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blue framed image a packed bed of pellets and the red fr.
image is the 3D printed scaffold.
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Figure4.10

Figure4.11

Figure4.12

Figure5.1

Figure5.2

Figure5.3

Comparison of cellulose acetate (Cggaffolds printed from (a
c) binary ink (CA:Acetone = 25:75) and (b, d) optimized terr
ink (CA:Acetone:Water = 23:52:25). The ternary ink larg
avoids deformation at relatively low polymer concentrati
compared with the binary inks of similar polgmconcentration:
owing to rapid phase inversion of the former. Moreover,
binary ink forms a flat dense filament while the ternary inks t
to form round, porous filaments. (e, f) Pore size distributi
measured by mercury porosimetry reveal thamaer solution
generates more mesopores (2 nm to 50 nm) and macropores
nm), which agrees with the observation in P1INystem.

Change of fractional mass upta%é%,.as a function o%‘ where

m is the weight difference between current sample and initia
sample, mns is the weight difference between sample
equilibrium and initial dry sampléjs time andais characteristic
length for mass transfer of each sample (100 pm forpBibted
scaffold and 150 pm for fibers).

Images of PIM1 adsorbent columns utied in toluene
breakthrough experiments. For the purpose of visualization
adsorbents were enclosed in acrylic tubes packed the same |
as those tested in experiments (the housing utilized in
experiments was stainless steel). (a, b) Paiadleked PIM1
fibers with nonuniform but straight gas flow channels. (c,
Packed bed of PIM pellets with noruniform and tortuous ga
flow channels. (e, f) 3D printed PHY scaffold with uniform gas
flow channels.

(@) Scheme of ultrashort adsorption contactor module:
prototyped via solutionbased additive manufacturing. (b)
Fabricdion of the adsorption contactor modules.

Setup for the C@breakthrough experiment.

The 3D models of the ultrghort PEI/PIM1 adsorption module
used in this researcta) Adsorber 0 with 30 filaments itihe x-y

planeand 34 layers in the-direction. (b) Adsorber 1 with 2&
filaments inthe x-y planeand 40 layers in the-direction. (c)

Adsorber 2 with 16 filaments ithex-y planeand 64 layers in th
z-direction.
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Hierarchical prosty of filaments produced via solutidmsed
additive manufacturing of PIM.. (a) SEM imageof the filament
crosssection. (b)The pre size distribution of PIM. filaments
probed by nitrogen at 77 .KdS-2D-NLDFT model is used tc
calculate the pore szdistribution.(c) Pore size distributior
probed by mercury porosimetrfgl) COz adsorption isotherms fc
PIM-1 and 25wt% PEI/PIML compositet 25 C.

Example CQbreakthrough curves f@ingle adsorption module
(PElfree) at flow rates of (a) 5 cémin, (b) 10 cri¥min, (c) 20
cmé/min, and (d) 40 citmin.

Analysis of CQ breakthrough curves for single adsorpti
modules. Breakthrough capacity with different breakthro
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flowrates

Example CQ breakthrough curves for single adsorption modt
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(c) 40 cn¥/min. (d) The lreakthroughcapaciies with different
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Schematicexplanation of the double crossovef the CQ
breakthraigh curves.

The influence oPEI/PIM-1 adsorptiormodule assemblyn COz

breakthrougtbehavior (a) Expanding channeldsorption mdule

assembly (b) Shrinking channeladsorption rodule assembly
COz breakthrough curves ditfferentflue gas simulant flowrage
(c) 10 cn¥/min, (d) 20 cn¥/min, (€) 30 cm¥min, and f) 40

cm¥/min.

The influence othe PEI/PIM-1 adsorption mdule assemblyn

the CQ breakthraigh capacity at the flowate of(a) 10 cn/min,

(b) 20 cm®/min, (c) 30 cm¥/min, and (d)40 cm¥/min. (e) The
comparison of 5% breakthrough capacity at different flowrate:
Normdized CQ breakthrough awes for single Adsorber 1
single Adsorber 2, the expanding channel assembly, anc
shrinking channelssembly at 20 c#min gas flowrate.

Adsorption heat propagatioalong(a) single adsorption module
(b) the expanding channeldsorption contactor assemplgnd
(c) the shrinking channeldsorption contactor assembly.

XXi

152

154

156

158

159

162

164

167



Figure5.12

Figure6.1

Figure6.2

Figure6.3

Figure6.4

Figure6.5

Figure7.1

Figure7.2

Figure7.3

Figure7.4

Figure8.1

Figure8.2

Comparisonbetweenthe expanding channel assembly and
random packedbedof fibers (a) COz breakthrough curveat 20
cm®/min flow rate. (b)The nomalized pressure drop across e:
adsorber.
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Figure Al

Figure A2

Figure A3

Figure A4

Figure A5

Figure A6

Organic solvent separation system setup.

Schematic of vapor phase infiltration (VPI) and morphol
characterization of pristine and hybrid RIMmembranes. (a
Schenatic depiction of VPI process: precursor sorption, diffus|
and entrapmentb] Photographdc, d) SEM images, ar{d) TEM
images of pristine PIM membranes(i) Photographs(h, g)
SEMEDX images, andf]f TEM imagesPIM-1 after infiltration
with trimethylaluminum and water (2 cycleBJue pixels in EDX
map show aluminum distribution throughout the hyk
membrane.

Influence of VPI chemistry and processing conditions

inorganic loading fraction, microporosity, and chemical sitgb
of hybrid membranes. (a) AlQdoading (bar graphs) and BE
surface area (dot plots, errors are smaller than marker
AlOx/PIM-1 hybrid membranes as a function infiltration time ¢
number of infiltration cycles.b) Nitrogen isotherms at 77 K fc
pristine and infiltrated PIML membraneg cycles of VPI with 5
hour exposure time)(c) Pore size distribution of PINI,

AlOx/PIM-1, and AIQ/PIM-1 with methanol pretreatment.

Alumina hollow fiber membrane obtained by anneal
AlOx/PIM-1 hybrid hollow fiber membranes in air (900 €). He
treating in air combustthe polymer and leaves just an Al
nanoporous structure. (Bhotographs and SEM images of 1
alumina hollow fiber membrane after burn out; ¢bjogenic
nitrogen physisorption of these alumina hollow fiber membr:
compared with that of pristine PH# hollow fiber membranes ar
AlOx/PIM-1 hollow fiber membranes; (ppre size distribution o
alumina hollow fiber membranes compared that of pristine-F
1 hollow fiber membranes and AIPIM-1 hollow fiber
membranes.

XRD patterns of pristine PIM. andAlOx/PIM-1.

Chemical Characterization of pristine RIMand metal oxide
PIM-1 hybrids. (aC!, N!S and G° XPS spectra ani
(b) logarithmic FTIR spectra for pristine PHY and PIM1
infiltrated with AIO«. (c) Proposed mechanism for metal oxi
network formation via TMA VPI of PIML. The figures of the
metal oxide network anerovided only for illustration.
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Influence of interpenetrating metal oxide networks on
interaction between guest molecules (toluene and water) and
1 membranes(a) Toluene swelling reduction. A reduction
swelling is observed in the tolueadsorption isotherms measur
at 25 €. (b) H20 sorption isotherms measured at 25 €C.

Organic solvent nanofiltration (OSN) and organic solvent rev
osmosis (OSRO) performance of RiMand AIG/PIM-1 hybrid
thin film composite membranes (2 cycles of TMA andOk
infiltration, with 10-minute precursor exposures). Aplecular
weight cutoff curves of PIM1 and AIG/PIM-1 thin film
composites in different solvents using polystyrene oligomet
markers. (bPDetailed molecular weight cutff curves of
AlOx/PIM-1 thin film composites using polystyrene oligome
1,3,5triisopropylbenzene, and 1disopropylbenzene a
markers. (cteadystate organic solvent permeance of Plnd
AlOx/PIM-1 thin composite films under 3far transmembran
pressure. OSN performance comparison with literature
(d) ethanolt2153235 (g) n-heptand 314333638 (f) toluenel3143538
and (g)tetrahydrofurart3!43¢38 (h) Organic solvent revers
osmosis separation of toluene (90 wit%) from 1.
triisopropylbenzene (5 wt%), and iddsopropylbenzene (!
wit%).

Sizebased molecal sieving effects of the AIOx/PIN hybrid
membrane.

The infiltrated metal oxide networks retain the majority of tt
inorganic component during the organic solvent separ:
processes. (A)hermogravimetric analysis curveisfieee-standing
AlOx/PIM-1 hollow fiber membranes with different operati
histories (before use in organic solvent nanonfiltration and af
week of continuous OSN in-imeptane, tetrahydrofuran, toluer
or ethanol). (b)fhe weight percent loading of ghinorganic
component of AIQPIM-1 freestanding hollow fiber membran
after week of continuous organic solvent separation in
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weight percent loading of the inorganic component inA-

1 freestanding hollow fiber membranes aftgrehar of immersior
in tetrahydrofuran.
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FigureA.11

FigureA.12
Figure B.1

Figure B.2

Mechanical stability of frestanding PIM1 hollow fiber
membranes and AKIPIM-1 (2 cycles of infiltration of TMA anc
H20 with 5hour exposure times) hollow fiber membran
(a) Stressstrain curves of the dry hollow fiber membranes. T
AlOx/PIM-1 exhibit a higher modulus of elasticity but smal
strength at break and strain at break, which indicates the
AlOx/PIM-1 are stiffer and more brittle than pristine PRIV
hollow fiber membranegb) Mechanical stability of pristine an
hybrid hollow fiber membranes in the equal molar mixture
tetrahydrofuran and ethanol. Pristine PIM hollow fiber
membranes exhibit high permeance due to swelling and rupti
3.45 bar while AIQ/PIM-1 hollow fiber membranes exhibit stab
permeance until delaminated from the swollen epoxy sealit
5.52 bar (cMechanical stability in ethanol. Pristine PIM
hollow fiber membranes exhibit high permeance due to swe
and rupture at 3.45 bar while AI®IM-1 hollow fiber
membranes exhibit stable permeance until delaminated fror
swollen epoxy sealing at 6.89 bar.

