swells rapidly
Pores ~ 100 ym (e.g., this study)

Figure 3.1. Gel-swelling dynamics at different length scaledry gels are placed in water at t

= 0 and allowed to swell (expand) to their final size. Swelling occurs by diffusion of water into

the dry gel. (A) Microscale gel bead3( 0 em si ze) swel |l i n seconds
solid macroscale gelDl cm size) takesD24 h to expand to its final swollen size. (C) A
macroscale gel with microscale pores expands much more rapidly compared to (B). In this study,
one such porous gel is shown to expand to 4x its original size within 15s

Research orfastswelling porous gels over the past two decades has focused on
increasing the swelling rate by enhancing the porosity while simultaneously ensuring that the gel
is mechanically robugf**8384arious strategies have been pursued to introduce pores into gels,
including porogen leachin, lyophilization®? ice templating®®? cryogelatior’® and foam
templating. The latter is the most pagustrategy and involves making foam, i.e., a dispersion of
gas bubbles in a monomer solution, prior to polymeriz&fi6hTo ensure the high porosity of
the final gel (>90%)), it is necessaryhave a high density of bubbles in the foam and to keep the
bubbles stable during polymerization. The bubbles then have to be removed, leaving behind a
porous gel. Various surfactants or amphiphiles have been used to stabilize the above foams. The
best exarples of porous gels so far are those that can swell to equilibrium within a minute;
however, their swelling extents are 1o@50 times) and so the gels do not expand nfeigh.

Gels that swell more seem to expand slower and also appear to be mechanicatfy’weak.

If a gel can expand rapid its expansion could be exploited for doing work, i.e., the

chemical energy associated with gel expansion could be converted into mechanical energy. The
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mo s t striking exampclheesmiafal n atnugri anle s meaa hea ntoh e
Indeed, dong-standing goal for polymer scientists, which can be traced back to de Gennes, has
been to use polymer 9 arifisial musclesiaserdevicdsithati canlbe mu s ¢
reversibly actuated to perform mustilkee motion (expansion, contraction, and rotation) in
response to external stimdti®®> Such motion can be harvested to perform mechanical work: for
instance, a cycle of gel expansion and contraction (in response t¥ ligtperaturé® or salt®)

can be coupled to the lifting and lowering of a weight. While gels are the ideal candidate for
mimicking muscles (due to their soft and wet nature, which mimics living tissues), the timescale
for actuatig a macroscopic gel is currently too slow for mudidle actuation. Thus, a desire for

faster response times has led researchers to consider alternative materials for such actuators (like
liquid crystal elastomers or shapemory polymers) despite thesgstems being mostly
unsuitable in a biomedical conteékt?’ If gel expansion rates calibe increased, then gels could

be reconsidered for use in mecha@mical engines.

Here, we present a new approach that yields porous gels with an unprecedented
combination of rapid swelling/expansion rates and high swelling extents. Our approach involves
foaming of a monomer solution by injecting it out of a dotiHereled syringe (DBS® As
shown inFigure 3.2, the foam is generated in situ via the reaction of an acid and a base in the
two barrels of the DBS, which combine to produce:@és in the form of bubbles. The bubbles
are stabilized by an amphiphilic biopolymer, hydrophobically modified chitosan (hmC), present
in one of the barre® Monomers (acrylamide and acrylic acid, with crie&ers) in the foam
are then polymerized to form a gel around lthibles. Subsequently, this gel is dried under

ambient conditions to give a porous solid wit
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When this dry gel is added to water, it absorbs water at a rate of 20 g/g-s until an equilibrium is
achieved in 15 at about 300x its weight. In the process, each gel dimension increases by
D20%/s until its final sizes are 4x the original ones (i.e., there is a 3x increase in size). Such
rapid and appreciable expansion can be easily observed by the eye, and tis®axpée is the
highest reported thus far to our knowledge. Moreover, the swollen gel is robust enough to be
picked up by hand. The gels are responsive to pH and solvent quality, and a full cycle of
expansion and contraction can be completed within a60w. We use gel expansion to lift
weights against gravity, and the power density (260 mW/kg) achieved is better than in any
previous gebased actuators to our knowledge. Thus, rapid gel expansion allows the chemical
potential energy from the gel to baptured in new ways, and this could enable many new

applications.
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3.2 Experimental Section

Materials. Chitosan (medium molecular weight, 2800 kDa 99% deacetylated, product code
43020) was obtained from Primex Corp. (Iceland). Palmitic (C16), decanoic (C10), and lauric
(C12) anhydrides were purchased from TCl America. All other chemicals were from-Sigma
Aldrich, including the monomers acrylamide A¥) and acrylic acid (AAc), the crodmker

N, Mjhylene(bis)acrylamide (BIS), the photoinitiator lithium acylphosphinate (LAP) (precise
name: lithium phenyR, 4,6trimethylbenzoyl phosphinate), acetic acid, sodium bicarbonate

(NaHC(O), and sodium hydrade (NaOH).

Synthesisof hmC. The following procedure, adapted from our previous wétgSwas used. 1

wt % chitosan was first dissolved in 0.2 M acetic acid, and an equal volume of ethanol was
added.The solution was then heated to 65 °C. C16, C12, and C10 anhydrides were dissolved in
ethanol in separate beakers and heated to 65 °C. The anhydride solutions were then added to the
chitosan solution such that the stoichiometry (with respect to the aramebke chitosan)
corresponded to the following: C16 anhydride at 2 mol %, C12 anhydride at 5 mol %, and C10
anhydride at 10 mol %. In total, 17% of the amines on chitosan were functionalized with
hydrophobic (alkyl) chains by reacting with anhydrides (thaction is known to follow the
stoichiometry®89. The reaction was allowed to proceed overnight, whereupon the chitosan was
converted into hmC. To precipitate the hmC from this solution, the pHneesaised by adding

NaOH. The precipitate was washed with ethanol several times, dried, and ground into a powder.

Double-Barreled Syringe Preparation Syringes were obtained from J Dedoes, Inc. The

dimensions of the barrel and plunger of the DBS ward-% 3 mL, while its mixing tip was a 3
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mm x 16 element blunt tip. Typically, 3 mL of solution was loaded into each barrel. In one
barrel, a solution of monomers, crdsker, and hmC in acetic acid was loaded. In the other
barrel, a solution of 0.1 wt %AP and NaHCQ (dissolved to its saturation concentration at 25
°C,D1.4 M) was loaded. This composition of the base was chosen to maximize the foam volume
(note that the foam was limited by the base because the acid was in excess). The DBS was then

covered with aluminum foil to avoid degradation of the photoinitiator poi@olymerization.

Synthesisof Porous Gels The foam containing all the reaction components was injected out of

the DBS into a container, as shownFigure 3.2. The geometry of the container was varied
depending on the experimental needs. Inmany cases he cont ai ner was a Z|
The foam was spread uniformly in the container to a thicknessiof @rf and exposed to UV

light for 2 min to polymerize the monomers. In the process, the foam is converted into a porous

gel, with the bubbles ewstituting the pores. This porous gel was placed in water to remove any
unreacted monomers. The water in the gel was then exchanged by placing in ethanol for 2 h
followed by ambient drying overnight to give a solvéee porous gel. Unless otherwise sfate

the following composition was used in preparing the gels: a total of 25 wt % monomer, with

AAc and AAm in a 3:1 weight ratio, and with BIS at 0.7 mol % with respect to the total

monomer. The hmC concentration was 0.5 wt % unless otherwise stated.

Gel Swelling Kinetics. For swelling studies, such as those kigure 34, a porous gel
(dimensions 0D10 mm x 10 mm x 5 mm) was placed in DI water and allowed to absorb water
for a specific duration. The swollen gel was then removed from the water and éeyaesw/ds

wiped from the gel before measuring its weight. Afterward, the gel was placed back into the
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water for another span and the weight was again measured. This procedure was repeated until the
weight of the gel became constant. All swelling kinetitgli®s were done in replicates of at

least three for each gel, and the average swelling ratios are reported.

Optical Microscopy. A small amount of a given foam was injected onto a glass slide and
allowed to sit for a few minutes. Images were then cagtonea Zeiss Axiovert 135 TV inverted
microscope at 100x magnification. Bubble size distributions were analyzed using the ImageJ
program. For each foam, at least five images were analyzed to obtain the average bubble

diameter.

Scanning Electron Microscopy(SEM). The ambientdried porous gels were further dried in
vacuum for 4 h to completely remove any residual moisture. The dried materials were cut with a
sharp blade to expose the internal pore structure and then smated with gold. A Tescan

GAIA FEG SEM was used to obtain images of the gels at magnifications from 100 to 500x
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3.3 Results and Discussion

3.3.1Synthesis of Porous Gels

hmC + CH;COOH +
Monomer + Crosslinker UV light

N

N7 L /
<’ N Polymer network

hmC chains adsorbed

Photo of porous gel

NaHCO, +
Initiator

{ = { = &y mp
(A) Generate foam (B) Polymerize (C) Gas bubbles (D) Ambient-dry to form
containing using trapped in porous gel (bubbles
monomers UV light polymer network become pores)

Figure 3.2. A Schematic of the procedure used to synthesize porous géi) A foam of the
monomers is prepared using a dodidereled syringe (DBS). One barrel of the DBS is an acidic
solution of monomers, crodskers, and the hmC stabilizer, while the other barrel is a basic
solution with the UV initiator. At the mixinggd of the DBS, CQgas is produced, and bubbles

of the gas are stabilized by hmC chains. (B) The foam is polymerized by UV light for 2 min. (C)
The bubbles in the foam are retained during the polymerization while a polymer gel network is
formed around thbubbles. (D) The gel is dried under ambient conditions to give the porous gel.
The photo (inset) reveals that the material is a robust solid with a spadgexture.

Our procedure for synthesizing porous gels is shown schematicdlgure 3.2. In one
barrel of the DBS, we load a solution in acetic acid of the monomers acrylic acid (AAc) and
acrylamide (AAm), the cross i n k e-methiengbisjacrylamide (BIS), and the stabilizer
hmC. In the other barrel, we load a solution of the photoinitigtdum acylphosphinate (LAP)
in sodium bicarbonate. The acidic and basic solutions come into contact at the mixing tip of the

DBS, whereupon the following reaction occurs:

R-COOH + NaHC®@a R-COONa + CQ(g) + HO (3.0
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The net outcome ithe release of carbon dioxide (€J@as in the form of bubbles. These
bubbles get stabilized by the hmC present in the acidic barrel of the DBS, thus resulting in a
stable foan{Figure3.2A). The foam is then spread uniformly in a container and exposgtf to
light at ambient temperature for 2 nligure 3.2B). The UV initiates the photopolymerization
of the monomers, which results in a crisked polymer network around the gas bubbles
(Figure 3.2C). At this stage, the synthesis of the porous gel is cetapFor most experiments,
we work with dried gels, where we completely remove the water from the sample. For this, we
first do a solvent exchange with ethanol and then dry the gel under ambient cor{&itoms
3.2D). The final dried material is a whitgpongelike solid, as shown by the photo kigure
32D.We wi | | continue to refer to the dried mat e

done in the literaturé?2°:58:60.82

Our approach to making porous gels is simple yet unique in many ways. There are
several key differencesompared to previous approaches reported in the literature, and these
differences will be important in analyzing the microstructure and performance of our gels. First
of all, we use a DBS and the aidichse reaction to generate the foam in situ, whereas mos
researchers have simply added NaHGBase) to an acidic monomer solution containing a
surfactant and agitated the sample to produce a ##84 The DBS gives rise to smaller
bubbles and a more homagmus foam compared to simple agitafibrSecond, we use a
polymeric stabilizer (hmC) rather than a smmathlecule surfactant to stabilize the fo&hThe
hmC here has hydrophiw nalkyl tails attached to more than 10% of the amines along the
chitosan backbone. We expect the hmC chains to adsorb on the gas bubbles, with the

hydrophobic tails directed toward the gas phase (see schemgigune3.2C). The presence of
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hmC at tle gagliquid interface ensures that the bubbles remain intact during the polymerization.
Lastly, we use LAP, which is a wethown UV initiator that is highly efficient at producing free
radicals upon irradiation. Thereby, we are able to complete the Wyvhpazation in just 2 min.

By doing the polymerization quickly, we lock in the porosity in the final gel without the bubbles
dissipating away. For comparison, we have tried other vgaleble UV initiators like Irgacure
2959, and in that case, more tha® min was needed to complete the polymerization, during

which time the foam largely dissipated, leaving a gel with few pores.