Organic solvent nanofiltratioaf dye solutions.
25 € organic vapor sorption isotherms for PiM

(a) UV-vis spectrum for PIML saturated with organic vapor. (!
The UV-vis signals significantly influenced by adsorbed orge
vapors.
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SUMMARY

Adsorption is goromisingenergyefficient separation process, which selectively
removes one or several components from a mixture by transporting a fluid through a mass
transfer contactor. fle mosttraditional mass transfer contactor desiga gcked bed of
adsorbent pellets, which suffers frdngh pressure drop, low mass transfer rate, difficulty
in heat integration, etc. Statdé-the-art structured mass transfer contactors have been
developed to address these problems. For instance, hollow fiber sorbents can achieve rapid
temperature manipulan by flowing heatexchange media through the bore channels, and
monoliths provide uniform fluid channels to minimize pressure drop. However, limited by
manufacturing techniques, existing structured mass transfer contstetgygleto address
all of theaforementioned problems with one struataesign. 3D printing techniques can
fabricate complex architectures without moldivased approachewhich is suitable for

rapid prototyping of novel mass transfer contactor designs.

The overarching goal of thithesis isto engineer high-efficiency adsorption
contactors via 3D printing ahicroporouspolymers To achieve this goal, three objectives
were establishedl) develop 3D printing techniques that can process adsorptive materials
and generate hierarchlcporosity, (2) prototype scalable mass transfer contactors with
optimized energy efficiency(3) perform proofof-concept adsorption experiments to

demonstrate the advantagd 3D printing in mass transfer contactor fabrication.

In Chapter 3, a novel 3printing technique is developeQurrent3D printing
methods have strong limitations in the classes of compatible polymers. Many polymers of

significant technological interest cannot currently be 3D printed. Here, a generalizable
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Solutionbased Additive Maufacturing (SBAM)method forviscous polymer solutions

was developed for solutigorocessable polymers. SBAM fabricates polymeric objects by
depositing ternary polymeric inks (e.g., solutions comprising polymer, volatile saweint
nonvolatile nonsolvel), which undergo rapid phase inversion upon evaporation of a
relatively small fraction of the volatile compongntesulting in hierarchically porous
filaments (e.g., pores of diameters ranging from 2 nm to 10 pm). In addition to the
architecture of the qted object, its internal porosity can be manipulated for different
applications. Compared with typical direct ink writing of binary polymeric inks, which
typically only contain the polymer and a volatile solvent, SBAM is capable of (i)
eliminating evapmationrinduced shrinkage, and (ii) creating nanopores without the need
for templating additives or nanoscale nozzles. Successful ternary ink formulations require
a balancing of solution thermodynamics (phase separation), mass transfer (solvent
evaporation) and rheology. SBAM is conceptually compatible with any solution
processable polymer with or without functional particles (e.g., zeolites), which
significantly extends the 3Printable polymeric material spectrum. Our research provides

a practical guideawards the development of ternary polymeric inks, the design of 3D
printer hardware for SBAM, and the pdstatment of printed objects for desired porosity.

It also discusses solutions to common challenges encountered during this new polymer
processing tehnology via case studies (e.g., polymer of intrinsic microporosity 1, cellulose

acetate, Matrimid® 5218, etc.).

In Chapterd, a microporous polymer (PIM) - incompatible with current additive
manufacturing technologiess 3D printed into a higlefficiency mass transfer contactor

containingsubnanometer to millimeter pores. Short contactors can fully pwases
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loaded with concentratetbluene vaporfor six times longer than PIM in traditional
structures, and mordidan 4000 times the residence time of gas in the contactor. This
demonstratiorstrongly suggesthat 3D printing could produce ultshort adsorbers with

precisely designefluid distribution system without gds/pass

In Chapter 5, the scalablmodular ésign ofadsorptiorcontactors was developed
by taking advantage of the SBAptocessSuch modular contactors possess high freedom
in the engineering of characteristic lengths of diffusion, fluid distribution systems, fluid
channel sizes, adsorbent loading@tc. A systematic study in the structure design was
conducted to maximize the breakthrough capacity while minimizing the pressure drop
across the contactor. As a demonstration, -BIM 3D printed into adsorption modules
with hierarchical porosity. Thes adsor pti on modul es serve
branched plyethylereimine (PEI). The PEI/PIM1 composite adsorption modules are used
for COz capture fromsimulatedflue gas. It is shown that by optimizing the adsorption
module assembly strategy, theeakthrough capacity can be improved rsarly half

without sacrificing pressure drop.

Il n Chapter 6, t he-lismanforcedwitxidendnestsakdst 0 ,
via vapor phase infiltratioa f t h e 0 x iprecarsonsahe efitratedbxidlestrands
intertwine with the PIML network, resulting in a robust hierarchical porous support for
functional materials. PEI oligomergere loaded into the organiorganichybrid. The
infiltrated oxideconstituent significantly immved the microstructaf stability. Compared
with PEI/PIM-1 compositespxidePEI/PIM-1 composites exhibit significantly improved

CQOz capacity and amine efficiency at the same PEI loadihg.improvement of th€02
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capacity and amine efficiency is hypdibally contributed by the reinforced PHY

support and abundant hydroxyl greugrovided by the oxide strands

In Chapter 7, the processable material spectrum of SBAM is expanded from
solutionprocessable polymers to nanoparticlesich as zeoliteand metalorganic
frameworks MOFs). These adsorptive nanoparticles are dispersed in multicomponent
polymer solutions to form a 3D printable slurry. Similar to SBAM of the polymer solution,
the slurry filaments deposited by the 3D printerdergo evaporatiemduced phase
inversion, which results in hierarchical pores throughout the composite. Besides the
creation of hierarchical porosity, SBAM of nanoparticles provides protection to-water
unstable MOFs, such as HKULT After SBAM, the M@ particles dispersed in the
polymer retain their surface areas. The SBAM process does not negatively impact the MOF

structure or block the micropores.
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CHAPTER 1. INTRODUCTION

1.1 SustainableDevelopment

1.1.1 Sustainable DevepmentGoals

Sustainable development refersmeeting thdiving standards of human beings
without depleting natural resourcesor damaging theecosystem.The sustainable
development of human society necessary sthatthe future ofthe next generation Wi
not be sacrificedn 2015,theUnited Natiors proposed T Sustainable Development Goals
(SDGS: (1) No Poverty (2) Zero Hunger (3) Good Health and Welbeing (4) Quality
Education (5) Gender Equality(6) Clean Water and Sanitatio(7) Affordable and Clean
Energy (8) Decent Work and Economic Growtl{9) Industry, Innovation, and
Infrastructure (10) Reducing Inequality(11) Sustainable Cities and Communiti€$2)
Responsible Consumption and Producti¢iB) Climate Action (14) Life Below Watey
(15) Life On Land (16) Peace, Justice, and Strong Institutip(iks7) Partnerships for the
Goals The a&complishment of these SDGs requiegsint effort from different experts,
organizations, andountriesall overthe world.Among the 17 SD§, 4 of them are directly
relatedto chemical industrieClean Water and SanitatipAffordable and Clean Energy

Responsible Consumptiand ProductionandClimate Action

Modern technologiesonsune energy taconvert natural resources inpooducts,
transport humasnand goods all over the worldnd supportthe lives of human beings
Technologiesare developed and improved foster higher population, improve living

standards, and provide longifie expectancy, whichn turn results in a cotinuously



increasing energy demah@As shown inFigure 1.1 the world energy consuaption has

grown by 2 orders of magnitudénce 182¢ To meet the high engy consumptionthe

last 50 years have withessed a tremendous boost intileation of fossil fuels (coal,

natural gasesand oil) While various alternative energy sourdesg., hydroelectricity,

solar energy, nuclear power, ¢ttave beeexplored during the 20centurythe utilization

of fossil fuelsgrows continuously Especiallyin less developed regionissil fuels are

expected tgplay importantrolesfor a long timeowing to easy utilization, convenient

transportation, rad reliaklity .2
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Figure 1.1. The evolution of world energyportfolio since thel ndustrial Revolution.?

The heavydependencen fossil fuel for the global energyystemchallengeghe

sustainable developmenf human societyFirst, the direct combustion of fossil fuels

generates huge amount of greenhouse gaéeg., CQ, N2O, CHs), which are major



contributos to global warming Second,ncreasing energy demand leads to intensified
exploitation of fossil fuels, which accelerates depletion of fuel reservoiand threatens

sustainable energy utilizaticn

1.1.2 CO Capture

Human activities, especially induistr activities, consumea huge amount of
energy, which is associated witttmendougmission of greenhouse gasemission of
greenhousgassis known to contribute to global warming, which referght® longterm
temperature increase of the global climate sysimbal warming threatens ecosysgm
raises sea levgland leads to extreme weathevhich must be addressed enable
sustainable developmehwhile global warming has attracted the attention of all human
societes, the increase of atmospheric LQOncentratiorhasnot stopped Since 2000the
atmospheric C&concentratiorincrease around 20 ppm per decade asm@pproaching
410ppmin 2019° Compared witlpre-industrial ages (befote lae 19" century, human
activitieshave induced approximately°C global warming® Moreover,20%-40% of the
globe'spopulation ha already experiencetl.5 °C regionaltemperaturencreaseduring
2018° According tolntergovernmental Panel on Climate Cha(i§C), global warming
must be limited to 1.5 € t@educe the risks @flobalheavy precipitatiorintense cyclones,

increasing drought frequenastc.