3.3.2Microstructure of the Porous Gels

The microstructures of the initial foam and the corresponding dried gel are presented
Figure 33. The foam was prepared with a monomer composition of 18.75 wt % AAc, 6.25 wt %
AAm, and 0.375 wt % BIS. Then, 0.5 wt % hmC was used as the foam stabilizer. Optical
micrographs of the foanfFigure 33A) reveal closepacked gas bubbles with aaverage
di ameter of 400 &m. These bubbles wildl form
polymerized around the bubbles. SEM micrographs of the gel after ambient @igage 33B)
show interconnected pores and thereby an extensive network of nojgeochannels. The
average pore diameter from I maged analysis i
Comparing the SEM and optical micrographs, it appears that the majority of bubbles in the foam
are retained during polymerization and thereby nestéfd as pores in the dried gel. The porosity

Uei of the dry gel can be estimated by 83 from density measurements:

=1 9% (3.2)
rbulk
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where} gel is the density of the dry gel apeuk is the density of the bulk, nonporous solid. From
the measured values in our casejf@r(0.109 g/crm) andy buk (1.187 g/cm), we find Yei to be

91%, indicating a highly porous material.

(A) Precursor Foam: Optical (B) Dried Porous Gel: SEM

Figure 3.3. Microstructure of the foam and the porous gel made using the foam as a
template. (A) A representative optical micrograph of the foam reveals giasked small
bubbles, most of which are spherical. (B) Representative SEM images of the dried porous gel at
two different magnifications. The images show a highly porous structure with interconnected
pores.

3.3.3Swelling/Expansion of Porous Gels in Water

We now focus on the swelling of the dried porous gels in Waigure3.4). A movie of
this processvas recorde@nd snapshots at specific time intervals are shoviginre 3.4A. At t
= 0, a dried gel of dimensions 10 x 10 x 5 mm (Photo Al) is placadhter and allowed to
swell (Photo A2). Within 10 s, the gel expands appreciably and becomes transparent (Photo A3).
The gel reaches its equilibrium size in just 20 s (Photo A4), beyond which the size remains
constant. The above experiment was quantifieteims of two parameters, the first being the
swelling ratioR = mass of swollen gel/mass of dry gel. A plotRo¥st is shown in Figure 4B.

We note that R increases linearly to more than 100 in the first 5 s and to 300 in 15 s; beyond 20
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s, R plateaus &€800. This implies a swelling rate of 20 g/g-s from the initial to the final size.
Correspondingly, the gel size increase is quantifiedo&ss, WhereLo is the initial length (10

mm) andL the expanded length at tiheThe gel dimensions double (i.e., increase by 100%) in
just 5 s, and the dimensions plateau at 4x their original values (implying a 300% increase) in 15
s. These numbers translate to an expansion rate of 20%/s. After the swelling is complete, the
swollengel with 300x% its weight in water (and 4x its original size) is still robust enough to be

picked up by hand out of the container, as showsigare3.4C.

From Figure 34, it is evident that our porous gels swell and expand rapidly and to an
appreciableextent R = 300; 4x the original size). Such rapid and appreciable swelling can be
easily observed by the eye in real tingomparing with the literature, we believe ours is the
fastest swelling rate reported for any superabsorbent gel. A comparison with the best swelling
rates reported for other (macroscale) porous gels is shokigune3.5. The porous gels of Chen
et al.8% Kabiri and ZohuriaastMehr3! Huh et al2” and Kuang et a all reached swelling ratios
Rin the 200300 range but did so over timescales of a minute or more. Thus, the swelling rates
calculated from these studies ai8h/g-s, whereas it is nearly 10 times higher at 20 g/g-s in our
case. The same data are also provided in Table 1, alongletiths of the gel chemistry in each
study. Table 2 shows data for a second set of porous gels made by cryo§efafitrese have
higher swelling rates (up to 10 g/g-s), but their swelling raRoare below 40. A further
comparison to make is regarding the expansion rate. Although numerous papers have been
published on porous gels, to our knowledge, none heplecitly reported expansion rates. Even
reliable movies or photos of gels substantially expanding over time are not available. We are

confident that the expansion rate DR0%/s for our gel is the highest reported to date.
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Importantly, thisexpansion is fast enough (and appreciable enough) to allow work to be

extracted from the expanding gel, as will be demonstrated later in the paper.

(A) Swelling of a dry porous gel over time in water

(B) Gel swelling and expansion vs time
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Figure 34. Typical swelling/expansion of a porous gel in watei(A) At time t = 0, a dried gel

is placed in water. Snapshots of the swelling gel at various time intervals are shown (B) Swelling
ratio R and size increasep(L ) (%) are plotted against time. The gel absorbs more than 300
times its dry weight within 15 s, and tihe process, its size increases by 300% in 15 s. (C) After
the swelling is complete, the swollen gelf¢dd larger than the original) is robust enough to be
picked up and held by hand

The higher swelling rate of our gels is attributed to differencesha porous
microstructure Figure 3.3). SEM micrographs of porous gels made in previous studies show

well-separated rather than interconnected pores, and the porosities reported in these studies are

32



generally lower than ourd:?*#The higher porosity and the interconnected pores, in turn, arise
due to the different synthesis method used here, which we summarized above in terms of three
factors: (a) use of a DBS to createiarsitufoam, (b) use of an amphiphilic polymer rather than

a smalimolecule surfactant as the foam stabilizer, and (c) rapid UV polymerization around the
bubbles. Thus, the novel aspects of our synthesis revolve aroumctditatid science (foam

generation and stabilization) as well as polymer science (fast polymerization around a template).
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(Ref 60) (Ref 31) (Ref 27) (Ref 30)

Figure 35. Comparing the swelling rates of porous gels in this study with past oneihe
swelling rate in this study is 20 g/g-s, whereas those in previous studies weré lgéips See
also Table 1.
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Table 3.1. Porous hydrogels synthesized in past that swell fast to a high extent

Equilibrium | Equilibrium
swelling swelling Swelling
Gel type Method | ratio(g/g) time (s) rate(g/g.s)| Author/year/ref.
Acrylic acid-Acrylamide (lonic) Foaming 310 15 20.6 Our work, 2022
Acrylic acid-Acrylamide Foaming 368 168 2.19 Chenet al(1999}°
Kabiri et al.
Acrylic acid (lonic) Foaming 350 200 1.75 (20041
PEGgraftedAcrylic acid
Acrylamide (lonic) Foaming 178 120 1.48 Huh et al.(2005%7
Acryloyloxystarch sulfatedcrylic Kuanget al.
acid (lonic) Foaming 215 60 3.58 (2011%°
Table 32. Porous hydrogels synthesized in past that swell very rapidly
Equilibrium | Equilibrium
swelling swelling Swelling
Method ratio(g/g) time (s) rate(g/g.s) | Author/year/ref.

Gel type

Dinu et al
Acrylamide (Nonionic) Cryogel 40 4 10.0 (2007y®8

Wu et al.
PEGDA (Nonionic) Cryogel 14 10 1.40 (201255

Dinu et al
Chitosan (lonic) Cryogel+porogen 33.5 90 0.372 (2013%°
N,N-dimethylaminoethyl
methacrylateacrylamide (Weak Dragan et al.
ionic) Cryogel 22.5 120 0.19 (2016%6
N-isopropylacrylamidesodium Strachota et al
methacrylate (lonic) Cryogel 35 40 0.875 (20197
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3.3.4Tuning the Swelling/Expansion of Porous Gels

We now discuss how the composition of the polymerizing mixture affectsatbiling of
the porous gels. The first variable studied is the ratio of ionic (AAc) to nonionic (AAm)
monomer. We kept the total monomer at 25 wt % and varied the AAc:AAm weight ratio (0:1,
1:3, 1.1, 3:1, and 1:0). The BIS crdssker was fixed at 0.375 w6, and the hmC was fixed at
0.5 wt % across all these samples. lonic gels are generally expected to swell much more than
nonionic gels, and there are two reasons for this: first, the charged polymer chains will
electrostatically repel each other, andoset; the osmotic pressure will be higher in ionic gels

due to the counteriorié.16:17

The data for the different gels are showrkigure3.6, and as expected, we find that the
higher the fraction of ionic monomer, the greater the swelling Rafar the gels [Figure 3.6A).
Specifically, the pure nonionic gel (0:1) absorbs very little wdker 85), whereas the pure ionic
gel (1:0) swells 10itnes as muchR = 350). These differences are also evident from the photos
in Figure 3.6B comparing the dry and swollen gels. We did note that the pure ionic gel swelled
so much that it was difficult to handle. In comparison, the gel with the 3:1 AAc:A&m r
swelled up taR = 310 and still had adequate mechanical integrity in its expanded state. So, this
was the composition of choice, which is employeéigures 33 and3.4. We also examined the
swelling rate of these gels, and plotsRo¥s t are shownn Figure 3.6C,D. All the ionic gels,
regardless of the ionic monomer content, swelled at a high Bag0 (g/g-s) and were fully
swollen within 20 s. This result suggests that all the ionic gels have similar porosity and pore

connectivity.
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Figure 36. Effect of ionic monomer content on gebwelling extent and kinetics.(A)
Swelling ratiosR at equilibrium of porous gels with different proportions of ionic monomer
(acrylic acid, AAc) to nonionic monomer (acrylamide, AAm)otet R = mass of swollen
gel/mass of dry gel. During synthesis, the total monomer (AAc+AAmM) was maintained at 25
wt% while the weight ratio of AAc:AAm was changed. (B) For visualization of the data in (A),
photos of the various gels are shown in the drg awollen states. All the ionic gels swell
significantly. (C) Kinetics of getwelling for each of the gels in (A). (D) Zoom#adplot of the

initial data in (C), showing that all the ionic gels swell at roughly the same rate (i.e., the initial
slopes arsimilar).

Next, we studied the effect of crelask density on gel swelling. For this, porous gels
were prepared at various concentrations of the dmolssr BIS. In the typical porous gels
(Figures 33 and3.4), the BIS was fixed at 0.375 wt %, which corresponds to 0.7 mol % relative
to the total monomer (AAc + AAm). We now varied the BIS fraction from 0.2 to 7.5 mol %
while keeping the total monomer at 25 wt %, the AAc:AAm ratio at 3:1, and the hmC at 0.5 wt

%. Figure3.7 shows the swelling ratiB for these gels as a function of BIS mol %. As expected,
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R decreases as BIS increagésgure 3.7A). This is because when the crésk density is
higher, chain segments between cHidss will be stretched more asehgel expands and
thereby pay a higher entropic penalty for swelfiitf. Differences inR are also shown by the
photos inFigure 3.7B comparing the dry and swollen gel sizes. The higRest450 is for the

lowest BIS 0.2 mol %), and this gel expands the most, whereas R reduced to 90 for the highest
BIS studied (7.5 mol %). The gel with 0.2 mol % BIS lacked mechanical integrity, which is why

we fixed BIS at 0.7 mol % (i.e., 0.375 wt %) for the rest of our studies.

(A) (B) Final swollen gels
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Figure 3.7. Effect of crosslinker concentration on gekwelling extent.(A) Swelling ratiosR

of porous gels as a function of the crosslinker concentration. The gels were synthesized with a
total monomer (AAc+AAm) content of 28t% and with the AAc:AAm ratio at 3:1 by weight.
Only the c¢onc e n-methglene(bigdacrytamidet(BIS) crdsslimkédj (mol% with
respect to the total monomer) was varied. (B) For visualization of the data in (A), photos of the
gels are shown in édry and swollen states. The less crosslinked the gel, the more it swells.

We then proceeded to vary the concentration of the hmC stabilizer. This has an effect on
the stability of the foams and thereby on the synthesis of the resultant porous géfesEor
studies, the total monomer was 25 wt %, the AAc:AAm ratio was at 3:1, and the BIS was at
0.375 wt %. The hmC was varied between 0.01 and 0.5 wt %, and first, the foams were analyzed

for their extent of stability as well as their microstructure. Foamre injected into vials, and the
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foam height was recorded vs time. The Hi&df ti2, which is the time when the foam dissipates

to half its initial height, was used as an indicator of foam stabftf§iNext, optical micrographs

of the foams were analyzed by ImageJ and the average bubble diameter Davg was measured.
These two parametersyf and Dwg are plotted inFigure 3.8A. As the hmCis raised, #2
increases, indicating that the foams become more stable, likely because the bubbles are more
densely coated with hmC chains. For instance, thdot 0.5 wt % hmC is around 25 min,
whereas for 0.01 wt % hmC, it is just 2 min. Correspoglgiinthe bubble diameter dy is
small er in the more st adghsshmC ieiacneasedfroned.0dt0i0.S a
wt %. This is because hmC promotes smaller bubbles (i.e., highdiggas interfacial area)

since hmC adsorption reduces therfacial tensiory®5°

Porous gels produced by templating the above foams were analyzed by SEM. At the
lowest hmC tested (0.01 wt)%iheti2for the foam (2 min) is comparable to the time it takes to
generate and polymerize the foani32nin). Thus, a large fraction of the bubbles in this foam
would have vanished or coalesced into larger bubbles before they could be entrapped by
polymerization. This is reflected in the SEM images of the resulting porou$-igelre 3.8B),
where only a few large pores are seen, and these do not seem to be interconnected with all their
neighbors. In the case of 0.1 wt % hmC foam,tthéor the foamis increased to 5 min, and the
SEM of the resulting porous gel reveals numerous interconnected pores. This indicates that the
bubbles in this foam do remain intact sufficiently long to get locked in by polymerization.
Interestingly, the swelling ratios félhese porous gel§igure 3.8C) indicate that the swelling is
the highest for the 0.1 wt % hmC foam (R = 330), whereas upon raising the hmC to 0.5 wt %

(the typical value), there is a slight decrease in R3060. We emphasize that at 0.5 wt % hmC,
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the t2 of 25 min is ample for completing the polymerization (which typically takes just 2 min).

In other words, the bubbles in the foam largely stay intact as we conduct the UV polymerization
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Figure 38. Effect of stabilizer (hmC) concentration on precursor foams and the
corresponding porous gelsA foam stabilized by a given concentration of the amphiphilic
polymer hmC (hydrophobically modified chitosan) is injected into a vial and the time for the
foam to dissipa to half its fresh heightti(2) is used as an indicator of foam stability. The
bubbles in the foam are also analyzed by optical microscopy and the average bubble diameter
Davg is determined from the images. (A) Plottot and Dwg vs. hmCconcentration. As hmC is
increased, the bubbles become smaller and the foam stability increases. (B) Foams with different
hmC content were used to synthesize porous gels, with other compositional variables held
constant: the total monomer was 25 wt%, Ade:AAm ratio was 3:1, and the BIS was at 0.375

wt%. SEM micrographs of the dried gels are shown. Interconnected pores are seen when the
hmC is 0.1 wt% (B2) or 0.5 wt% (B3). (C) Swelling ratios at equilibrium of the above porous
gels.
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Our technique for gythesizing porous gels is versatile and allows gels to be made in
various shapes. This can be done by simply taking a mold of a desired shape and injecting the
foam into the mold followed by polymerization. Porous gels with circular, triangular, and
rectargular cross sections are shownFigure 3.9. Upon swelling in water, all these gels retain
their shape while swelingbigd 3 00. That is, the expansion is
the dry gel pieces increases D$x in the swollen state. Such ismpic expansion implies that

the pores in the dry gel are also isotropic, i.e., oriented along random directions.

(B) Same gels swollen in water

TR

(A) Dry porous gels in
different shapes

]

V_'rb‘

o A

el lils

| =
Figure 3.9. Porous gels in different shapes, before and after swellingpA) Porous gels with

the same composition are synthesized in different shapes: with circular, triangular, rectangular,
and square crossections. The image shows the gels in their initial (dry) state. (B) The same gels

after swelling in water. All gels sl isotropically by 308 their initial weight. Each dimension
of the initial shapes in (A) is increased by3~ 3

3.3.6pH-Induced Expansion/Contraction of Porous Gels

The polymer chains in our porous gels are anionic due to the ionic monomeryset

which means that there wild.l be carboxyl ate (C
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remain ionized (deprotonated) as long as the pH is above the pKa of AAc (4.2). However, when
the pH is reduced below the pKa, the groups will be protor{taedOOH) and the gel will then
behave like a nonionic gel. As seerFigure3.6, nonionic gels swell and expand much less than
ionic ones. So, a reduction in pH should cause an expanded ionic gel to shrink and collapse. Will

this collapse also occur rialby?

Swelling ratio (R)

.Jllllllllllllllllllll

Lo PH=E3
0 60 120 180 240 300 360

Time (s)

1sticycle 3w cyéle

Figure 3.10. Response of porous gels to pHThe gel swells (expands) at ambient and higher
pH and shrinks (contracts) at low pRepeated cycling between pH 3 and 10 is done, and the
swelling ratio R during these cycles is plotted. Both swelling and shrinking occur rapidly. A full
cycle is completed iD60 s for the first cycle anf90 s for subsequent cycles
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We studied this byapeated incubation of a gel in water at pH 3 (below the pKa) and pH
10 (well above the pKa). The results, shownHigure 3.10 are for a gel with the same
composition as the one studied earlieFigures 33 and3.4. First, the dry gel was swollen in pH
10 water and this takd320 s as found previously in normal (pH 7) water. Next, the swollen gel
(R =300) was removed and placed in pH 3 water. We observed that the swollen gel shrunk to a
much smaller sizeR= 60) in just 30 s. A full first cycle was thicompleted in about 60 s. Next,
we tried a second cycle, and in this case, the shrunken gel reswelled in pH 10 water and took
D60 s to expand to its initial siz& € 300), while at pH 3, the gel shrunk again toRaof 60 in
30 s. The timescales and sivej extents were similar for the third and fourth cycles; each full
cycle was completed in about 90 s. The results demonstrate that the porous gel is capable of fast
and reversible transitions between expanded and contracted states by changing the pldoNot

that the gel is able to mechanically withstand repeated cycling.

Similar cycling between swollen and shrunken states can be induced in other ways. For
example, a swollen gel can be shrunk by placing in water (at ambient pH) containing a high
coneentration of salt (NaCl). The shrinking in this case will occur because salt ions will screen
the electrostatic repulsions between chain segments in thé'g&lThe gel also can be shrunk
by placing in a watemiscible solvent like ethanol. In this case, the shrinking can be attributed to
two reasong®?? First, the ionic groups along the polymer chains will be less ionized (i.e., revert
to their undissociated form) in a solvent of lower polarity than water. Second, the affinity of the
polymer for the solvent (enthalpic contribution to gel swelling) will be reduim ethanol

compared to water.
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3.3.6Mechanical Work from Rapid Gel Expansion

Finally, we proceeded to study if gel expansion upon swelling could be harnessed to
perform mechanical work. As noted in the Introduction, converting the chemical energglin a
to mechanical energy has been a kstanding challenge for polymer scienti$t& For our first
set of studies, we created a porous gel in the forenlofg cylinder D2 cm) with a diameter of
5 mm. This dry gel (mass of 40 mg) was placed vertically in a glass syringe, and a load of mass
m was placed on top of the géligure3.11, Photo Al). Water was then added slowly from the
top, which induced the gel to expand rapidly in all directions. As the gel expands, it is thereby
able to lift the load up by a certain height h against gravity (Photo A2). Because of the long

cylindrical stape of the gel, its expansion in the vertical direction is readily visible in real time.

The work done over the entire proces§&igure3.11is given byW = mgh, where g is the
acceleration due to gravity. Upon increasing the load, the height h to thleicel can lift the
load decreasd$igure3.11B), which is to be expected, but more work is done in lifting a heavier
load (e.g., 6 g) than a lighter one (e.g., 2 to 3 g). A plot of W vs maB&gor€3.11C) shows a
peak in W at m &, Wdegeases Thd pebkdnrW dorregpbnesrto 0.42 mJ of
energy, which is when the gel lifts a load of 5.3 g by 8 mm. The fact that this lifting is done in
D40 s implies a power of 10. 5 &gW, and when
power densit of 260 mW/kg. For comparison, a recent attempt at using microscale gel beads in

an osmotic engine was able to achieve a slightly lower power density of 230 ffvirikidnat

study, the gel beads were placed on a sieve (i.e., it was not a macroscopic gel), and the work

done by the gel beads was used to push an external load of 6 kPa over a period of 10 min (i.e.,

their load was larger, while their timescale was 15 timasesl than ours).
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Figure 3.11 Extracting mechanical work from the expansion of a porous gel(A) A
cylindrical porous gel is placed in a syringe and on top of this cylinder, a load of mass m is
placed (Photo Al). As soon as water is added, the gel swells and expands, thereby lifting the
weight by a height h (Photo A2) (B) The height to whichltzel is lifted by the gel is plotted vs

the mass m of the load. (C) The work done by the gel in lifting the load m by a height h (W =

mgh) is plotted against the mass m
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(A) Photos of load being lifted and lowered
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Figure 3.12. Reversible lifting and lowering of aload by the expansion and contraction of a
porous gel (A) A cylindrical porous gel is placed in a syringe, and a load is placed on it (Photo
Al). When water is added, the gel absorbs water and expands, thereby lifting the load by a height
h (Photo A2). N&t, when ethanol is added, the gel contracts (by expelling solvent), and thereby,
the load is lowered to its initial position (Photo A3). (B) Repeated cycling is done in water and

ethanol, and the position (h) of the load is plotted across three sucls.cicfall cycle is
completed iM)70 s.

The work done by the porous gel can also be cycled in a reversible fashion, as shown in
Figure3.12 The setup is similar to that Figure3.11, with a cylindrical gel placed vertically in
the barrel of a syringe and a load of 1 g on top of it (Photo Al). When water is added from the

top, the gel expands and lifts the load up by a height of around 10 mm in 30 s (Photo A2). Next,

45



we add ethanol frm the top, and this causes the gel to contract, thereby lowering the load to
roughly its initial position (Photo A3). This contraction occurs in 40 s. We then repeat the cycle
by adding fresh water followed by ethanol. The plot of load height vs timetlonesr cycles is

shown inFigure 3.12B. A full cycle takes about 70 s. There is a slight decrease in the height
reached in cycles 2 and 3 compared to cycle 1, and this is because not all the solvent is removed
from the gel from cycle to cycle. Neverthelea®g are still able to extract rapid and reversible

work out of the gel over timescales comparable to those shown eaRigunes3.4 and3.10

3.3.60ther Applications

Rapid gel expansion can also prove useful in other contexts apart from mechitinigal |
of loads. One possibility is in blocking the flow of water, which can become important in homes
that are in danger of flooding. There already exist products in the market (based on gel beads)
that claim to be able to create a barrier that can dockdivert flood water. We constructed a
setup in the lab to evaluate flow blocking, one in which we could compare our macroscopic
porous gel with gel beadBigure3.13. The setup involves the barrel of a syringe whose bottom
is covered with a wire mesthat allows water to flow out. A small piece of a paper towel is
placed on the wire mesh, and a cylindrical gel (40 mg) is placed Bigitré 3.13A, Photo 1).
When water is added from the top, initially it flows out of the wire mesh at the b@#&oato 2
at t = 3 s). However, by t = 15 s, the gel has expanded and filled up the syringe, thereby
completely blocking the downward flow of water (Photo 3). No flow of water occurs for
subsequent times (Photo 4), indicating that the expanded gel hag farmeffective barrier.

Note that there is a column of liquid water above the gel in Photos 3 and 4.
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For comparison, we conducted experiments with gel beads. In the experiment sheiguren

3.13, an equivalent weight (40 mg) of sodium polyacrylatebgelds (that are commonly used

in diapers) is placed on the paper towel (Photo 1). When water is added from the top, the beads
start swelling, but water still flows out at the bottom (Photo 2). As more water is added, the
beads continue to swell and the ratolumn gets thickened as a result. However, water
continues to flow out through the bottom of the tube (Photos 3 and 4), indicating that the gel
beads are unable to form a sufficient barrier to water flow. Basically, the more water that is
added, the moe t he beads tend to get Adil utedo in
experiment, the beads were placed in an encl o
enter the pouch). In this case, the beads swelled in the pouch, but watkweatidl fround the

pouch and out at the bottom. Collectively, the experimentBigunire 3.13 demonstrate the

advantages of a macroscopic fagpanding gel over gel beads.
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(A) Macroscopic gel expanding and blocking water flow
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(B) Gel-beads compared for their ability to block water flow
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Figure 3.13. Gel-expansion as a way to block the flowof water. A comparison is done
between a macroscopic porous gel and commerciabapes (both of the same weight of 40

mg). The setup involves a syringe with an open bottom that is covered by a wire mesh (see inset)
and then a small piece of a papmwel. (A) A cylindrical porous gel is placed on the paper towel

att =0 (1). When water is added from the top, initially it flows out through the wire mesh at the
bottom (2), but by 15 s, the gel is expanded and fills the syringe, thus blocking th8)fl@md

no further flow is observed even after 5 min (4). (B)-Behds are placed on the paper towel at t

=0 (1). When water is added from the top, the beads swell and thicken the water column (2, 3),
but water continues to flow out through the bott@ng; 4).
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3.4 Conclusions

We have devised a simple strategy to create robust porous gels that swell and expand
very rapidly. Our approach involves thesitu foaming of a monomer solution (mixture of AAc
and AAm) using a DBS that has acid and base in its two barrels. Gagi¢Gf@nerated at the
mixing tip of the DBS by the adithase reaction, and gas bubbles are stabilized by the
amphiphilic polymer hmC in the acidic barrel. The monomers are thepdijnerized to form
the gel around the bubbles, and the material is thex dmder ambient conditions. SEM shows
a network of interconnected pores in the dried material. When this dry gel is added to water, it
absorbs water at a rate of 20 g/g-s until an equilibrium is achieved in 15 s at about 300x its
weight. In the procesd)¢ gel size increases by 20%/s until its final sizes are 4x the original ones
(i.e., there is a 3x increase in size). Such rapid and appreciable expansion can be easily observed
by the eye. To our knowledge, this is the highest expansion rate reportgdstdexpanded gels
can be shrunk by decreasing the pH, adding salt, or adding ethanol. Reversible ekpansion
contraction cycles, where the gel expands by absorbing 100x water and then contracts by
expelling 100x water, can be completed in about 60 s. We hised gel expansion to lift loads
against gravity. A 40 mg gel is able to perfdd®.42 mJ of work over 40 s, which translates into
a power density of 260 mW/kg. This ability to harness the chemical potential of the gel to do
useful mechanical work coulte a game changer for many applications, including in the creation

of artificial muscles.
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Chapter 4
Porou$Sheéelts for Absorbing Aqueous

4.1 Introduction

Materials that can absorb aqueous liquids (including blood) have been in ugghtutbu
the course of human histoty:>” Common absorbent materials include cloth towels (which are
woven from natural or synthetic fibers) as well as paper towels, napkins or pads. These materials
generally have a porous structure, which helps ibibing water through capillary actida®®
Sponges or fibrous mats are other classes of porous materials commonly used in homes or labs
for absorbing spilled liquids. Absorbents also find uskealthcare (e.g., wound dressings made
of gauze to mop up bloot)® and in agriculturé® Recently, new classes of porous materials
have been developed as absorbents, and the technical names for these dry materials include
aerogeld?1%2xerogelst®® and nanofiber mat$* An ideal absorbent should have a high liguid
absorption capacity, fast absorption rate, and good mechanical properties (it needs to be strong,
yet flexible) in both its dry state as well as whall of liquid. To absorb aqueous fluids, the

material must also have hydrophilic properties.