Researchers all over the wodrk tacklingheglobal warmingssue One important
strategy tdimit the global warming is carbon captufellowed by carbomnutilization and
storage(Carbon Capture, Utilization, arstorage CCUS.” Carbon @pture from point

sources (e.g., power plahtand the atmosphere requiresnergyefficient COz capture



techniqguesWhile aminebased C® absorption is the moshature technique for GO
capturejt suffers fromahigh energy penalt§ Alternative techniques should be developed
to process emissia@from different point sourceandcapture CQ from the air at lower

coss.910
1.1.3 EnergyEfficiencyof Industial Separation Processes

The nmodernindustry consistsof various energyntensiveprocessesAccording to
the Department of Energy, the US consurB8fuads energy every year, among which
32% is contributed btheindustrial sectat! Of this,45% to 55%is contributedby thermai
driven separation techniquékhis large energy footprint provideaormous opportunities

for energy saving

Thermaly-driven separation technologies refer to processes that separate
components via the phase change of the matanighe process streanThermaly-driven
separation techniques are well developed and widely applig@ modern industry, but
they do havedisadvantages. First, thermal techniques rely on the phase change of the
materials, whicloftenresults in low energy efficiency. Take desalination as an example:
the heat associated with the evaporation of water is around 640 RWitiite the
thermodynami limitation of desalinationy O , is only 1 kWh/m.12# with
advanced heat integration and process optimization,-ctdle-art multistageflash
systemscould reduce the desalination energy consumption to 50 kWhtirich is still
significantly higher than the thermodynamic limit. Secotitg separation of isomers and

azeotropes requires alternative separation roieseover typical thermal separation



techniques have large footprints, whidhhibits their application inspacelimited

conditions (e.g., ofshoreoil processiny

A sustainable developmentocus motivates the creatiorof energyefficient
alternatives to mainstrearthermaly-driven separation techniguesEnergyefficient
separation techniques not onlgduce the unnecessary energy consumption of human

society buttanalsobe applied to C&capture which will be discussed below

1.2 Mainstream Energy-Intensive Separation Technologies

In this sectionthefollowing classical thermé}-driven techniques will beovered
absorption, distillation, and crystallization. Unit operation principles, advantages,

disadvantages, and example applications wilhbduced briefly for each technigu

1.2.1 Absorption

Absorption is used to separate a component fi@gas mixture via contact with a
liquid, which is also referred to as strippifigas molecules can be separatading to the
different affinities of gas components with the absorbing liquidsph Absorption is
usually conducted in a packed towas shown irfFigurel.2a!® The gas enters the absorber
from the bottom and leaves tabsorber from the top. The fluid contact with the gas as a
countercurrent flow: fresh absorbing liquid is distributed on the top of the absorber and the

used liquid is drained from the bottom.

Absorption is widely applied in acid gas remo¥atarbonylcompoundremoval
from hydrocarbong’ carbon capturé® etc. Figure 1.2b is an example flow diagram of a

conventional postombustion carbon capture procésssor the ease of observation,



reboiler, condenser, and other supplementary equipment are not present in this simplified
diagram.The whole carbon capture process incluskesparts: () CQ: absorption and (2)
solution regeneration. Flue gas contacts with fresh solution cecumemtly (e.g., aqueous
solution of monoethanolamineammoniapiperazine etc) in the absorber, within which

COz is captured by the solution via reversible chemical reaxtibhe CQ-rich amine
solution is then pumped into the regenerator, where the amine solution is heated by the
reboiler(100~120 €). Vaporized amine solution is condensed at the top of the negene

and gagphase CQis recovered.

a Gas outlet b Exhaust Gas CO,

Liquid inlet /"

Absorption

Regeneration

Gas inlet

Flue Gas

Liquid outlet

Heat Exchange

Figure 1.2 (a) A typical design ofa packed tower for absorption. (b) Example fow
diagram of an absorptionbased postcombustioncarbon capture process®®

Most of the energy consumptiari absorptions associated witthe regeneration
processSincetheabsorbent solution is regenerateddmyling the entire solutigrthe latent
heat of the solventontributes to ahigh regenerationenergy penalty. For instance,
monoethanolaminMEA) is one of the most popular G@bsorbergthatbonds with CQ
forming carbamaté&®?° During regeneratia heat is applied to break the bonds and release

COz, which requires 1900 kJ/K§02.2° Due to the latent heabnsumed by dilution water



the typical regeneratiomeatrequiremenis around 400kJ/kg COz, which is2-3 times

higher tharthe heat ofeaction

1.2.2 Distillation

Distillation sefrates molecules based on thelative volatility, which is their
vaporliquid distribution ratioat equilibrium The lquid mixture is boiled to generate
vapor. If different components have different vapor presghe composition othevapor
phase is different from the liquid phasgenerally, there exighree classicadlistillation

operations: (aflash distillation (b) rectification and(c) batch distillation

Flash distillationis achieved byartial evaporation of the liquigtigurel.3a shows
thescheme for a singlstageflash distillation apparatu3.he Iquid fluid is preheated and
pumpednto thevaporliquid separatorin the vapoiliquid separator, the liquid is drained
from the bottorrandthe vapor phase in equilibrium with the liquid phasseigarated from
the systemThe separated vapor phase tdaenbe condensed and collectels aresult,
the components witdifferent volatility can be separated typical application of flash
distillation is desalination. Stat#-the-art desalination is achieved by multistage flash
distillation, which recovers the heaia the contacting dhefresh brine water aritie water

vaporl3i4

While flash distillation is effective for the separation of components with distinct
boiling poins (e.g., seawatenheseparation of components with similar volatility requires
sucessive distillation to produce components with high pufigctification refers to
continuous distillation with refluxAs shown inFigurel.3b, a dassical distillatbn column

with reflux consistsof a series ofplates, at which liquid and vapophases are in



equilibrium By boiling liquid mixture, components can be enriched in different phases
(either liquid orvapop. Liquid phases flondown driven by gravityand vapor phasesse
driven by buoyancywhich avoids the capital cost and energy cost for fluid delivery
betweerplates The volatile componentareenrichedin the vapor phase at the top plate
and the nonvolatile componermieenriched in the liquid of the bottom plaRectification

is one of the most widely applieseparation techniqueg®tmospheric and vacuum
distillation areused to fractionate crudgl into different productswhich counts foB2 %
petroleum industry energy consumptfdrCryogenic distillation iswvidely used forthe

separation of gas mixtures, such ag4ight hydrocarbon$? etc.

Vapor

(:‘ Condenser

4 N\
D)
Feed C Decanter
a® °
Vapor
Heater v
Liquid

| Reboiler |

Figure 1.3. Schemefor (a) flash distillation and (b) rectification.

For plants where chemicals are produced at small scales or with diverse
composition batch distillation isusually utilized to recover volatile compounds frtime
liquid mixtures Batch distillation could operate in a flash distillation mode (without reflux)

or rectificationmode (with reflux)depending on the relative volatility of components.

Distillation is suitable forthe production othemicals with high purity and high

yield. The separation performance is determined by the process optimizattbn



distillation column desigrDistillation-based separation processes can be easily designed
and fabricated at large scafuch meriteenablethe wide application afiistillation inthe
modern industry.However, distillation separation ignefficient for the separation of

isomers, azeotropes, and heahsitive compounds.

1.2.3 Cirystallization

In industry, crystallization usually refeto the unit operatianthat form solid
particles froma liquid solution such agrystallization of solute from a saturated solution
andcrystallization of a solvent from a solvent mixtuFégure 1.4 showsa typical scheme
for Mixed Product Mixed Suspension Remo(MISMPR) crystallizer whichresemble a
continuous stirred tank reactd® The feedmixture is continuously delivered inthe
crystallizersCrystallizationwithin the crystallizers usuallydrivenby (1)solutioncooling,

(2) solvent evaporation, or (3) combination of cooling and evaporaiystalsnucleae
andgrow within thecrystallizer, converting the supersaturated solution sogpensions
After crystallization, the suspension containing crygtalticles are delivered into

sequential separation equipment, sucfiltaation and centrifuge.
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Figure 1.4. Scheme of continuous crystallizatiomprocesses

Crystallization is a widely applied separatiprocesghat has been employed for
centuriedn thecommaodity chemical industry, fine chemical indusagidpharmaceutical
industries?® Around 70% of solid materials for chemical industri@se produced via
crystallization?® To improve the energy efficiency afdustries involvingcrystallization
processedwo strategies can be applied: (1) separate crystals from motherdiguidn
therma separation technigsgand (2)replacingcrystallization with membrane separation

or adsorption processes (sectiof).

1.3 Alternative Energy-Efficient Separation Technigues

1.3.1 Membrane Separation

Membranebased molecular separation is a promising technique to debottleneck or
replace traditional separation techniques. Within the membrane, different molecules
exhibit different diffusivities and different affinities with the membrane material, which
contributes to selective transmembrane transportatdimen dealing with azeotropes,
chemicals with similar boiling points, or hesgnsitive materials, membrane separation can

be employed as a pteeatment process to debottleneck distillation proces$sks.date,
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there exist two membrane separation processes thatlgiprocessrganicliquid streans:

organic solvent nanofiltration (OSN) and organic solvent reverse osmosis (OSRO).

Organic solvent nanofiltration (OSN) refers to the membrane separation that
selectively transports organic solvents while rejects bsithytes. The performance of the
organic solvent nanofiltration membrane is quantified by permeance and molecular weight
cutoff (MWCO), which influence the process of productivity and product purity
correspondingly. Ideally, an OSN membrane selectivelysprarts molecules based on
their molecule size. Since the molecule size is directly related to the molecular weight,
engineers quantify the performance of OSN membranes by correlating the rejection rate
with the molecular weight. Molecular weight eff is defined as the smallest molecular
weight that the membrane can rejagth 90 % efficiency?’ In literature, MWCOs of
membranes are usually determined using marker solutes such as polystyrene oligomers.
However, since different solutes possess different shapes in solvents and different
interactions with the membrane material, the real MWCO fortdinget mixture may
deviate from the expected onddembranebased organic solvent nanofiltration is a
promising alternative to crystallizatiéh.Bulky solute molecules (e.g., pharmaceutical
compounds) can be separated from the niabkition based on their molecular weights.

By applying OSN membranes with different MWCOs, the target molecules can be

separated from the other solutes.