Although cloth and paper are the most common absorbents for water, their water
absorption capacity is limite@Figure 4.1A). It is well-known that much higher extents of
absorption can be achieved through the use of hydrogels made from superabsorbesrispolym
(often abbreviated as SAP$}>46Indeed, commercial absorbent pads such as diapers typically
haveSAPs in the form of microbeads sandwiched between sheets of fabric ofpHyerogels

are threedimensional (@) networks of polymer chains crosslinked by covalent b6fdSAP
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hydrogels can swell to more than 100 times their dry wéfgfit*® However, when a bulk
(centimeterscale) SAP gel is dried, it usually becomes a brittle soliéré&fbre, for SAPs to be

used in diapers, they are made in the form of microbeads. The small sizes of these beads ensures
adequate mechanical properties and also a fast swelling rate. Still, it is worth noting that a diaper
is very different from a cloth graper towel. In a diaper, the need for different layers to sequester

the SAP beads means that the material is thicker and not flexible or foldable like towels.

In recent years, researchers have looked to integrate SAP gels onto fibers (e.g. by coating
fibers with gelbeads) to achieve a combination of clbkie flexibility as well as high absorption
capacity!®>1% However, these studies are yet to translate into commercially viable absorbents
because the synthesis is difficult or laborious. In parallel, researchers have also tried to introduce
pores into SAP hydroget§®199110The most commn strategy for this is foatemplating,
where a monomer solution is foamed and the polymerization is then done around the bubbles in
the foam®®1% When such a porous gel is ambienied or freezalried (lyophilized), a dry
porous solid is obtained. However, these are brittle s@kiyure 4.1B) and moreover, are
usually prepared in small sizes (with their largest dimension usually being a few millimeters).
The same limitations hold true for other absorbent materials like aerogels, cryogels, and
electrospun mats of nanofibers. Summarizing theeotirstateof-the-art, absorbent materials
developed thus far do not simultaneously achieve the convenience and durability of cloth or

paper(Figure4.1A) as well as the absorbency of SAPgjure4.1B).
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(A, B) Current water-absorbent materials (C) Gel sheet (this study)

(A) Cloth pad/towel (B) Superabsorbentgels | Combining the good properties!
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Figure 4.1. Comparison between current waterabsorbents and the gel sheets developed in
this study. Current absorbents fall into two categories: (A) Pads or towels made from cloth or
paper, which are soft and flexible, but have low absorption capacity. (B) Superabsorber poly
(SAP) gels, which absorb much water, but are hard and brittle. (C) Our gel sheets combine the
desirable properties of both the above while avoiding their drawbacks: they are soft, foldable and
flexible, while also exhibiting high water absorption. Nttat the sheet expands as it absorbs
water. Scale bars: 1 cm.

In this paper, we show for the first time that absorbents can be made in a cloth er fabric
like form (i.e., as flexible sheets, a few mm thick) while still retaining a baglacity to absorb
water (108 swelling ratio) as well as the ability to absorb rapidly (within seconds). What is
more, we create these absorbent sheets by a simple and scalable process that allows sheets to be
prepared at macroscopic sizes (e.g., 31010 cm) in the lab. Our process involves foam
templating, where a gel of acrylate monomers is formed aroundb@Bbles, followed by
ambient drying of this gel. The dried sheetsfemeble and soft: they can be folded and rolled
up like fabrics(Figure4.1C). At the same time, the sheets are robugiiey can sustain a tensile
stress up to 2 kPa and compression by 85% without being damaged. While the sheets have a
fabric-like feel, they still behave like hydrogeldnlike any sponges or absorbents made from

fabric or paper, our gel sheets expand as they absorb liquids shown byigure4.1C. The

sheets can absorb a variety of aqueous fluids, including blood, and their absorption capacity is
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high. Due to their unique properties, these gel sheets couldefeg us cleaning up spilled
liquids in a variety of locations, including homes, labs, and hospitals. They could also be useful

tools for absorbing biological fluids during surgeries or other medical procedures.

4.2 Experimental Section

Materials. Chitosan (medium molecular weight, 2800 kDa, 99% deacetylated, Product Code
43020) was obtained from Primex Corp. (Iceland). Palmitic (C16), decanoic (C10), lauric (C12)
anhydrides and teethyleneglycol diacrylate (TEGDA) were purchased from TCIl Acaeri
Ethylene glycol (EG), propylene glycol (PG), polyethylene glycol with an MW of 200 {PEG
200), and polyethylene glycol with an MW of 400 (REQD) were obtained from Thermo Fisher
Scientific. All other chemicals were from Sigmddrich, including the moomers acrylamide
(AAm) and acrylic acid (AAc), the crosslinkers polyethylene glycol diacrylate (PEGDA) with an
MW o f 5 7niethylehe(biN)agrylamide (BIS), the photoinitiator lithium acylphosiphinate
(LAP) (precise name: lithium phengl4,6trimethylbenzoyl phosphinate), acetic acid
(CH3COOH), sodium bicarbonate (NaH@Oand sodium hydroxide (NaOH). All the
commercial absorbents were either purchased from Amazon Corp. or the local supermarket
including Sungbo pads, Shamw® towels, McKesson® gauze de&sg, Carrand sponge,

Bounty® paper towels, and Always® sanitary pads.

Synthesis of hmC The hmC was synthesized by the same method as in our previous
studies?®69.79.109Briefly, a 1% chitosan solution was first prepared by dissolving in 0.2 M acetic
acid. Then an equal volume of ethanol was added and the mixture was heated to 65°C. The

anhydrides (C16, C12 andYdissolved in ethanol were added in accordance with the following

53



stoichiometry (with respect to the amines on the chitosan): C16 at 2 moP@gtG1lmol% and

C8 at 6 mol%. The anhydrides and the chitosan were allowed to react for 18 h, whereupon the
chitosan was converted to hmThe reaction is known to follow the stoichiometry and thus a
total 17% of the amines on chitosan are functionalized with hydrophobes. The hmC was
precipitated by increasing the solution pH above the pKa of chitosan (~6.5) using NaOH. The

precipitated hmQ@vas washed three times with ethanol and dried.

Double-Barreled Syringe (DBS) Preparation.DBS syringes with each barrel volume of 3 ml

and mixing tip of dimensions 3 mm were purchased from J Dedoes, Inc. The DBS were usually
loaded with 3 mL of solutiomn each barrel. One barrel was loaded with a solution containing
monomers, crosslinker, hmC and acetic acid while the other barrel was loaded with a solution of
0.1% LAP and NaHCe&dissolved to its saturation concentration at 25°C, ~ 1.4 M). The DBS

wascovered with aluminum foil until use to prevent degradation of the photo initiator.

Synthesis of Gel Sheet3.he foam was injected out of the DBS into a Ziploc bag of stZe6%,

as shown inFigure 4.2 The Ziploc bag with the foam was compressed gemiyveen glass

slabs to spread the foam into a thin layer. It was then placed under UV light for 2 min to
polymerize the monomers. Upon polymerization, the bubbles get trapped in a polymer network.
Then unreacted components are washed away by placingethis excess water. The water in

the gel was then replaced with ethanol and plasticizer by performing a solvent exchange for 3 h.
This gel was dried overnight at room temperature to give a gel sheet. Gels were prepared with
the following composition unlesstated otherwise: a total of 25 wt% monomers, with AAc and

AAm in a 3:1 weight ratio, and with the crosslinker PEGDA at 2.5 mol% with respect to the total
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monomers. The hmC concentration was 0.625 wt% and gels were solvent exchanged in a 15/85

mixture ofglycerol/ethanol.

Optical Microscopy. A thin slice was cut from the gel sheet using a sharp blade and the exposed

structure was captured on a Zeiss Axiovert 135 TV inverted microscopelamB@ification.

Scanning Electron Microscopy (SEM). A thin slice was cut from the gel sheet using a sharp
blade and the exposed structure was spuatiated with gold for 1 min. Images at various

magnification (100 to 500 were obtained using a Tescan GAIA FEG SEM.

Tensile Testing. Tensile tests were performed using an Instron Model 6&s@strument.

Tests were conducted according to the protocol recommended by the American Society for
Testing and Materials (ASTM). Gel sheets afwh thickness were cut into a dbgne shape

with narrow width of 14 mm, an overall width of 19 mm and an inner length 35 mm. Each end of
the sample was covered with-gdt sandpaper and gripped between the jaws of the Instron to
avoid any slippage. The sample was then stretched at afrd@tenm/min, and the force was
recorded during this process. The data were converted to stress vs. strain plots. At least three

samples were tested for each gel sheet.

Compression Testing.Compression experiments were performed using an AR2000 -stress
contolled rheometer (TA Instruments) in squeézst modell!12 Experiments were done at
25°C using a parallel plate geometry (40 mm diameter). Gel sheets of thickness 15 mm were cut

to a size of 25 25 mm and placed between the parallel plates at the centre. The gel piece was
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compressed at a constant rate of 50 um/s and the nstraas transducer was used to record
normal force during this process. The normal force was then converted into stidis&ling

with gel initial cross section area and strain was calculated using gap between the parallel plates
data. The experiments were stopped when transducer limit was approached (normél56rce

N).

Rheological StudiesRheological experiments weo®nducted on an AR2000 stressntrolled
rheometer (TA Instruments) at 25°C. A cearedplate geometry (2° cone, 20 mm diameter) was
used to perform steaeshear rheology on the xanthan gum (XG) solutions. From the plots of
viscosity vs. shearate, the ze shear viscosity of the solutions was obtained from the plateau

region at low shearates.

Absorption Studies with Gel SheetsFor liquid absorption studies specific size gel piece was

allowed to saturate in water and then held vertical to drain owssexXouid. The amount of

water absorbed by gel sheet was recorded once it stopped dripping
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4.3 Results and Discussion

4.3.1Synthesis of Gel Sheet

The first step in synthesizing the gel sheets is to make a stable foam containing the
monomers, which ishen polymerized by ultraviolet (UV) liglfFigure4.2). To make the foam,
we use a double barrellsgringe (DBS). In one barrel of the DBS, we load a solution in acetic
acid (CHCOOH) of the monomeracrylic acid (AAc) and acrylamide (AAm), the crosslinker
polyethylene glycol diacrylate (PEGDA), and a polymeric stabilizer. In the other barrel, we use a
solution of the photoinitiator lithium acylphosphinate (LAP) in sodium bicarbonate (base). When
both barrels of the DBS are plunged, the acid and base meet at the mixing tip, whereupon the

following reaction occurg®19°

R-COOH + NaHC®@a R-COONa + CQ(g) + H0 (4.2

This results in the release of carbon dioxide (CO2) gas in the form of bubbles. The
polymeric stabilizerwhich is hydrophobically modified chitosan (hmC), adsorbs on the bubbles
and thus stabilizes thef®/*8We extrude the foam out of the DBS into a Ziploc dpse end
is then closedFigure 4.2A). The Ziploc bag with the foam is then compressed between two
glass slabs to spread the foams unifor(rigure4.2A). Next, the foam is exposed to UV light at
room temperature for 2 mifirigure4.2B). The monomers ths get polymerized into a polymer
network around the gas bubbl@sgure4.2B). At this stage, we have a gel with pores, and we
cut the Ziploc bag to take it out. This porous gel is allowed to swell in waterrgheaved and
placed in a mixture of glycek@and ethanol. After the solvent exchange is complete, it is dried
under ambient conditions. The final dried material is a soft fdiecsheet(Figure 4.2C) and

we wi || refer tochagteras a 6gel sheetdé in this
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A) Make a thin polymerizable foam (B) Polymerize around bubbles by UV light (C) Ambient dry

Figure 4.2. Schematic of the procedure used to synthesize gel she€fs). A polymerizable

foam is injected into a Ziploc bag using a DBS. In the foam, bubbles p&@Gtabilized by the
polymeric stabilizer hmC. Glass slabs are used to compress the foam into a thin layer. (B) The
foam is polymerized by UV light for 2 miffhe bubbles remain intact and a polymer network is
formed around the bubbles. (C) The water in the gel sheet is sekeminged with a 15/85
glyceroltethanol solution, followed by ambient drying. The dry-gfedet is soft and flexible.