Organic solvent reverse osmosis (OSRO) directly process organic solvent in liquid
phaseg®3! The liquid mixtureis pressurized at the feed side of the membrane while the
permeate side is maintained at a lower pressure (e.g., atmospheric pressure). The

transmembrane pressure difference induces fugacity difference, which drives molecular
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transportation across the mierane. OSRO utilizes microporous membranethe
micropores of which are designed to differentiate guest molec &R0 has
demonstrated potential in isomer separation and organic solvent fractioftatids
OSROdirectly processes liquid organic solvent without phase change, it is more attractive
than the pervaporation. However, organic solvent reverse osmosis is far from industrial
application. First, both inorganic materials and organic materials have an inherent
limitation: it is difficult to fabricate crystalline materials into membranes at industale,

and direct processing of higiressure organic solvent liquid requires high organic solvent
stability, which is challenging for polymeric materidtsSecond, it is notrivial to create
imircanged micropores to precisel?Extdnsifef er ent
researcheare needed to investigate membrane design, gsagimization, and contactor

design for OSRO.

1.3.2 Adsorption

Adsorptionis a promising energgfficient separation process, which selectively
removes one or several components from a mixture by transporting a fluid thrsoiih a
mass transfer contactofhe separation of differenmoleculesis contributed bytheir
different affiniies with the adsorbent material€ontrary toabsorptionprocesseghat
selectivdy capture molecules from gas phases th® liquid phase, adsorption captsire
molecules frontheliquid phase or gas phase into the solid adsorbent pimaalesorption
systens, the active absorptive moleculgg.g., aminespre dispersear dissolved into
solvents (e.g., water). Otle other handadsorption systems utilizeolid materials to

disperse the adsorptive functional groups or moleci8estching froman absorptive
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solution to an adsorptive solid effectively reduces the energy penalty reladed

regeneration.

Absorption processes desightr new factories can be replaced with adsorption
processes. The knowledge developed for absorption chemistry can be readily transferred.
For example, amine molecules developed for. @Dsorption can be dispersed in
microporous supports and be used ag &d3orbent. However, it might be expensive to
retrofit existing absorption processes since absorption and adsorption relies on distinct
equipment. Advanced heat integration and absorption materials might be the best solution

for old factory retrofit.

Basal on the regeneration method, adsorptimocesses fall into two main
categories (1) temperatureswing adsorption(TSA), and @) pressureswing adsorption

(PSA). TSA and PSA can also be combined

1.3.2.1 Temperature Swing Adsorption

Theprinciple forTSA is illustrated inFigure1.5. Owing to the exothermic nature
of adsorption, adsorbents have higher capacity at low temperature compardgtvith
tempeaturegiven the same adsorbate partial presduoe instancean adsorbent could
capture adsorbates at low temperatdrem dilute sourceg¢denoted by the blue dot in
Figurel.5a) andpartially releaseghe adsorbate at elevated temperatdem¢ted by theed
dot inFigurel.5a). Duringtheadsorption procesd)e fresh adster contacts with the gas
mixture at low temperatuf@&igurel.5b). After adsorption, the saturated adsorber is heated
via contacting withhot purge gasThe hot purge gas should be carefully selected so that

the adsorbate can be easily separated from thgepgas For instance, hot steam can be
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usedfor the CO; capture process. Thet steam can be condensed from the concentrated

CO: stream generating higipurity CQ producs.®?

a b Less adsorbed product Concentrated CO,

Adsorption
Temperature

Capacity

Absorption
Regeneration

Regeneration
Temperature

f

Adsorbate Partial Pressure Feed Hot purge gas

Figure 1.5 Temperature swing adsorption. (a)Capacity change during temperature
swing. (b) Simplified scheme fortemperature swing adsorption.

While both TSA and absorption requires heat for regeneration, T8keismore
energy efficient. First, the specific heapacities of solid adsorbents (etgespecific heat
capacity of active carbon is around 0.7&)@re much lower than those of liquid solvents
(e.g.,thespecific heat capacity ofd® is 4.2 J/@). Second, the thermal loss due to solvent

evaporatiorof thesolvent is avoided.

1.3.2.2 Pressure Swing Adsorption

Pressureswing adsorptions illustrated inFigure 1.6. As illustrated by the adsorption
isotherms Figure 1.6a andFigure 1.6b), the adsorbent capturmore adsorbatet high
adsorbatepartial pressure than at low adsorbate partial pressurehe fresh adsorber
firstly is contacedwith the pressurized gas mixture. After adgtion thepressure within
the saturated adsorber is lowemdatuptly (Figure 1.6¢c). Whenregeneration is achieved

via the use ofacuumiit is also referred to as vacuum swing adsorption (VJAg low
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adsorbate pressure triggers the releasamfured molecule®ressureswing adsorption is
a promising separation technique for &gapture, biogas upgrading, air separateam
others® Pressure swing adsorption is especially effective for adsorbents witbhstppd

adsorption isothermgFigure 1.6b), which is commonly observed for amiteaded

MOFs3
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Figure 1.6 Pressure swing adsorptionCapacity change during pressure swing for (a)
an ordinary Type-l isotherm and (b) a step isotherm. (c) Simplified scheme for
temperature swing adsorption.

15



1.4 Mass Transfer Contactors for Molecular Sepaation

The key challenge fothe widespread application of nonthermal separation
techniques is the translation of advanced materials into mass transfer cortactors.
Different from thermaldriven techniques, the performance of +tbarmal driven
separation techniques is strongly determined byd#segn and quality of th@ass transfer
contactorsS:*® While significant progress hdmen made in the development of advanced
materials, limited research has been conducted in the developmantosteffective

scalable fabrication method for higierformance mass transfer contactors.

Mass transfer contactors play critical roles in 4tloermal separation techniques.
The quality and functionality of the contactor directly influence the performance, stability,
and cost of the separation techniuélhile extensive researeh about nonthermal
separation materials has been conducted, limited innovation has been done in the design
and fabrication of mass transfer contactors. In this chapter, popular mass transfer contactors

for adsorption and membrane separation are introduced.

1.4.1 Membrane Mass Transfer Contactor

Stateof-the-art membrane mass transfer contactor designs are spiral wound
membranes and hollow fiber membrarissed on the application ametmbrane material,

engineers should properly choose the membrane contacton.desig

1.4.1.1 Spiral WoundMembrangContactor

The gpiral wound membrane is a common contactor dedan polymeric

membranesin the modern industry, the membranased in spiralvound membrane
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contactors are usually fabricated by +toHroll membrane casting osiderivativesFigure

1.7a illustratesa simplified roll-to-roll membrane casting setup for tHitm composite
membrane fabricatiolBupportmembranes are delivereain the feeding rolleto a roller
attached to a coating battvhich containsa polymer solution After contact with the
coating solution, a thin layer of polymer solution liquid film is coated onto the support
membrane Optionally, tie liquid polymer film canbe delivered into a quench bath,
undergoes nonsolveirtduced phase inversipand result in a highly porousembrane
structure®” The coated membrane travels throubh dryers, wherethe liquid polymer

solution iscompletely solidifiednto a thinpolymer membrane

Depending on the fabricati@mondition, two membrane morphologi@sgurel.7b)
are commonlhobservedn the industry (1) integrally skinnedasymmetric membrane, and
(2) thin-film composite membrand&he ntegrally skinned asymmetric membraseoated
directly onto fabric suppor (e.g., polyethylene nonwoven fabricdlhe asymmetric
polymer membrane formed by nonsolvent induced phasgarationpossessesa
mesoporous support layer aad integral selective skin layeFor expensive polymer
materials,the thin composite membranis preferred A prefabricated composite film
consisting of mesoporous support membrane fabdic reinforcement is used as the
substrateThe substrate is then coated with a thatymer layerFor the commercialized
membrane, théhickness of the selectitayer iscontrolled below 100 nm to achieve high

permeance.

Figurel.7c andFigurel.7d illustrate theassembly of themral wound membrane
contactorMembranes are assembled into sandvilddy membrane elements. As shoimn

Figure 1.7c, two membranes are glued on their edfesmeateside pacers are placed

17



betveen the membranes to create flow channels for the pernkesgdside spacers are
placedon the other sides toeateflow channels for the feed. The glued membrane packets
are attached to a tubular permeate collecdsr.shown inFigure 1.7d, the membrane
packets are wrapped aralthe permeate collector angkaled in a membrane housing.
Feed fluid is delivered through the feed flow channels. Moleanesransferred across

the membraneto the permeate channels sealed in the membrane packets. The permeate
are collected by theenter permeable tube atrdnsferred out of the module.

Feeding Roller Collecting Roller

Selective Layer Selective Layer

Support Layer
Dryer

; Dryer Fabric Support Fabric Support
\ /\ / Integrally Skinned Thin Film
Asymmetric Membrane Composite Membrane

Coating Bath Quench Bath

(Optional) d

c
Permeate

Feed Spacer High Pressure Housing

Permeate Collector

Membrane

ermeate Spacer

——— Glued Membrane Packet

High Pressure Feed

Feed Channel

Figure 1.7 Spiral wound membrane contactor. (a)Roll-to-roll membrane casting.
(b) The structures of theintegrally skinned asymmetricmembraneand the thin-film
composite membrane. (cflatten spiral wound membrane module elements.
(d) Assembly of spiral wound membrane contactor.

Spiral wound membrane contactors provide a high surface area per unit volume of
the module. Given membrane of 62.5 un thickness and a spacer of 700 pn thickness, a

spiral wound membrane contactor could provide up to 130Gembrane area per 1°m
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of module volume, which is sufficient for a variety of industrial applications (e.g.,
desalination, wastewer treatment, organic solvent nanofiltration). Besides, spiral wound
membrane contactors have advantages such as good fouling control, low capital cost, ease

of operation, eté®

1.4.1.2 Hollow Fiber Membrane Contactor

For polymeric materialdhollow fiber membrange can be fabricatedia dry-wet
spinning agllustrated inFigurel.8a. Dry-wet spinning processes multicompongolymer
solution containing polymer, solvent, and nalwent. The multicomponent polymer
solution isdelivered through the core dope charoféhe spinneret. A neutral solutitimat
does noprecipitate the polymer solution is delivered through the bore fluid charmel.
optional sheath fluid channel can lged to deliver additional polymer solutionsheath
solvent.The composite flament coming out of thginneretravels through an air gamd
a nonsolvent quench bath and finaycollected onto a rotating takg drum.In the air
gap,evaporation o¥olatile solveninduces the formation of a dense skin layer on the outer
surface of the polymer filament. In thguenchbath the entire filament undergoes
nonsolveninduced phase separation and fermmierarchically porousupport layers

beneath the skilayer Figurel1.8b).