Several aspestof our approach are worth highlighting. As in our previous studies, we
use a DBS and an aelmhse reaction to generate the foams in%itt’. The DBS allows the
foams to be easily injected into a Ziploc bag and spread into a thin layer before polymerization.
The volume of injected foam and the size of the Ziploc bag determine the dimensions of the gel
sheet and can be easily contedll Also, as shown previously, our foams are very stable (foam
half-life > 25 min) due to the use of hmC as a stabif2&¥Chains of this amphiphilic polymer
adsorb on the bubbles and ensure that the bubbleaim mostly intact even as the foam is
compressed between the glass slabs and thereafter during polymerization (which is completed in
just 2 min). Thus, the porosity from the bubbles is retained in the gel sheet. Lastly, we perform
solvent exchange with glycerolethanol solution before drying under ambient conditions.
Glycerol is well known to be a plasticizer for hydrophilic polymers, and it ensures that the dried

geksheet is soft and flexibfé®'®> On the other hand, ethanol due to its low surface tension

prevents the pores from collapsing during drying.
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4.3.2Microstructure of the Gel Sheet.

(A) Optical

Figure 4.3. Microstructure of gel sheets.Representative optical (A) and SEM (B) images of
the dry gel sheet show a highly porous structure with interconnected pores

Optical and SEM micrographs of a typical gel sheet are presenkeglure4.3. For this,
the monomers used were 18.75% AAd &125% AAm, while the concentration of PEGDA
crosslinker was 2.5 mol% with respect to the total monomer. The aqueous gel (with pores) was
solventexchanged in a 15/85 glycerol/ethanol solution and then dried at ambient conditions. The

dried gel sheet loakwhite and is shown in a folded formkigure4.3. The micrographs reveal
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the porous nature of the sheet, with the pores being interconnected and forming a network of
open microchannels. The porosiie of the dry gelsheet can be estimated by dcR from

density measurement$

€q=1 — (4.2)

rbulk
where} gel is the density of the gaheet anduk is the density of the bulk solid (without pores).
We find Qe to be 84%, indicating that it is highly porous. Analysis using ImageJ revealed the

average pore size to be 240 um.

4.33 Gel Sheets: Tactile and Mechnical Properties.

We typically created gel sheets of dimensions®18 cm and a thickness of ~ 4 mm
(Figure44A) wi t h t he composition indicated above.
Photos A1A5: it can be folded and unfolded several times, or it can be rolled up and twisted
in all cases, there is no tearing or visible damage even after multiple cycleh afeformations.

In terms of touch and feel (texture), the gel sheet is very much like a sheet of cloth or fabric
Figure4 4B shows that the gel sheet can be easily cut using a pair of scissors. Here again, the cut
edges are smooth and clean, much likakaic (Photos BlB5). We also prepared a gel sheet

with a higher thickness of 15 mm, and a piece 0f32%5 cm size from this sheet is shown in
Figure4.5alongside a cotton ball. Both these materials have a similar look and feg., both

canbequeezed repeatedly between onebs fingers a
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(A) Gel-sheet can be folded and unfolded like fabric

] - - - Nt 3 Unfolded:
Gel sheet 35 [ es———— - ¥ : no visible ‘
cracks or tears

Single fold

(B) Gel-sheet can be cut like fabric

Figure 44. Fabric-like nature of gel sheets(A) A gel sheet (1 83 0.4 cm) can be folded
and unfolded several times, without showing cracks or tears. (B) A gel sheet is cut cleanly and
smoothly like a fabric using a pair of scissors. Scale bars: 1 cm.

Next, we proceeded to characterize the mechanical propertidse ajel sheet under
tension and compression. For tensile tests, the sheet was cut intebangoghape with an
overall length of 35 mm and a width in the narrow region of 14 mm. The piece was gripped on
each end by the jaws of the instrument and streteiesl constant rate of 2 mm/min. The
corresponding stress vs. strain p{bigure 4.6A)shows a tensile strength of 2 kPa (i.e., the
maximum stress at break), a tensile modulus of 4.8 kPa, and a tensile strain of 45% before
failure. For testing under commson, we worked with a thicker piece having the same
dimensions as inFigure 4.5(15 mm thickness). A plot of compressive stress vs. strain
corresponding to a 50 um/s rate of compression is showkigure 4.6B.The piece can be
compressed up to 85% o§isize, at which point the stress reached the instrument limit and the
experiment was stopped. Upon removing the compression, the piece recovers instantly to its
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uncompressed state, as can be noted from the photagure 4.6B.Even after several such
compressive cycles, no damage or plastic deformation is seen, which is consistent with the visual
observations frontigure 4.5.Collectively, the gel sheet is shown to have robust mechanical
properties. In its thick form, it can be likened to a sponge t¢orotvhereas in its thin form it is
similar to cloth or fabricWe are not aware of any previous hydrogel that has been reported to

have such tactile or mechanical properties

Initial

Cotton ball

Gel sheet
(thick)

Compressed

Released

Figure 4 5. Texture of a thick gel sheetA 15mm thick gel sheet in cube form (2.2.5 cm) is
compared sidéy-side with a cotton ball of similar dimensions. Both materials can be squeezed
between fingers several times (10 cycles) without any lasting changes in size or structure. Scale
bars:1 cm
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(A) Tensile testing (B) Compressive testing
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Figure 46. Mechanical properties of gel sheets(A) Tensile stress vs. strain. The tensile
(Youngos) modulus is 4.8 kPa and the gel S h e
Compressive stress vs. strain. ge sheet is a soft, spongy material that can sustain more than
85% compression without damage. The photos show that the compressed gel returns instantly to
its initial size upon removing the load.

Next, we proceeded to characterize the mechanical prepeaf the gel sheet under
tension and compression. For tensile tests, the sheet was cut intebangoghape with an
overall length of 35 mm and a width in the narrow region of 14 mm. The piece was gripped on
each end by the jaws of the instrument atrdtshed at a constant rate of 2 mm/min. The
corresponding stress vs. strain p{btgure 4.6A) shows a tensile strength of 2 kPa (i.e., the
maximum stress at break), a tensile modulus of 4.8 kPa, and a tensile strain of 45% before
failure. For testing urel compression, we worked with a thicker piece having the same
dimensions as irFigure 4.5 (15 mm thickness). A plot of compressive stress vs. strain
corresponding to a 50 um/s rate of compression is showkigure 4.6B. The piece can be
compressed up 5% of its size, at which point the stress reached the instrument limit and the
experiment was stopped. Upon removing the compression, the piece recovers instantly to its

uncompressed state, as can be noted from the photeéigure 4.6B. Even after sevelasuch

compressive cycles, no damage or plastic deformation is seen, which is
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(A) Gel sheet without plasticizers: Brittle

Shattered into

_Breaks upo'n

Initial gel sheet bending

8 it et

Tensile modulus (kPa)
S

0 10 20 30 40 50

Glycerol concentration (v/iv%)

(C) Plasticizer removed from gel sheet by evaporation
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Figure 4.7. Identifying the optimal plasticizer concentration and type.(A) Photos showing

that a gel sheet prepared without glycerol as the plasticizer in the sekat@nge step is brittle.
This shows the need for glycerol as a plasti
prepared with various glycerol conceattons in the solveréxchange step. The optimal content

of glycerol is 15% (circled), i.e., glycerol: ethanol = 15:85. If more glycerol is used, the tensile
modulus becomes too low. (C) Gel sheets plasticized by propylene glycol (PG), ethylene glycol
(EG), glycerol, PEG200 and PE&IO0 are compared. In all cases, the sheet is sebxatianged

with a 15:85 plasticizer: ethanol solution. The sheets are then heated in an oven at 70°C, and the
weight drop over time is the plasticizer lost by evaporationaRGEG are completely removed

within 3 h whereas only ~ 30% of the other plasticizers are removed. This data again show
glycerol to be an optimal plasticizer.
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consistent with the visual observations frémgure 4.5. Collectively, the gel sheet is shown to
have robust mechanical properties. In its thick form, it can be likened to a sponge or cotton,
whereas in its thin form it is similar to cloth or fabrie are not aware of any previous

hydrogel that has been reported to have such tactile or mechanaze ies

The use of glycerol as a plasticizer is key to the above properties. Plasticizers are small,
nonvolatile molecules that distribute between polymer chains and decreasechaiter
interactions, thereby improving the flexibility of the matettaft!® If no plasticizer is used (i.e.,
the gel is dried in pure ethanol), the dry gel is brittle and breaks into pieces when slightly
deformed(Figure 4.7A). We varied the concentration of glycerol as a plasticizer: i.e., in the
solvent exchange step, the gelsre soaked in glycerol/ethanol solutions containing 5, 15, 30,
50, and 100% v/v of glycerol before drying under ambient conditions. From these studies, 15%
glycerol was determined to be optimal. If the glycerol content was higher, the tensile modulus of

the gelsheet became too lofiFigure4.7B).

We also examined a range of plasticizers in addition to glycerol: specifically, ethylene
glycol (EG), propylene glycol (PG), and polyethylene glycol (PEG) of molecular weights (MW)
200 and 400 Da. After the angnit drying step with each of these plasticizers (15% v/v in
ethanol), we analyzed the residual plasticizer in the samples by measuring the weight loss upon
heating to 70°QFigure 4.7C). In the cases of EG (boiling point, BP = 197°C) and PG (BP =
188°C), he plasticizers evaporate quickly, leading to a > 95% weightilaasd in turn, the
samples become brittle. With glycerol (BP = 290°C), PHB and PE&I00 (BP > 300°C), the

weight loss plateaus at around 30%. The RitaSticized samples still did becorbattle after
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the 70°C heating step. In contrast, the glycetatticized gekheets remained soft and flexible
even after 3 days at 70°C. To summarize, glycerol is found to be an excellent plasticizer for our
gelsheets due to it being a small moleculéhva high BP (low volatility:**11° Even after a

year at room temperature, these-gjgtets remained soft and flexililendicating that the sheets

are stable and have a long shelf.life

4.34 Tuning the Properties of Gel Sheets.

We now discuss the effects of compositional variables on thalgadt properties. We
were interested in optimizing the fabtike texture and robustness of the sheets as well as their
ability to absorb liquids (which is discussed in the next section). Tdia oonclusions from
these studies are:

1. A 3:1 ratio of ionic monomer (acrylic acid, AAc) to nanic monomer (acrylamide,

AAm) is optimal for our gel sheet to ensure high water absorption while retaining
good strength in the swollen state. lonic gals known to swell more than nonionic
gels, as also noted in our previous sttffyHowever, a pure ionic gaheet absorbs

so much wadr that it is difficult to lift up by hand, and hence this is to be avoided.

2. Foams created with the above monomers are stabilized by 0.625% of the polymeric
stabilizer hmC. This concentration is sufficient to ensure that the foams remain stable
during theUV polymerization. In turn, it ensures that the gel sheet has a highly
porous structure with interconnected pores.

3. PEGDA (MW of 575 Da) at 2.5 mol% of the total monomers is the optimal
crosslinker concentration for obtaining soft faHie sheets. If he PEGDA

concentration is lower, the dried sheets are sticky and SEM reveals collapsed pores
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(Figures4.8A, 4.9). If the PEGDA content is higher, the dried sheets are stiff and
absorb less water

. Shorterchain crosslinkers have been tried, but are noimabt Examples include

tetraet hyl ene gl ycol d i a-methylena(bigacrylamiElé&s(BI8)) and
However, when the corresponding gels are dried, they shrink by ~ 60% whereas with
PEGDA as the crosslinker, the gel shrinks by less than (Fd§are4.8B,C). Thus, a

relatively longefrchain crosslinker like the 575 Da PEGDA is necessary to get fabric

like sheets.
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(A) Gel Porosity vs PEGDA Content
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Figure 4 8. Identifying the optimal crosslinker concentration and type.(A) Gel sheets with
different concentrations of PEGDA crosslinker are prepared and their porosities are calculated
using eq 4.2. If the PEGDA content is too low, the porosity is low, indicating that most of the
pores collapse during drying. This is cotend with the SEMs in Figure 4.3. For this reason, the
optimal PEGDA is 2.5 mol% (circled), which is used in the rest of the studies. (B) Gel sheets
crosslinked with three different crosslinkers: BIS, TEGDA, and PEGDA (all at the same
concentration of 2.5n0l% of total monomers). BIS and TEGDA are small molecules whereas
the PEGDA has an MW of 575. The bar graph shows the ratio of gel sheet volume after ambient
drying (Vary) to the volume before drying (). When crosslinked by PEGDA, the dry gtleet

retains 90% of its volume, indicating that the pores are mostly intact (not collag€gdhotos

of the gel sheets before and after drying, corresponding to the data in (B). The PEGbAdjel
shrinks the least, consistent with the data shown in (Bjs ifidicates that most of the pores in

the material are intact. Scale bars: 1 cm. These observations indicate thatlsaiongrosslinker

like PEGDA is optimal for the gel sheets.
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(A) 1.5 mol%
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Figure 4.9. Effect of PEGDA content on gésheet porosity.SEMs at two magnifications are
shown for three different PEGDA concentrations: (A) 1.5 mol%, (B) 2.5 mol%, and (C) 5 mol%.
Pores are collapsed in (A), whereas both (B) and (C) show open, interconnected pores. This is
consistent with the data in Figure A.8PEGDA of 2.5 mol% (highlighted) is identified as the
optimum, and this is used in the rest of the studies.

4.35 Gel Sheets: Absorbent Properties.

We now focus on the ability of our geheets to absorb liquids. First, a@% spill of
deionized (Dl)water is created on the countertop and asbekt (1 823 0.4 cm) is used to
absorb it.Figure 4.10A, Photos A1A4 show that the gedheet absorbs all the spilled water
within 20 s. The watefilled sheet remains intact and can be held up by hand &)t note
that there is no water dripping down from the sheet. For comparison, the same experiment is

done with a commercially available absorbent pad (Sungbo Corp.) made of cloth. The pad is

folded in two to reach the same dimensions as our sheehaemddntacted with an identical-25
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mL water spill (Figuret.1(B). Photos BiB4 show that the pad absorbs only some of the water:
even after a minute, only ~ 60% of the initial spill is absorbed. Moreover, when the pad is lifted

up, water starts drippingub of it.

(A) Water clean-up by gel sheet

_ Gel sheet
Water being holds all |

absorbed the WG '

All the water .
absorbed in 20 s No dripping

(B) Water clean-up by cloth pad
— ‘i,;/

o & | /
Commercial Only 60%
cloth pad T of water &
: # Water being absorbed
absorbed

25 mL water : 1 ——
—~— N ~ Unabsorbed wager_ aier dgppin

Figure 4.10. Water mopping by gel sheet compared to control#t t = 0, a gel sheet (A) or a
commercial cloth pad (Sungbo Corp.) (B) of identical size3(182 0.4 cm) are placed over a
spill of 25 mL water. Snapshots at various stages are shown. The gel sheet absorbs all the water
and the swollen sheet does not drip when held vertically. The commercial pad only absorbs 60%
of the water, and moreover, the wadeips out when held vertically. Scale bars: 2 cm.

We also compared with paper towels. A paper towel (Bounty® brand, made by Procter &
Gamble Corp.) is again folded to dimensions of B8 0.4 cm and placed over & L water

spill (Figure4.11). The paper towel absorbs only 48% of the initial spill @®bd. to 3), which is

even less than the commercial pad. Moreover, like the pad, the paper towel fails to hold onto the
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absorbed water: i.e., when it is lifted up, water drips out of it (Photo 4). Fiquges4.10and
4.11show that our getsheet is superior in two ways: it absorbs more water, and furthermore this

water is held tightly, such that there is no ewfpfrom the swollen sheet.

Sheet absorbed -
water within seconds Soaked sheet
held upright

Figure 4.11. Water mopping by Bounty® paper towel At t = 0, a folded Bounty® paper

towel of 102 83 0.4 cm size is placed over a spill of 25 mL water. Snapshots at various stages
are shown. The towel only absorbs 48% of the water, and moreover, the water drips out when
held vertically. Scale bars: 1 cm.

(A) Absorption limit vs. size (B) Absorption by various sheets
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Figure 4.12. Water absorption limit for gel sheetsThe absorption | imit (or

the amount of water that can be held by a sheet at saturatiefore it starts to drip. (A) This
guantity is plotted vs. sheet size for gel sheets as well as a commattigladi (Sungbo Corp.).
(B) This quantity is compared for various sheets, all having a size »f80 0.4 cm. The gel
sheet exhibitsBthe absorption limit of the others.
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Figure4.12further quantifies the differences between our gel sheet and other absorbents.
First, we varied the gel sheet dimensions and recorded the volume of water absorbed. Sheets
with 4-mm thickness and varying sizes3(32, 43 3, 63 4,83 6, and 16 8 cm) were placed
in DI water and allowed to attain equilibrium absorption. The saturated sheets were taken out and
held vertically to remove excess water. When the dripping stopped, the sheets were weighed and
the amount of absor bebds owatteron( tlermmedd tohre Afdwa tr
in Figure4.12A. The same experiment is repeated with different sizes of the cloth pad (Sungbo)
and those data are also plotted=igure4.12A. As expected, the absorption limit increases with
sheet size iboth cases. However, the values are much higher for the gel sheet. From the slopes
of the lines inFigure4.12A, we calculate awaterb s or pt i on fcap’datihd yo of
gel sheet vs. 0.67 mL/chfior the cloth pad. When translated to a weight $aisie gel sheet
absorbs about 30 g of water per gram of dry 1
used in comparing SAP hydrogels. Note that the weight basis can be misleading when dealing

with thin sheets, which is why we have preferredde a size (volume) basis for the above data.

Figure4.12B compares the water absorption limit (dripping limit) of the gel sheet
and three commercial products, viz. the Sungbo pad, a Sha@wmmel, and Bounty® paper
towels, all at a 18 83 0.4 cm size. Shamwow® towels are a popular commercial product and
are stated to be made of chamois cloth (a ty]
quickerpickeru pper 0) ar e rchomesmand labg. Ourslaadshow that the absorption
limit of the gel sheet is 70 mL while it is 15 to 20 mL for the others. Thus, the gel sheet absorbs

more than 3 times as much water as the commercial absorbents tested.
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Figure 4.13. Expansion of gel sheets upon absorbing wateB-cm discs of a gel sheet
and a paper towel (Bounty®) are compared after adding given amounts of wat&3) Rhotos
at different times. (B) Plot of diameter vs. time. The gel sheet expands by 80% whereas the paper
towel remains at the same size. Stales:1 cm.
One unique aspect of the gdieets is that they still respond like gelspecifically, as
they absorb water, they swell and expand. The swelling occurs because the anionic chains repel
each other and the counterions also increase the internal osmotic pressure. In contrast, typical
absorbents imbibe water by capillary actiband do not swellTo demonstrate these differences,
we cut the gel sheet into a disc 6€@ diamete and did the same with a Bounty® paper towel.
Then we added water dropwise at the center of both discs. The gel sheet starts expmuiang
4.13A) and the diameter of the disc vs water amount is pld&egure4.138). In contrast, the
paper towel remias the same size and it gets saturated with just 3 mL of water, after which the
water just pools around the disc. The gel sheet expands by 80% in its diameter until it gets

saturated at ~ 20 mL of water. Similar expansion is observed with the gel sheaet]ess of the

geometry. We had previously shown a rectangularsigeet inFigure 4.1C and this expands
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from initial dimensions of 13 8 3 0.4 cm to final dimensions of 162 13.63 0.6 cm.

Conversely, none of the commercial pads or towels expanaedagmtact with water.

Gel sheet

40 mL blood

Gauze
dressing

Placed
on spill

SR

BTooé Heing

L absorbed

Placed

on s;i‘ill

99% of the blood
absorbed in 60 s

“Only 55%
of blood

Gel sheet
holds all
the blood

No dripping

4

Gauze does
not hold the
blood tightly

. absorbed
Blood being

absorbed

40 mL blood Blood dripping

Unabsorbed blood

Figure 4.14. Blood mopping by gel sheet compared to control&t t = 0, a gel sheet (A) or a
gauze wound dressing (McKesson@®)) of identical size (13 8 3 0.4 cm) are placed over a
pool of 40 mL blood. Snapshots at various stages are shdwengel sheet absorbs 99% of the
blood and the swollen sheet does not drip when held vertically. The commercial gauze only
absorbs 55% athe blood, and moreover, the blood drips out when held vertically. Scale bars: 2
cm.

Next, we tested absorption with other liquids. One liquid of importance is Hladuch
has a viscosity about 4 times that of water. We poured U®fncitrated bovine blood on a
benchtop and used a gel sheet{1®3 0.4 cm) to mop up the spilkigure 4.14Ademonstrates
that the gel sheet absorbs 99% of the blood within a minute (Photdg)AThe bloodsoaked

sheet is then lifted up and all thivod is retained within it, i.e., there is no dripping. Also, note
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that as the sheet absorbs blood, it expands, much like in the previous case with water. For
comparison, we conducted the same test with a commercially available wound dressing of the
samedimensions (McKesson®-gly polyester/rayon nonwoven gajzEigure 4.14Bshows that

the gauze dressing absorbs only 55% of the blood pool (Phot&tBMoreover, when the
blood-soaked gauze ifted up, blood starts dripping out ofiiti.e., the gauze is not able to hold

the blood tightly.

Currently many products are available for cleaning up blood from minor or traumatic
wounds (dressings), during surgeries, and during menstrual bleeding (sanitary pads). We
compared blood absorption by our gel sheet against three such products: the MeKgas®
dressing fronFigure4.14 a sanitary pad (Always® brand, made by Procter & Gamble Corp.),
and a polyurethane (PU) sponge (made by Carrand Co.). We cut each of the materials to a size of
23 23 0.4cm and soaked them in citrated bovine blood. Csaterated, the materials were
removed and held vertically till the dripping stopped; this gives the blood absorption limit.
Figure4.15plots this quantity for the different materials. We note that the gel sheet absorbs 4.6
mL of blood whereas the threeramercial products all absorb around 1.5 to 1.8 mL of blood.

Thus, once again, the gel sheet absorbs éoilte blood compared to the other products

In everyday life, we encounter spills of even more viscous liquids than blood. Can we use
the gel sheet to clean up such spills? To test this, we prepared viscoelastic solutions of a
polymer, xanthan gum (XG) in water, with the XG concentration ranging from 0.01 to 2%. The
zeroshear viscosityho) of the solutions, i.e., the viscosity in the lslvear Newtonian limit,

was measured by rheometry and ranged between 1 mPa.s (whiclvisctsity of water) and
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4400 Pa.s (which is 4 million times that of water). Note that solutions beybndfal00 mPa.s
are not only viscous but also shdéainning. Also, even the Newtonian solutions show

viscoelastic effects such as rolimbing.

a

LA L I L L L B

Blood absorption limit (mL)

Gel Gauze PU Sanitary
sheet dressing sponge pad

Figure 4.15. Blood absorption limit for gel sheet andcommercial products. This quantity is

the amount of blood that can be held by a sheet at saturation and it is compared for a gel sheet, a
gauze dressing (McKesson®), a polyurethane (PU) sponge, and an Always® sanitary pad. All
have a size of 2 23 0.4 an. The gel sheet absorbs abouti3e blood compared to the others.

Gel sheets of siz2 3 23 0.4 cm were placed in each XG solution and the absorption
limit was determined in each case. For compatiioe experiments were repeated with the same
size of the Sungbo pad. Thesults (Figure 4.16how that, regardless of the fluid rheology, the
gel sheet is able to absorb aqueous fluids. The absorbed amount actually increases with an
increase inho up © about 4 Pa.s and then decreases with further incredse irhe initial
increase is because viscous liquids tend to drip less from the sheet, i.e., more of the liquid
remains in the sheet. However, if the liquid is too viscous, it does not penetrate into the sheet in

the first place (it forms a gooey puddle oe ttountertop). Still, the gel sheet was able to absorb

4.1 mL of a XG solution having a viscosity 4 million times that of water. For comparison, the
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Sungbo pad only absorbed less than 1 mL of such a highly viscous fluid. Similar absorption
experiments weralso conducted with other viscoelastic agueous fluids, including those based
on surfactants (wormlike micelles), and the results again showed the superior absorbency of the

gel sheets.

12 - Il Gel sheet
L Cloth pad

Absorption limit (mL)

0.001 25 3.8 60 1200 4400
Solution viscosity (Pa.s)
Figure 416. Absorption limit for viscoelastic solutions.Solutions of xanthan gum (XG) with
varying zereshear viscosities (Pa.s) were tested. The absorption limit is the amount of liquid that

can be absorbed by a sheesaturation (without dripping). It is compared for a gel sheet and a
cloth pad (Sungbo), both of size 0¥ 23 0.4 cm

4.4 Conclusiors

Innovation. We have shown, for the first time, how prepare SAP hydrogels in an unusual, yet
useful form: as large, flexible sheets. The chemistry used to make these gels is the conventional
one, involving polymerization of acrylate monomers. However, the unique-lgteegeometry

arises because we doetiJV-polymerization around the bubbles of a foam, which is first

introduced into a Ziploc bag and flattened to a thin layer prior to UV exposure. The resulting gel

is then plasticized with glycerol and then ambiénti ed t o give the fina
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macroporous sheets have faHike properties: i.e., they can be folded, rolled up, and cut with
scissors. At the same time, like hydrogels, they have the ability to rapidly absorb aqueous fluids.
As they absorb fluid, the sheets expand, which is a reabkekproperty not observed with any

other absorbents based on paper, cloth, or sponge.