While pure inorganic materials (e.g., zeolites, MOFs, etahnot be directly
solutionprocessed into hollow fiber membranes, they cafabecated ontdollow fiber
membranesupports.Fabricationmethodsof inorganicselective layers on hollow fiber
membrane supportsan be categorized into two strategissitu growth and secondary

growth3 In situgrowthmeans directlymmersing a bare substrate (without MOF crystal
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attached)into the synthesissolution containing metal sources, #égds, additives and
solventsDuring the reaction, MOFs will nucleate and grow on the substrate spontaneously
By contrast, secondary growth utilizes a substrate with meathsre-synthesized MOF or
metal oxide seeds. During the reaction, groarttlintergrowth of the seed crystatkeally

resultin the formation of a defedtee membrane.

After fabrication and posgtreatment, hollow fiber membranes can be assembled
into a nembrane moduleghe design of which resemblasubular heat exchangefigure
1.8b). Hollow fiber membranes are fixed @acylinderhousing. Feeéluid is delivered inb
the shell side and the retentate flows out of the housing through the outlet. Pe(mgate

liquids, vapors, or gaseajecollected from the bore side.

Compared withspiral woundmembrane contactgrstateof-the-art hollow fiber
membrane contactopsovide much highemembrane area density and pressure resistance.
Given hollow fiber membranes with a 250 pm diameter and 125 pm diameter provide up
to 8000 m surface area per 1°%0of hollow fiber membrane module voluniBae circular
crosssection of the hollow fiber membranecould effectively withstand high
transmembrane pressure. For example, canbolecular sievanembranesre so brittle
that freestanding carbon membraneannotprocess pressurizeftlid. On the contrast,
carbon molecular sievellow fiber membranesan withstand hydraulic pressure >100 bar
without failure?® Owing to these propertiethe hollow fiber membranés ideal contactor
design forlow-permeability precise molecularesing (e.g., organic solvent reverse

0SMosIs).
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Figure 1.8 Hollow fiber membrane contactor. (a) Hollow fiber spinning system. (b)
Hollow fiber membrane assembly.

1.4.2 Adsorption Mass Transfer Contactor

1.4.2.1 Packed Bed Adsorption Contactor

Packed bed adsorption contractors are tubes or vessels randomly filled with
adsorptive packing materials. The packing materials are usually fabricated into spheres or

cylinders with the equivalent diamesdthe diameter o& sphere with the same apparent
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volume) ranging from 1 mm to 4 mm. The individual packing elements can also be
fabricated into specific structures (e.g., short monolith) to provide more surface area per

unit volume.

Owing to the ease of fabrication, packleeld adsorption contactors are widely
utilized in the modern industry. However, the tortuous fluid distribution system formed by

random packing could result in high pressure drop, which results in high operational cost.

1.4.2.2 Monolithic Adsorption Contactor

A monolithic structuras one of the mogtopular masgransfer contactor designs.
It hasbeen widelyusedin variousapplicationssuchas threeway catalytic converterand
adsorption column&42 Monolithic structure possessnacropoesandthin honeycomb
like channelswhich significantly reduce pressure dropassrthe adsorber while providing
high surface areas for mass transfer with processing fluids (e.g., gas mixturesjf-State
monoliths with igh mechanicastrengthminimize the influence of flukinducedabrasion,
which can be @evere issuin pelletbasedpacked besl®*! By tuning porosity, channel
sizes, and material types, monolithic adsorbents can be optimized for different operation
conditions®® Generally, monolithic adsorbents che fabricatedvia two approaches: (i)
direct fabrication, in which pastes containingsitu synthesized adsorberdase extruded
through a nozzle with specific opening and (ii) pladtrication synthesis, in which

secondary growth of adsorbent materialsonductean seedé monolithic substrate¥.

Direct fabrication of monolithic adsorbents involves the extrusion of a-pkste
mixture of nanoporous particles, binders, additives, and istsiweto a specific monolithic

structure. Postreatments like dryingare also requiredor the enhanced mechanical
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strength of the adsorbents. For example, Kaskel et al. fabricated HEKWSInolith by
extruding HKUST1 particles with silicone resin as dier andmethyl hydroxyl propyl
celluloseas the plasticizet: In their approach, the partly cretsked liquid silicone was
chosen on purpose to create a viscoelastic suspension. The folloighogvaveassisted
heating fully crosslinked the silicone resin and generated a robust mom®gides
HKUST-1, a variety of MOFs monoliths, such as MID1(Cr),have also been fabricated

through direct extrusiomethod?"4>>°

Monolith fabrication by direct drusion typically results in higher adsorbent
loading than those fabricated via pt&atment methods but requires suitable binders,
additives, ancgposttreatments$* By contrast, secondary growth utilizes gedricated or
commercially available ceramic monoliths and requires less modification to existing
synthesis procedures. Ceramic monolith with high mechanical strength and high stability
can be fabricatedvia extrusionof cordierite water and agglomerating agsft For
instance, Gascon et al. immobilized M101(Cr) onto a commercially availalderdierite
monolith>2 Their approach consists of three steps: first, the morislibtivatecdoy NaOH
a n dalutdina particles; second, the resulting alurgonatedmonolith is dipcoated with
MIL -101(Cr) seeds; third, secondary growth of uniform MOF lageachievedby

subjecting seeded monolith to synthesis solution under rotation.
1.4.2.3 Fiber Sorbent

Besides the monolith structure, the fiber adsorbent is another prgnmeass
transfer contactor design featuring easy fabrication, low pressure drop, high surface area

to volume ratio and heat integratid®> A typical fiber adsorbentconsiss of
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macroporos polymeric matrix and adsorbent particles distributed throughout the wall of
the fiber. Fabrication of fiber adsorbents is mainly accomplished byeétrfiber spinning,

whichis widdy appliedin the fabrication of hollow fiber membranes.

Polymer, adsorbent particles (or seeding materials), solvent, nonsolvent, and other
additivesare first mixed The resulting mixture, whicls also referred o as O0dopebd
literature, is then extded through a spinneret as showiigurel.8a. Drawn by a rolling
drum, the extruded viscoelastic filaments go through an air gap into a nonsolvent bath
(typically water). Complicated mass transfer during this process triggers the phase
inversion of polymer, which turns into a hierarchical porous matrix that supports adsorbent
particles>®>® After complete solvent exchange and drying, the composite fibers are ready

for use (n situsynthesispr further treatments (secondary growth).

Althoughfiber adsorbent spinning is inspired by hollow fiber membrane spinning
they have different fabrication strategies due to their distinct requirements for target
morphologies. First, fiber adsorbent spimnutilizes inhomogeneous suspensions of solid
particles instead of homogenougpolymer solution fomembrane spinningA primary
dope containing solid particles and a small amount of polysrfasst producedo ensure
uniform distribution of particles ithin the mixture,andthen the remaining materials are
subsequently added. Repeated sonication, stirring and shear mixing are also critical for the
distribution of the particles. The resulting dopes for fiber adsorbent spinning should be
handled as soorsgossible to avoid sedimentation while dopesnfiembrane spinning
undergo additional treatments such as degassing. Second, fiber adsorbents should be free
of skin layers that significantly retard mass transfer. By contrast, the skin layer is the most

critical featureof separation membranes. Therefore, dopes for adsorbent fibers seldom
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contain volatile solvents and the air gap for adsorbent fiber spinning is minimized to avoid

vitrification at the fiber surface.

Depending on the formation methods of atieat particles, the fabrication of fiber
adsorbents cdpe categorizethto in situsynthesis and secondary growth. Straightforward
in situsynthesis igpplicablefor adsorbents that remain active after immersion in solvents
(e.g., water), sonication, apdsttreatmenie.g., drying, oxidation in ambient condition).
Until now, fiber adsorbents containing zeolite LiX, NaX, NaY, and 48Bhavebeen
reportedwvith adsorbent loadings as high as 75 wi®¥ Secondary growth after fabrication
of porous polymer fibers is utilized to process nanoporous materials incompatible with the
dry-wet spinnimg process. For instance, Pimentel et al. converted cellulose acetate/ZnO
fibers into HKUST1 fibers with 85 wt% loading of the MO® This type of secondary
growth strategyvas firstly describetly Zhao et af° In both cases, the ZnO was transferred
into a hydroxyl double salt (HDS) intermediate containing Zn and Cu, which was then
rapidly converted into HKUSTL. Such HDS intermediate approaskan also b used to
synthesize other MOFs, such as BRnd IRMOF3. The secondary growth process can
be conducted inside the adsorber shell and isolated from moisture, which is a promising

fabrication strategy for watesensitive nanoporous materials.

1.5 Microporous Materials for Molecular Separation

According tothe pore size classificatioprovided bylnternational Union of Pure
and Applied ChemistrylUPAC), microporesare pores with widths equal to or smaller
than 2 nnf! The last two decades have witnessed a rapid olewent ofmicroporous

materials, which refers to materials containing permamaiotopores®? Microporous
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materials possess high surface aseawhich provide abundant adsorption sites, and
molecular sieving pores, which differentiate guest molecuagch features make

microporous materials great candidatesafdsorption and membrane separation.
1.5.1 Zeolites

Zeolites arecrystals formed byydratedaluminosilicatesThe crystal structures of
zeolites provideeriodially arrange 3-dimensionahanoporesvith widthsrangingfrom
4 Ato 13 A. Theuniform pore size distribution and rigid micropores provide zeolite with
the capability of differentiating molecules with minor size (e.g., ~ 1 A) difference and
shape difference (e.g.,2884/C2Hs). The microporous structures of zeolite providgh
surfa@ areagup to 1000 rflg has been reported)ith diverse sorption sites (e.g., Lewis
acid/base ,Brensted acidbase, etc,) which is attractive for catalysis and adsorption
applications The strong AFO-Si bonding provide zeolites superior stability in high
temperature and harsh chemical conditjamsing to whichzeolites have been widely

applied in catalysisgdsorptionmembrane separation, &&°

As inorganic crystalline materialst is challenging tofabricate zeolites into
complex mass transfer contactors. In most commercialasbrption and catalysis
processes, zeolites are utilized in the form of porous peN&ish can be made into packed
beds.By dispersing zeolites in polymer solutiomspdern industries canldacate zeolite
adsorptioncontactors via solutioprocessing. Howeveithe incorporation of polymer
matrix limits theapplication of zeolites ihigh temperaturand harsh chemical conditions.
In themembrane industry, zeolite membranes are usually &tbdon expensiveeramic

supports viain-situ growth or secondary growthihile zeolite membranes exhibit
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excellent separation performancetalab scalejt is challenging to fabricatdefectfree

zeolite membranes withpreferred orientation atlarge scalé?

1.5.2 MetalOrganic Frameworks

MetalOrganic Framework¢MOFs) are crystalline porous materials formed by
metal ions anaoordinativelyconnectedrganic ligand$! The versatile combation of
metal nodes and organic linkgmovides nearly unlimited engineeripgtential to design
MOFs forthe specific applicatioa To date, oved0,000 MOFs have been experimentally
reported Adsorption sitesof MOFs can beengineeredvia metal node nwpulation,
organic ligand functionalizatiorgefects engineering, et¢he pre size distribution of

MOFs isdeterminedy the crystal structurand ligand siz&®

MOFs have a variety of tailorable structural characteristics that translate into
tunable performance properties. For instance, MOF apertures cariée from a few
angstroms to several nanometers while maintaining uniform pore size distribution. The
resulting molecular sieving effect hdseen appliedfor sizeselective sensing in
luminescent Zgbtc; and Cd*-based MOF$%7° This feature suggests that MOFs may be
useful for separating molecules with similar si¥&'"%72 Beyond changes in topology,
MOF apertures calne further tuné by mixing linkers of different lengths; it is possible to
do this while retaining the topology of the MOF comprised of the starting lidKer
Indeed, the immense number of possible rajahd combinatioaprovide a rich design
space with access to a variety of topologies and customized functionality. MOF
functionality can derive from the organic linkers, the metal nodes/clusters, of° lfath

example, by changing the metal centers of Midi-the CQ capacity can be increased by
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50% owing to the enhanced interaction withC®Via changing linkers with different
functional groups, BET surface areas of tB@® derivates cabe tunedrom 540 ni/g to

1580 m?/g.”” Mixed-linker hybrid zeolitic imidazolate frameworksere also developed
with a tunable gatepening effect for target separation proce$&@esides engineering
metal nodes of MOFs, organic linkers can dlsatunedvia either presynthesis or post

synthesis modificatiaf?

Mesoporous MOF&s an emerging area of nanoporous materials research. The vast
majority of existing MOFs exhibit cavities and channels with diameteafiesnthan 2 nm.
Although micropores (< 2 nm) provide large surface areas, mesopores (according to
IUPAC definition, pores with a diameter ranging from 2 nm to 50 nm) are attractive for
energyefficient separations and advanced catalysis. Mesoporous M PBecategorized
into three types{l) cagetype mesoporous MOFs, in which mesopa@es connectedia
microporous channelq?) channeltype mesoporous MOFs, in which mesopores are
accessible as channeind (3) mesoporous particles of MOF& which meoporesare
formedvia surfactant templating For indance Féey and coworkers noted that MH100
exhibits mesopores with a diameter ranging from 2.5 nm to 3 nm and high surface area of
3100 nt/g, and these fall within the Type 1 categorization of mesoporous NOFs
Subsequent efforts resulted in the creation of {01 with mesopores (2.9 nm to 3.4 nm),
which resulted in even higher surface areas (5980)8f One typicalType 2 channel
type mesoporous MOF is NIOOO featuring pores with diameters ranging from 1 nmto 3
nm and versatile functionalizatidh;moreover a variety of other Type 2 mesoporous
MOFs (e.g.mesoMOF1, JUG48, UMCM-1, etc) were also developé€d®* The Type 3

mesoporous MOFare createdria a surfactantemplated strategy, which results in the
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formation of mesopores via surfaatanicelles within microporous MOFs. After template
removal, MOFs with hierarchicatese/micro-poresare synthesized®uch strategies have
been successfully appligd MOFs such as HKUST.®>%" Mesopores MOFs aralso
excellent support materials fdyulky functional materials. For example, mesoporous

Mg2z(dobpdc)are excellent supports for amine molecules foe Cipture®488

Compared with zeolitesylOFs have better compatibility with polymels is a
common approach to disperse MOFs i@tgolymer solution and theprocess the
suspension intetructured mass transfer contactbFsber sorbents containing M@have
demonstrated great potential for C&sorption from flue gas@8? 3D printing of MOFs

adsorption comactors hse also been reportet.

1.5.3 Microporous Polymers

Organic microporousmaterials are formed fronsovalently bondedhonmetal
atoms Since covalent bonds usually possess higher binding energy than coordinate bonds,
organic microporous materials often exhibit superior thermal stability and chemical
stability without sacrificing the versatility in chemigtand structureCrystalline organic
nanoporous materials includmvalent organic framework<CQF9,%! porousaromatic
frameworks (PAFsY? porous organic cages (POE%)etc. Amorphous microporous
materials consist of hypercrosslinked polymgiCPs)?* conjugated microporous
polymers (CMPsY®> elemental organic frameworR%, and polymers of intrinsic

microporosity(PIMs),% etc.

Among all themicroporous polymersinearPIMs are the most attractive materials

for mass transfer contactor fabricati@&mipermanent nanopores within linear polymers
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can alse inducediia spatiallyfrustratedoacking of the polymer backbonesghich is the
design principle forpolymers of intrinsic microporosityPIMs were firstly reportedby
Budd and McKeown in 200%. The rigid backbones of PIMs hinder efficient packing of
adjacent polymer chains thus providing sgmrmanent nanoscopic voids within the
polymer matrix. These materials are different from traditioteedgy polymers that contain
small amounts of isolated voi@see volumes)the contortion centers of PIMs effectively
support micropores thate interconnectealver several nanometer length scalies.worth
noting thaidebats still existoverthe natire of the voids within PIMs. These voids provide
useful molecular transport channels for selective adsorption and membrane sefddration.
prototypical PIM, PIM1 (Figure 1.9a), is synthesized via the polycondensation of

tetrafluoroterephthalonitrile (TFTPN)Nd5,58,6,68-Tetrahydroxy 3,3,3,3s-tetramethy
1,1B-spirobisindane (TTSBI)PIM-1 posseses a highly conjugated polymer backbone

with repeated spiral carbon centers in each repeatinglineitiigid twisted polymer chain
cannot pack efficiently, resulting in abundamterconnected microporeQwing to the
unique polymer structure, PH#l posseses a high BET surface area (~700%g), which
makes is ideal adsorption materiéfsgure 1.9b). The nitrile groups of PIML can also be
converted into different functiongtoups for different separatidargets® The micropores

of PIM-1 rangefrom 4 A to 8 A(Figure1.9c), which isuseful for membrane separation.
Since PM-1 possesseslinear polymer structure, it can be dissolved by organic solvents
and processeihto different structures via solution processifig-19%101 Owing to these
properties, this research utilizes RIMas theadsorption material for mass transfer

contactor prototyping.
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Figure 1.9 Polymer of intrinsic microporosity 1 (PIM-1). (a)Synthesis of PIM1.
(b) 77K nitrogen physisorption of PIM-1. (c)The pore size distribution of PIM-1
calculated bythe DFT model.

1.6 3D Printing of Polymers

3D printing which is the most welknown additive manufacturingechnique
translats a computefaided desig{CAD) model into a physical object vdirectly adding
materials tothe object.The main advantage of 3D printings the ability to fabricate
complex structures without significant increagethe fabrication costwhich makes 3D
printing an idehtool to prototype new producf$? Stateof-the-art 3D printing techniques
includefused deposition modeling (FDM), stereolithogragByA), powder bed fusion,

and direct ink writing (DIW).
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1.6.1 Fused DepositioiModelling

FDM fabricates polymeric objects by successiwagypositing polymer melts layer
by layer.A thermoplastic polymefilamentis delivered to the 3D printer mole, wherehe
filament is heatedndsemtliquified. The polymer melts are then deposited on the substrate
or onthe top of the existing objectéfter cooling the deposited polymer meltuse

together and solidify.

FDM is simple and cosffective, which makes ibne ofthe most popular 3D
printing techniguson the market®® Limited by the working principle, FDM can only be
applied to thermoplastipolymerbased filaments or composit&nce most microporous
polymers possessrigid polymer backbone, which usually resut a high melting point
FDM is not aconvenientool for adsorption contactor fabricatioResearcharhave tried
to dispersé’IM-1 in thernmoplasticpolymers(e.g.,polycaprolactonend polylactic acid)
and then translate the composite materials into specific struéttirel@wever, the
thernmoplastic polymer matrivlocks the microporesfanicroporous polymer and ressilt

in low accessible surface areas.

1.6.2 Stereolithograpi

SLA fabricates polymer objectsvia localized photopolymerization which was
firstly inventedin 19862 Patterned UV lighis applied to the surface of tplotoreactive
monomer resin batihJpon the UV radiationa chain reactions initiated and the UV
exposednonomerresin is converted intthe designegholymer structureThe cured layer
is then moved away from the regjas interfaceso that the next layer can be 3D printed

on fresh monomer resinSLA could achieve higBD printingresolutionbut suffers from
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alimited spectrum of procesdsatmaterialsand complex reaction kineti¢%>'% Sincethe
microporosity of microporous polymers is relatedhe polymerstructure, it is not trivial

to develop or modify microporous polymers with photoreactivity.