Impact and Applications. We have compared our gel sheets with commercial absorbents such
as paper or cloth towels; gauze dressings for wounds; and sanitary padsorfhgagsons have

been done with water, blood, and viscous or viscoelastic liquids. In all cases, the gel sheets
outperform their commercial counterparts. The water absorption limit with the gel sheet is
around 3 times that of other materials. Absorbedlidis| are retained within the gel sheet when it

is lifted up whereas with controls, excess liquid drips down. These findings suggest that the gel
sheet is truduppardbanttecopl dkexcel at cl eani
hospitals. Gesheets could also be useful for absorbing biological fluids during surgeries or other
medical procedures (note that most bodily fluids are viscous or viscoelastic). The sheets could
also find use in personal hygiene products (diapers and sanitary pasiy, there is still an
important need for hemostatic materials that can staunch bleeding from severe wounds. Due to
their high absorbency and flexible nature, these gel sheets could function as hemostats, and this

is a direction we are actively pursuimgour lab.
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Chapter 5
PorousShOdetos for Absorbing Organic

5.1 Introduction

Spills of crude oil or leakages afrganic solversgonto water bodies cause severe water
contamination and adversely affect the surrounding maraosystem!®!1® Over the past 30
years, major oil spills haveincluded theExxon Valdezspill in 1989!" and the Deepwater
Horizon eventin 2010 The continued disposal afolventssuch as toluene, cyclohexane,
dichloromethane, etdyy the petroleum mdusty is another key source of water pollutitf.
Common methods to cleammiscible liquids from waterare by using dispersants122
skimmerstZ®in situ burning!?* and absorbents!?> Recently porous materials have emerged as
promising absorbestfor water remediation because of their effectiveness in removing oils and
solvents'126128 Porous materials are thrdémensional solids containing numerous pores that
allow a large volume ofolvent tobe absorbed rapidf#13126By tuning surface wettability
towards oils and organic solventise(, making them superhydrophobic and oleophilighese

materials canroow high selectivity in separating immiscilbiguids from watertt127.128

Currently, to develogporousabsorberg, commercially available sponges suadthose
based orpolyurethaneor melamine are being explored rigoisly?”12%135 These sponges are
cheap, easily available, ahighly porous However, the surfasef these sponges is inherently
hydrophilic due to amino and carboxyl groups. Therefore, to effectively ab#sfioom water,
the surface of these spongelsave to be hydrophobicalljodified. This is done bycoating a
layer of nanomaterial® 133135 or grafting hydrophobic functional groupg:3* Further, with

appropriate choi of nanoparticles, other interesting properties such magnetic respulfse
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resistage can be endowetb thesesponges?*133135Despite these merits, these materials have
not been considered for water remediation on a large scale for many reasons. First, the
hydrophobic modification of these sponges is a tedious amplamated process. Second, the
nanoparticles are adheredly physically on the surface and thus might start leaching out and
possibly cause secondary contamination. ARa;hleachingmay causehe materialto lose
hydrophobicity and therebys selectivityfor oil. Lastly, the amount of solvent absorbed by the
spongs is limited by the pore volumé?® The polymerconstitutingthe substrate (sponge) has

minimal effect on solvent absorption.

When it comes to watebsorptionpolyelectrolyte gels & knownto besuperabsorbent
polymers(SAPs)T they can swell, expand and absorb up to several hundred times their dry
weight in water>1619°Recently, lipophilic polyelectrolyte gels have also been reported that can
swell and absorb nonpolar organic solvédté Thus could wedesign porous absorberfior oils
based orSAP-like polymers that are inherenly hydrophobi® Recently, we have made porous
gelsheets based on SAP polymers that can absorb high amounts of water. We made these sheets
porous by foam templating. Could the same methods be used for oleophilic polymer gels?
Porous gels of oleophilic polymers have bawade inonly a few studiesby porogen leaching in
which sugar/salts granules are used as templates for dot&digh internal phase emulsions
(water in oil) polymerization®®14° and foamtemplatingusing superctical CQ.14+143 Foam-
templatingis the most simplestrategyand involves making a foam, i.e., a dispersion of gas
bubbles in a monomer, prior to polymerizatibtowever, whileaqueous foam stability is well

understood, not much researbhs beerdone onfoams in which theiduid is nonaqueous
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(either polar or nomolar)’*"® In fact, poducing stable foamin the latter casés very

challenging.

(A) Aqueous foam stabilized by TW 80: High foamability

\ I ‘ '

Ag. Soln
(water+TW80)

+

Add acid

NaHCO, =

Slow foam
generation

Figure 5.1. Foam stability in aqueous phase vs non aqueous pha$8) Foams rapidly get
produced when acidic solution is added to water containing sodium bicarbonate and surfactant
Tween(TW) 80. In presence of TW80, aqueous foams show very high foamability. (B) When
water is replaced with oil, TW80 fails to stabilizerraqueous foams and thus show low
foamability.

Typically, foams are stabilized by surfactant molecules that adsorb at the-diguid
interface and stabde bubblesagainst coalescence. Water, surfactants strongly adsorb at the
air-water interface deito the highsurface tensiomgof water (72 mN/m) andhus significantly
reduceg(to ~ 30 mN/m).This is conducive to foamingsahown inFigure5.1A, when acetic
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acid is added tanaqueous solution containing NaH&&andthe surfactant Tween 80 §0), the
NaHCQ reacts with acid to produce bubblesCO; that get stabilized by 80. Thus, a stable
foam is produced: note thtte foam volumas much higher than thiaitial liquid volume and
remains so for at least 5 mim contrastpils (such asaliphatic monomers) have a log(20-30
mN/m), and welknown surfactantBke T80 and sodium dodecyl sate (SDS) hardly reduag

Thus, it is difficult to foam oil using conventional surfactants, as shovidwe5.1B.

Here, wepresenta noraqueous foam templating approd@olmake porous olesponges
and oleesheets, whichl@sorb significant amounts afrganic solvents. Our approach involves
the foaming of a solutioncontaining hydrophobicmonomes (dodecyl acrylate and a
polyurethane crosslinkerfhe foam is generatad situ via the reaction of an acid withkaHCGs
to produce C@gasbubbles, whichare stabilized by a silicone surfactant, VoraStbC 5164.
The monomesin the foam are then polymerized to form a polymer nekveoound the bubbles.
Subsequently, the material is dried under ambient conditions to give a porous solid. We call this
an oleesponge or olesheet, depending on its dimensiowhenthis materials contacted with
organic solvents such as toluene, dichloromethane, and chloroform, it atteodudvent up to
more than 50 times of its initial dry weight withins20leo-sheets could be used to absorb a
large spill of organic solvents. Moreover, we designed a hybridiabsorbtensheet that can

selectively absorb water on one side and oil from the other side.
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5.2 Experimental Section

Materials. Monomer dodecyl acrylate and accelerator IdjMethytparatoluidine (DMPT)

were purchased from TCI America. CrossenkEbecryl 230 was a gift from Allnex. It is an
aliphatic urethane segment with two acrylates at its ends. Foam stabilizer V&rd3ar6164
additive was also a gift from Dow chemicals. It is a silicone surfactant. Iron (Ill) oxide
nanoparticles were purased from Alfa Aesar. All other chemicals were obtained from Sigma
Aldrich including Benzoyl peroxide (BP), acetic acid, sodium bicarbonate (NgKCO
chloroform, tetrahydrofuran (THF), dichloromethane (DCM), toluene, methanol, ethanol,
cyclohexane, decarlerosene, oil redo and methylene blue. Polyurethane (PU) sponge (product
details: Carrand 40102) and magnet were purchased from An@2agnand K&J magnetics
Corp. respectively. Materials for preparing the hydrophilic porous sheet was described in our

chapter 4

Synthesis of ¢eophilic absorbents First, monomer dodecyl acrylate crosslinker Ebecryl 230
were mixed in 2:3 Wb ratio. Then 3.5wt% of initiator (benzoyl peroxide) was added to the
above solution and allowed tlissolve (Figuré.2). To prepareoleophilic absorbentypically in

2g of monomer solution, first we dispersed 0.2 g of sodium bicarbonate and mixedfGlieg
surfactant (Vorasulf' DC 5164). Then added 0.5 ml of 4.7M acetic acid anduROof
accelerator (N,N dimethparatoluidine, DMPT). The above solution was mixed well using
spatula until foaming started. At this stage, foamed solution was quiekisférred either into a
cylindrical or sheet mold. The polymerization was completed in ~ 3 minutes and liquid foamed

turned into a porous solid. Further, this porous solid was washed once with water and ethanol to
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remove any unreacted components followgambient drying to give a dry porous solid, named

oleosponge or oleosheietthis chapter

Optical Microscopy. For optical microscopy, monomer foams were prepared in the absence of
an accelerator (DMPT) to avoid any foam polymerization during imagingmall quantity of
monomer foam was placed on glass slide using spatula and then images were taken on Zeiss
Axiovert 135 TV inverted microscope at BOfhagnification. This process was repeated a few
times to capture several images. Then using ImageJ seftwpproximately 5 images were
analyzed to get an average bubble size, standard deviation, and overall bubble size distribution

graphs. Additionally, we also obtained imageslebspongestructure (porous solid).

Scanning Electron Microscopy (SEM).Three dried teospongevere cut using a sharp blade to
expose the inner porous structure. The exposed area was sputter coated with gold for a minute
and several images were captured in a Tescan XEIA FEG SEM at 503toT3®&h using the

ImageJ program, we dyaed five images tobtainpore sizaistribution

Tensile Test Tensile tests were conducted on Instron Model 685@strument in accordance

with American Society for Testing and Materials (ASTM) protocol. Brieflgpsheets were cut

into a dogbone shape with following specifications: narrow and overall widthdahin and 19

mm respectively and an inner length of 35 mm. Both ends of each sample were first covered with
24-grit sandpaper and gripped between Instron jaws to prevent any slipping of the sample. Then
the sample was stretched with a 2 mm/min rate untédated into two pieces. Recorded force

and strain data was converted into stress and strain% date. Total four samples were analyzed.
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Compression Test.Compression tests were performed imstron Model 68S€5 instrument

in cyclical compression mod&xperiments were done at Z5Using a parallel plate geometry
(lower plateof 150 mm diameteand upper platevith 50 mm diametgr Cylindrical deosponge

of 2 cm and length 2.5 cm was compressed at a rate @fubls The deospongewas
compressed until 70% strain and then released to get a full cycle of material performance. This

process was repeated 5 times.

Contact Angle Measurements The wetting properties and hydrophobicity of the sample was
determined using contact angle asarements. For this,2uL DI water droplet was placed on

the deospongdlat surface at room temperature. Then droplet images were captured using Dino
Lite USB Digital Microscope AM4113T at 30and using ImageJ analysis, contact angle was

measured. We nasured contact angle on replicas of 5 samples.

Solvent absorption kinetics For determiningexpansior(i.e., volume in swollen stat® initial

dry form), the same sizeleospongeiece was placed insolventand a slowmotion movie was
recorded. Lineadimension expansion was obtairggdanalyzing stills from slowmotion movie

and extrapolated to get volume expansidte alsomeasured absorption capacity and efficiency.

For these studies|emspongevas immersed in toluene solution and allowed to absohent.

Once the sample was completely swollen, it was removed from the toluene and excess solvents
was wiped prior to its weight measurement. A ratio of swollen to rgspongeweight was
calculated using these weight measurements. For absorptiarerssfi test, the completely

swollen deospongewvas squeezed to remove solvent and then was placed back into solvent to
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absorb again. This cycle was repeated 100 times and absorption capacity for eaetasycle
recordedAll swelling kinetics studies wereepeated three times for each sample and an average

absorption ratio is reported.
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5.3 Results and Discussion

5.3.1Synthesis ofOleophilic Absorbent.

Polymerization
in a sheet r@ld

’,

Water + Accel\erator
CH,COOH \ A
,, 9
Aqueous & Porous she
phase © Polymerization in (folded)
a cylindrical mold
-
~ NaHco, 5‘
o _ % o s i
S o ohass I q> Air bubble s
o, ©° 0° ) Cylindrical
Emulsion porous
(A) Mix NaHCO,, acidic water (B) Bubbles generate and get ;
to monomer phase (oil) trapped in polymer network

Figure 5.2. Schematics of the method used to create oleophilabsorbent (A) A foam is
generated in the oil phase by mixing acidic aqueous solution with base. The oils phase contains
monomer, crosslinker, thermal initiator, silicone surfactant and dispersed sodiarbobiate
(NaHCO3). An accelerator is also added to speed up the polymerization p(8)€eBse acid

and base react to produce CO2 gas bubbles. Simultaneously, oil in water emulsions are formed
due to mixing of two immiscible phases. Both foam and enmulare stabilized by surfactant.
Foams are quickly transferred into either a sheet or cylindrical mold and polymerized in 3 min.
Photos of porous solid in the form of a sheet and cylinder reveals that the material is flexible and
has a spongkke texture.