1.6.3 PowderBedFusion

Powder bed fusioms conducted omhin layers offine powders. The powdes
locally fusedaccording to CAD modelgia laser beanmeatingor binderdepostion. After
the patterned fusion of the existingwmter layer, subsequent layers of powdease
delivered tocoverthe powder bed surface for the 3D printofghe next layersAfter the

3D printing of the entire object, excessiw&used powdes areremoved

The 3D printing technique utilizinglaserbeamsis referred to asedective laser
sintering (SLS)or selective laser melting (SLM). SLS ajgslto polymes, metals, and
alloys that posss low melting temperatureBuring SLS, the surfadayers of the powder
particles are meled and fusedSLM apples tocertain metal powder®.g.,such as steel
and aluminum andfully melts the powderwhichresults in a more robust structuhan
SLS For materials with high melting postliquid binders can be deposited otitetarget

positionto bind particles instead of sintering or meltingrth

1.6.4 Direct Ink Wriing

DIW fabricates 3D structures via depositioncofloidatbased inksnanoparticle
based inkspr polymerbased inks%1%” Based on the rheology of the DIW inks, two 3D
printing strategies can be applietloplet ink jettingandcontinuous filament writingThe

ink design principle for droplet injetting resemblesonventionateprographicmaterials
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are dispersed ilow-viscosity fluids orwax-based matrixe¥’ Typicalinks for cortinuous
filamentwriting arecolloidal particulategels hydrogelsandnanoparticlesuspension&®
111 DIW provides a plausible strategy to process polynssed on their solution
processabilityResearchers had® printingpolymers (e.g.polylactide cellulose acetate
acetoxypropy etc) in the formof viscous solutiod'*!1® However,there exist various
technicalchallenges associated wablutionbasedIW, such as structure shrinking, high

viscosity,dewetting of adjacent layers, etc

1.7 Research Objectives

While extensive researchs$facused orthe development ofmicroporous materials
for separatiorproblems fabrication difficuliesinhibit their widespread applicatiom the
modern industry!°! The overarching goal of this thesis ispimtotypeenergyefficient
mass transfer contactors via dnting of microporous polymer3.o achieve this goal,

three objectives were established:

1. Developing 3D printing techniquégr adsorptive materials

Current additive manufacturing methods have strong limitatidtiisregardto the
classes of compatiblpolymers. Many polymers of significant technological interest
cannot currently be 3D printed. Here, a generalizable Solbased Additive
Manufacturing (SBAM) of viscous polymer solutioris developed for solution
processable polymersWith SBAM, microporous materials (e.g., zeolites, MOFs,
microporous polymersyanbe fabricated intomass transfer contactors with controllable

hierarchical porosity.
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2. Prototypingenergyefficientmass transfer contactors

It is well known that theseparationperformance ofan adsorptiorcontactor is
strongly influenced by the contactor design. Howelittle research has been conducted
to optimize the mass transfer contactor desige tothe fabrication difficultiesof well-
controlled complex geometrie¥Vith the assistace of SBAM, mass transfer contactor
with complexdesign can b&abricated without additional coStheobjective is to optimize
mass transfer contactors made of microporous materials (e.g-1)Pidlacheve high
energy efficiency (e.g., better pressure drop efficiendyginfluence of differenpacking

patterrs on adsorption performands investigated.

3. Breakthroughexperiment®f prototypical adsorptioontactos.

The prototypical energyefficient adsorptioncontactors are used for volatile
organic compoursl (VOCs) removal andCO; capture.The contactorstructures are
designedor specific separation taskThese experimens demonstrate the potential of 3D

printing inthe area ofmass transfer contactor design and manufacturing

1.8 Thesis Organization

This thesigocusse®n Engineering HigkEfficiency Adsorption Contactors via 3D
printing of Microporous PolymersAfter the introduction inChapter 1, Chapter @ill
provide backgroundknowledge abouporous materialsadsorption isothermsdsorption
chromatographyand fluid rheologyIn Chapter 3a thoroughguide to solution-based
additive manufacturing opolymericstructuresis provided The strateggs of polymer ink

design,porosity manipulation, and printing conditi@me discussed in detailChapter4
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providesanexample of solutiofbased additive manufacturingvi-1, whichproved the
concept of 3D printing higlefficiency adsorption contactor§he ultrashort adsorption
contactorproposed in Chapter 4 akits lower pressure droand more efficient VOC
removal pefiormance than traditional contactohs Chapter 5the influence of ultrahort
contactor design and assembly on t#sorption perfonance is investigatedThe
optimized PEI/PIM-1 adsorption assemblyexhibits significantly improved CO2
breakthrough capacity amdduced pressure drop compared MAE/PIM-1 packed beds
To further improve the performance of the 3D prireeldorption contactors,h@pter 6 is
devoted todevelopng an amindoaded organignorganic nanoporous materier CO;
capture as well asnvestigating the fundamentalechanism about the interaction between
COz, amine, and metal hydroxideChapter #ranslats the knowledge about 3D printing
of polymeic adsorber into crystalline adsorptive materials example procedure f@D
printing ofMOFsis provided CO: capture performance dife resulting hierarchical porous
MOF adsorption contactoiis evaluated Finally, Chapter &rovides conclusiondor this
thesisandfutureresearch directions regardiB8B printing of energyefficient mass transfer

contactors
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CHAPTER 2. BACKGROUND & THEOR'Y

2.1 Porosity and Porosimetry

Efficient adsorption processes require rapid adsorption kinetics. In a porous
material, the rate ofadsorption (and desorption) is usually limited by the mass
transportation in the pores instead of the intrinsic adsorption at the surfaces of the porous
materialst In this thesis, the pores of materials are defined according to the IUPAC
definition: micropores refer to pores with widths equal to or smaller than 2 nsopores
refer to pores with widths between 2 nm and 50 nm; macropores refer to pores with widths

larger than 50 nrA.

2.1.1 Micropores

Microporosity is a critical property of adsorbent materials. First, microporous
materials are usually associated with high surface afé&swvalls confining micropores
geometrially contribute to high surface areas for adsorptionesm@mousanchor sites for
functional groups. Second, micropores, especially the interconnected ones, provide
adsorbates with easy access to adsorption sites. For instance, pristine PEI liquid has
nedigible CO; capacity since the amine groups inside the PEI droplets are inaccessible to
COz molecules. However, when PEI is dispersed in microporous materials (e.g., zeolites,

PIM-1, etc.), CQcould diffuse into the composite and interact with more aminaps®

Cryogenic nitrogen physisorption at 77 K is the standard method to evaluate the
pore size distribution and the surface area of the micromaterial. Prior to the measurement,

the material is activated under high temperature and vacutamtivetheresidualsolvent
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trapped in the micropores. The activated sample is containedtighdisample chambers,
which are immersed in liquid nitrogen (77 K).known amounbf nitrogenis introduced

into the sample chambantil the nitrogenreachs a targepressure. fie nitrogen capacity

of the material at each pressure is typically calculated based on the pressure change of the
sealed sample chamber. The resulting nitrogen adsorption isotherms are then analyzed with
the BrunauerEmmettTeller (BET) model to calculatBET surface areas amdensity
function theory DFT) models toprovide estimates gbore size distributions. The BET
model is ideal for Type | isotherm. Whaére BET model is applied to other isotherms, the
BET surface area should be carefully analyzEdr instance, PIML exhibits a duamode
nitrogensorptionisotherm, which is contributed by both Langmuir adsorption and polymer
swelling® To get a reliable BET surface area for PiMonly the Langmuidominated

region of the isotherm should be utilized. Various DFT models have been developed for
different pore geometries, surface homogeneities, and faiceassumptionsOne must
choose the DFT models accordingly so that the calculated pore size distribution is reliable.
For instancethe pore size distribution of PHll can be analyzday HS2D-NLDFT model,

which is developed based on carbwith consideration okurfaceheterogeneityand
nonlinearforce field® It is worth noting that nitrogen physisorption can theoretically only
probe the features larger than the nitrogen diameter6¢-A3. However, for micropores

with diameters similar to the kinetic diameter of nitrogen (~ 3.64 A), thesitin of
nitrogen inside the micropores can be too slow to effectively probe the micréfdnes.

this case, the materials should be analyzed with alternative techniques, suatyas X
diffraction, positron annihilation lifetime spectroscopyetc? However, these

unconventional porosimetry techniques are out of the scope of this thesis.
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2.1.2 Mesopors

Mesopores camriginate fromeither the molecalr (or crystal) structuref the
materal or inefficient packing ofthe materiab. Mesoporous materials are excellent
supports for functionalompoundsFor example, amines can be supported by mesoporous
zeolites atoadingsas high a$9.9wt% withoutcompletely occupyinthe mesopore¥.In
contrast, PIM1 loaded with 36 wt% PEI exhilsino interconnected microporésat are
accessible to nitrogen at 77K, which results swshdsorption kinetics Mesopores are
often created intentionally in adsorbent materials to create rapid mass transfer channels.
For instancethe polymer solutiomised for hdbw fiber adsorbent spinning may consist of
nonsolvent, hydrophilic additive, and sacrificial pore formers to enhance the formation of

mesoporeshatenable rapididsorption kinetics*1°

Mesopores can be characterized by both cryogenic physisorption and mercury
porosimetry.Figure 2.1a exhibits a nitrogen physisorption isotherm for a mesoporous
alumina fiber obtained by sinteringn&lOx/PIM-1 fiber. The hysteresis of the isotherm is
a qualtative indication of the existence of mesopores. When the nitrogen pressure is
increasednitrogen molecules accumulate on the mesopore surface. Since the nregsopo
provide enough space for molecules to interact with each other, nitrogen molecules will fill
the mesopores and behave like liquids, which is also referred to as capillary condensation.
When the nitrogen pressuredscreasedthe desorption of nitrogemas to overcome the
surface tension, which results in higher nitrogen adsorption quantity at the same nitrogen
pressure. With the help tfeHS-2D-NLDFT model, the pore size distributicanalsobe

obtained Figure2.1b).
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Figure 2.1 Nitrogen physisorption of mesoporous alumina fibers. (alNitrogen
isotherm at 77 K. (b) The pore size distribution obtained byHS-2D-NLDFT model.

2.1.3 Macropores

The macropores of the materaakusually generateduring the device fabrication
process As shown inFigure 2.2, the PIM1 fibersfabricatedvia different mechanism
possess distinct porositiethe PIM1 fiber fabricated by drying BIM-1/THF solution
possesses a dense structure without macropores, while the fiber fabricated via phase
inversion possesses interconnecteacropores Macropores of the adsorbent materials
provide rapid mass transfer with the external fluids. Mercury porosimetry is the most

standard method to determine the macrogme=and distributions
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Figure 2.2 Macropores of different PIM-1 fibers revealed by SEM images. (a) Dense
PIM-1 fibers fabricated by drying a PIM-1 solution. (b) Porous PIM1 fibers
fabricated by phase inversion ofa PIM -1 solution.