The procedure for synthesizingeophilic sponges or sheet a simple two step method
as shown schematically iigure5.2. First, monomer dodecyl acrylate (DDA) and crosslinker
Ebecryl 230 and initiator benzoyl peroxide (BP) are mixed to form a hornagemonomer
solution. In second step, we first disperse sodium bicarbonate (NgHC@onomer solution

and then add foam stabilizer VorastfriDC 5164, aqueous acetic acid solution and accelerator
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N,N dimethytparatoluidine (DMPT) as demonstrated kigure 5.2A. Using a spatula, we mix
this solution until it starts foamindpuring mixing, theacidic and NaHC®solutions come into

contact, whengpon the following reaction occurs:

R-COOH + NaHC®@a R-COONa + CQ(g) + H0 (5.2)

As a result, carbon dioxide (GYOgas is released in form of bubbles. Simultaneously oil
in water type emulsions are formed upon mixing due the presence omiwscible phases
(water and monomer solution). Both bubbles and emulsions get stabilized by silicone surfactant,
VorasurfM DC 5154 present in the solution. The feamulsion solution ighen added into
either a sheet or cylindrical mold and spread unifg to polymerize asllustratedin Figure
5.2B. The DMPT expedites the thermal polymerization process at room temperature and a
crosslinked polymer network is formed around bubbles. In ~3 minutes, theefoaision
solution is completely polymerizeiito a solid porous materiaWe washed this material in
ethanol and water to remove any unreacted substances and then let it dry at ambient conditions.
The final dried material is a yellowishhite porous solid. We synthesized this material both in
the form d a thin sheet and a cylindrical sponge as shown in photégime5.2. We will refer

t o thi s aleaspongeioraleoshaatthigstudy.

5.32 Microstructure of the Oleosponge

In our synthesis procedure, we are mixing two immiscible phases i.e., water and
monomer solution along with acluhse reaction to generate bubbles. Therefore, we expect to

have foams and emulsion formation simultaneously in the foamed solution. Suchsslyaism
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been studied previously and are known as foaamedlsion systems in the literatudfé14® As

shown inFigure 5.3A1, the monomer foamed solution appears white and turbid indicating
formation of bubbles and emulsion. The schematic representation of the foamed emulsion
solutionis shown inFigure A2 in which oHin-water (O/W) emulsions are formed. When this
foamed- emulsion solution is looked under microscope, we indeed see both foam and emulsion
present together. The optical micrograph is shown in Figure A3. As cseeheO/W emulsions

are very small in comparison to bubbles and are present at very high concentration. It should be
noted that, foamedmulsion solution was allowed to dissipate and coalesce fi@w aninutes

before observing under microscope. This was done because O/W emulsions in fresh solution are
very small and present at very high concentration and thus we could not see them clearly under
microscope initially. When foamegimulsion solution is polymerizedhe monomer emulsion
droplets polymerize to give a continuous polymer network around bubbles. The photo of solid
pol ymeri zed f oleasongé fies r o digue$.3B10 Mhe corresponding
schematic and optical micrograph are presented in FigAr& B3 respectively. The optical

micrograph reveals numerous pores presetitaénleosponge

The microstructure of the neagueous foam and corresponding polymerized dried
oleosponges presented ifrigure5.4. Typically, foam was prepared by mixingg2of monomer
solution containing 38.7 wt% dodecyl acrylate, 57.8wt% Ebecryl 230, and 3.5wt% of initiator
with 0.2 g of NaHCG®, 0.5 ml of 4.7 M acetic acid solution and 0.5g Vora¥uiC 5164
(silicone surfactant) was used a raueous foam stabilizer. IAdomponents were mixed well
together using a spatula and upon foaming, optical micrographs were Takebubbles appear

nearly closelypacked(Figure 5.4A) We analyzed bubble size from five optical images using
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ImageJ program and the bubble size distion is plotted. As we can note, most of the bubbles
fall in the range of 200 um 400 um. The average foam diameter calculated from this
distribution is shown in the same plot. The mean bubble diameter is 267 um and standard

deviation is 122 um.

(A) Foamed-emulsion stabilized by silicone surfactants (B) Polymerized foam: Oleosponge

Solid foam

Figure 5.3. Microstructure and schematic of foamedemulsion system and leosponge(A)

The monomer solution and water are immiscible and so the monomer foams are expected to have
both bubbles and oil in water (O/w) emulsions (1). A schematic of this foam solution is shown
(2). Representative optical micrograph of the foam confirms tesepce of emulsion around
bubbles (3). (B) When these monomer foams are polymerized, the monomer droplets polymerize
to give a continuous network around bubbles (1&2). Optical micrograph reveals numerous pores
surrounded by continuous polymer network (3).

These foams will convert into pores once the monomer solution around bubbles is
polymerizedfollowed by ambient dryingThe SEM micrograph iRigure5.4 B shows numerous
pores on th@leospongesurface and pores seem interconnected. The pore sizemated using
ImageJ software and distribution is plotted. It appears that most of the pores fall in the range of
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200400 um. The average pore diameter is 277 um with standard deviation of 147 um. By
comparing pore size distribution in SEM with bubbles siz optical micrograph, it seems that

both plots have a similar size distribution. Also, the pore size is very close to the average bubble
size indicating that the majority of bubbles got lockedhe polymer network before getting
dissipated away or ctesced. This is achieved by accelerating the polymerization process using
20 uL of DMPT in monomer foams (completed in ~ 3 minutes) otherwise polymerization would
have taken hours. The porosligam foam of the teospongecan be estimated by equatibi?

using density measurements:

r
Eioam — 1 —% (5 2)
bulk

wherej foam IS the density of the giroleospongend; buik is the density of the bulk dry solid (non
porous). The measured values psan = 0.097 g/crand} buik = 0.813 g/cr The porosity foam

is 88%, indicating that it is a highly porous material.
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(A) Monomer foam (B) Oleosponge
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Figure 54. Micrographs and size distribution of monomer foam and teosponge(A) An

optical micrograph of monomer foam, prior to polymerization, shows nearly cloaekeg
bubbles. Five optical micrographs of such monomer foam were analyzed to get bubble size
distribution which is shown as histogram. (B) The SEM micrograpgheaispongehows porous
structure with interconnected pores. The corresponding pore size distribution is obtained by

analyzing pores in three samples.

5.3.3 Mechanical Properties of Oleophilic Absorbent

We typically synthesizedl@ophilic absorbents two shapesa flat sheet and cylinder.
Cylindrical deospongesave diameter between4lcm and length 5 cm. The sheets are of

dimensions 1 7 cm and a thickness of ~ 4 mm as shawrFigure 55A. The sheet is
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mechanically robust and can undergo tipié cycles of foldingunfolding or rollingbending
without any visible tearing as demonstrated by Phote#\@1The deosheetppears the same as

initial even after several such deformation cycles.

(A) Organofoam sheet folding/rolling
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Figure 55. Mechanical characterization.An olecsheet of dimensions 1® 7 cm and thickness

4 mm folded/unfolded and rolled several timessj1 The photos show no visible cracks and
tearing on the final sheet. (B) Mechanical strengjtthe deophilic absorbenis characterized
using tensile and compression tests. $heetcan be stretched by 35% strain before tearing and
has a very high tensile modulus (1). It can sustain more7Pdncompression straifor several
cyclesand yet sbhws no structural damages (2)cm scale bar.

We characterized the mechanical properties of thephilic absorbentby performing
tensile and compression tests. For tensile test, the sheet was cut intdh@ndaghape with a

width of 14 mm in narrow region and longitudinal inner length of 35 mm. Both ends of the
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pieces were first wrapped in 24 grit sandpaper and th@ped between the jaws of the
instruments. The sandpaper was used to prevent any slippage on gripped jaws. The sheet was
stretched with a constant rate of 2 mm/ min until failure i.e., sheet got torn into two pieces. The
corresponding tensile stress ¥ is plotted inFigure5.5B. The sheet has a tensile strength of

12 kPa at break point and can withstand 35% tensile strain. The material shows high tensile
modulus of 40kPa. The compression tests were performed on cylindeoapongef diameter

2 cm and length 2.5 cm. For this, material was placed between parallel platesnstittveand
compressed at a raté 500 pum/s until 70% strainfor 5 cycles The corresponding stress vs
strainfor cycle 1 and cycle 5 amgotted (Figure5.5B). The cycle5 (blue curve) overlaps with

cycle 1 (red curveindicating no plastic deformation of théeospongeThe material shows no
fracture and no collapsed pores. It can be compressed for several cyclegoanceleasing
compression, the sponge recovers ingfardack to its initial non compressed forithe stress is

~4.2 kPa at 70% strain.

5.34 Hydrophobicity of Oleosponge

To effectively separate oils or volatile solvents from water surface, the absorbent material
should have hydrophobicity towards water and lipophilicity for oils and solvents. To illustrate
the hydrophobicity of keosponge droplets 2uL) of various liquidssuch as water, acidic
solution (pH 2), basic solution (pH 12), toluene and ethanol are placed onleftsponge
surfaces as displayed in FiguséAl. The volatile organic solvents toluene (red droplet) and
ethanol (yellow droplet) instantly wetted therface and get absorbed. In contrast, all aqueous
droplets remained on the surface and showed a small contact area. [€bspprgeexhibits

super hydrophobicity for water and lipophilicity for solvents/oils. The measured contact angle
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with the water drolet is 130° and its photo is shown in Figls®A2. For control, a similar
hydrophobicity test is conducted on commercial polyurethane (PU) foam which are regularly
used for cleaning purposes. As can be observed from the photo in BgBteaqueous drdpts

slowly wetted the surface and eventually got absorbed. Also, as expected, toluene and ethanol
droplets completely wetted the surface and got absorbed immediately. The PU foam surface

displays hydrophilicity with contact angle of 75°.

(A) Oleosponge (A) PU foam

7N
- 500pum '
Porous surface / mmmmmm Porous surface

| A

Figure 56. Contact angle of deospongeand PU foam. Droplets of various liquids (acidic,
basic, water, ethanol, and toluene are placed on a flatl¢dypongeand (B)PU foam surface.
Aqueous droplet remains spherical decspongesurface whereas droplet slightly settle down

on PU foam surface. In botlbdm, solvent droplets get absorbed. dlewspongeand PU foam

show a contact angle of 130° and 75° with water respectively. The corresponding digital photos
are shown underneath.
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5.3.20il-Water Separation and Oil Absorption Capacity

Next, we proceedetb evaluate selective solvent/oil absorption capacity of kbepdilic
absorbentsFor this, a piece of 2 2 cm and a thickness of ~ 6 mm was dippea itoluene
(dyed with oil redo)water mixture bathThe bath was prepared by adding 40 ml of DI water and
15 ml of toluene containing eredo for visualization. As demonstrated in Fig&8A, the
oleospongestarted absorbing toluene immediately and within 2 seconds, it absorbed 15 ml of
toluene. The undeeath water was turned clear indicating complete toluene absorption. The
oleosponges hydrophobic/lipophilic and highly porous with interconnected open pore networks.
The lipophilicity of the ¢teospongeendows it with excellent wettability for oil and pos
structure provides channels for fast solvent absorption. TBosmongeabsorbed toluene within
a matter of seconds and swelled spontaneously while absorbing toluene. Each dimension of the
piece almost became double. This implies th&toleospongecan absorb considerably more

solvent than its initial total pore volume.

The PU foam has a 3D porous structure and appears very similaogpangen terms
of material texture. However, this material is inherehthdrophilic (Figure 56) Thus, we expéc
PU foam to absorb water as well as solveWthena piece of 2 2 cm and a thickness of ~ 6
mm was placed inoluenewater mixture, PU foam also absorbed toluene instantly but absorbed
only a few ml of it and thus the mixture still looks red due to reimg toluene floating on water
surface (Figuré.7B). Its sizeincreases by less than 1Q%gure 57B). Even thougiPU foams
areexploredfor oil absorption capacity, the polymer skeleton in PU foam is not flexible enough
to expand upon absorbing solvents like deoepongelL.ow absorption capacity will remain one

of the limitations for such PU foaimased absorbenti another test, we diged deospongeand
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PU foam in water (dyed with methylene blue). As expectedpl@apsongeabsorbed no water
(no blue spots on surface) wheredd am absorbed water and appealddish due to

hydrophilic in natureFor comparison, photos of botleospmgeand PU foam are shown after

absorbing water and toluemeFigure 58.

Figure 5.7. Solvent absorption.(A) An oleosponge of dimensiors® 23 0.6 cm is added to
toluenewater mixture (1). The oleosponge selectively absorbs toluene (dyed with oil redo)
completely and underneath water turns clear. The oleosponge expands as it absorbs solvent
(2&3). (B) When PU foam of the same size is added to tolweater mixture, it fails to absorb
toluene completely indicated by the toluene layer (dyed with oil redo) on the water surface.
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