2.2 Adsorption Isotherm

The alsorption isotherm i®ne of the most fundameadtguides for adsorption
process design and engineerife adsorption isotherwf materialrecord the amourg
of adsorbate captured bye adsorbent at equilibrium with the adsorlzdspecificrelative
pressuresandtemperatureTypical adsorption isotherm measurement techniguethe
gravimetric methodndthevolumetric methodThe gavimetric methodecordghe weight
change of the adsorbedhiring theexposireto adsorbate gasasspecific partial pressures
Multiple strategies can be employedbntrol thepartialpressure of adsorbatequipment
such as VHSA+ (TA Instrument¥ keeps purginghe sample chambewith agas mixture
containing adsorbate gas and inert balance gamipmentsuch as DVS (Surface
Measurement Systejsan als@xpose the adsorbentgare adsorbate gas with controlled
pressureEquipment such as ASAR/A{cromeriticy is designed based dhe volumetric
method which preciselyrecordsthe volume of adsorbate gadosed into the sample

chambeyultimately enabling the calculation thfeadsorption amount.
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According to the IUPAC classification, there exist six classical types of adsorption
isotherms Figure2.3). Type | isotherms can be found in microporous adsorbent materials
(e.g., microporous MOFs) with a limited external surface area. The limit of type | isgtherm
is determined by the micropore volumdlod adsorbent material. Type Il isotherms exhibit
an apparentinlimited increas in uptake which indicates multilayer adsorption without
confinementrom the pore structure. The turning point (A)adfype Il isotherm indicates
the complete monolayer amtbate coverage and the starting of multilayer adsorption.
Polymeric adsorbents (e.g., PAM and macroporous materials usually exhtige I
isotherms although the physics of adsorption may not be identical to the multilayer case
just described Type Il isotherms exhibit ncapparentadsorption limitation, which is
relatively rare (e.qg., nitrogen adsorption by polyethyléh&ype IV isotherms are similar
to Type Il isotherms. The adsorption amount keeps increasing after point B, which
indicates the start of multilayer formation. However, different from Type Il isotherms,
Type IV isotherms exhibit a rapid adsorption amountsgasing due to the complete filling
of mesopores. Type IV isotherms also exhibit hysterésigpe V isotherm is a variant of
Type lll isothermCapillary condensation in mesopores results in rapid adsorption amount
increase and hysteresis. Type VI isothe refer to stepvise adsorption isotherms. They

correspond to multilayer adsorption on nonporous surfaces.
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Figure 2.3 The classification of adsorption isotherms according to IUPAC definitiort/

2.3 Adsorption Chromatography
2.3.1 Dynamic Adsorption

Kinetic adsorption performance of an adsorption contactevauated via the
breakthrough experimentigure 2.4 illustrates a classical eakthrough experiment
setupt®® Multiple gass are mixed as feed gas to simulapecific applicatioa The
concentration of differentomponentstan be controlled by mass flow controllef$he
premixed gas mixture can be used to eliminate the error induced by mass flow controllers.
The feed gas miute is delivered to the adsorption contactor being teStexbutlet of the
adsorption contactor is attached to a union tee, wdocmectsa mass spectrometer aad

tubing coil with> 4 ft in length. The mass spectrometer samples the outleé\gay
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semnd and the long tubing coil prevents the back diffusioatafospheric gases into the

mass spectrometer.
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Figure 2.4 The scheme of a typical breakthrough system.

To simulate the flue gas carbaapture processhe feed gas consists of €0
(12.599, He (12.5%) and N (75%) COQO: is the adsorbatehe compoundhat will be
captured by the adsorbent materi&ls. is the tracegasthat indicates the flow of gases.
Tracer gas and the adsorbate gfisnhave the same feed concentratiathough this is
not requiredNz: is typically the balance ga# protaypical breakthrough curve is shown
in Figure2.5a. The concentration evolution of Hiedicates the theoretical concentration
evolution of CQ, assuming that there is no adsorptiamich thusly captures the mean
residence time of a nonadsor gas in the bedrhe area enclosed by the breakthrough
curves of He and C{Qndicates the total adsorption capacity of the adsorption contactor.
The adsorption procesgops when theCO, emission reachea certain threshold value
(e.g., 5% of théeed concentratiortp ensure low C@®emission and high CQ recovery
rate The amount of adsorbed adsorbdtefore regeneration is defined as breakthrough

capacity As a result, the actual adsorption capacigbeonly a small portion of thiotal
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adsorption capacity Hgure 2.5b), although the goal of this thesis is to have the

breakthrough capacity match tbquilibrium capacity as closely as possible

Modified breakthrough
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Figure 2.5 A typical breakthrough curve. (a) Total capacity. (b) Breakthrough
capacity. ) The increased breakthrough capacity of a sharpened breakthrough

curve.
Such a waste oddsorption capacity will result in frequent adsorption contactor

regenerationand low efficiency in operation time, material, and enelyy energy

efficient adsorption contactas expected toncrease the ratio betweéneakthrough and

total adsorption capacityA sharp breakthrough curvexhibits delayed adsorbate

breakthrough (being detected in the outlet gas) and rapid adsorbate concentratiorsincrease

As shown inFigure 2.5c, the sharpened breakthrough curve effectively increases the

breakthrough capacity.

For traditionapackedbedadsorption contactorbreakhrough curve sharpening is
achievedby reducing packing pellets sizes. However, sacbktrategy significantly

increaseshe pressure drop and resulhigher operational cost

2.3.2 Linear Driving Force Model
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The reakthrough behavioof an adsorption contactor is usually described
mathematically vidahe linear driving force model (LDF)which is expressed iBquation
2.12°The Inear driving force model can be applied to an adsorption contactosiwigiie
material packing patterns (e.g., without variation infthigl flow directior). Two phases
exist inthe adsorption contactothe fluid phasgdenoted with subscripfa),0and the

adsorbent phageenoted with subscrigd Qi

165 . 10s , Tou ~ 16 , ® - .
o Y Tra °F vg Yre  ow Y MR M 2.1)

As shown inFigure2.6, thefluid flowing direction is defined a&. In Equation 2.1,
0 istheadsorbate concentration in the fluid phase, which is a funcfignb  is the
fluid velocity atcorespondingy, which is influenced by themount of adsorbate left in
the fluid phasew is the volumeof the adsorbent phase per contactor volume at
corresponding. Similarly, is the volume of thdluid phase per contactor volume at
correspondingr. The LDF modelassumes that the driving force for adsorption, the mass
transfer ofadsorbate from the fluid phase into the adsorbent phase, is the difference
between equilibrium capacity,; , and curent capacityf); .0 is the overall mass
transfer coefficient used to describe the adsorption prot¢éss.lumped mass transfer
coefficient is used to describe the mass transfer resistance contributed by the boundary

layer anchierarchicalpores.
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Figure 2.6 A general finite element mestof an adsorption contactor used fothe linear
driving model.

According to the LDF model| adsorption contactor designs influence the

breakthrough behavioby manipulatingthe local linear velocity, 0 & , the local

adsorbent/oid fraction,— & , and nterfacial mass transfer coefficient, 0 . By

optimizing the mass tresfer contactor desigthe breakthrough capacity can be improved

without significanly sacrificing the pressure drop.

2.3.3 Mass Transfer Zone

During the adsorption procesdifferent sections of the adsorption contactor have
a different degree of saturatiorFigure 2.7a). As shown inFigure 2.7b, when a fresh
(regeneratedddsorption contactor is switched to the feed tieentrance regionontacts
with the feed gas amstars to capture adsorbate from the fluid phaBee feed gafiows
through theadsorption contactowhereall of the adsorbatmolecules are capturedefore
the gas reaches tlead of the adsorption otactor As the operation time increasehe
adsorbent in the front of the contactsrgraduallysaturatedlt is important to note that
within the adsorption contactoihe mass transfer only happens within a small region,
which is defined as thmass transfer zon{®1TZ). During the adsorption process, the mass

transfer zone moves from the entrance to the outlet of the confiaicjore2.7b).

57



a Mass Transfer Zone b

 —{
Ge8e8e el 0
0202020262 -°-00 C\ )
L

| |

] |

O\ ! C A\
| |

: : MTZ No Mass Transfer

Figure 2.7 Mass transfer zone in the adsorption contactor. (alllustration of a mass
transfer zone in the adsorption contactor at a specific moment during the adsorption
process. (b)The movementof the mass transfer zone dring the adsorption operation.

Saturation
Degree

During this processhe adsorbent before the mass transfer zone is fully saturated
and the adsorbent after the mass transfer zofresh. The asorbent out of the mass
transfer zoneloes not contribute to thedsorption aeverymoment intime; however, all
the materials packed in the contactor contridotehe pressure drop required for fluid
delivery.Given the sample packing densi&gsorbentnateria] and adsorption condition,
the longer the adsorption mactor is, thdongerthei i d1 e 0 a d so(withoetnt s ec

contribution toadsorptiof are

Conceptually, short adsorption contactbesse higher efficiency imaterial and
energy usageCompared with long adsorption contactassort adsorption corhdors
require lower pressure drop, generate individual adsorbent element more frecarehtly
increase the efficiency in material and eneupage However, traditional packebed
adsorption contacter are designedvith a length to diameter ratio oveten?' One
disadvantage that limits the utilization of short packed bed adsowgimactor isa s
called bypass issueFHgure 2.8). In ideal cases, the pellets in a packed bed adsorption

contactorare packed in welbrganizedpatterns with the samgorosity throughout the
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contactor Figure2.8a). Howeverrandom packing generates regions with distinct packing
densities The regions with low density result lower resistance to fluids, which can be
considered as Ipasschannels. Irthe long contactor, these Imasschannels are isolated
(Figure2.8b). However,n the case of short beds, thygpass channels could penetrate the

entirecontactor andesult in immediate breakthroughigure2.8c).
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Figure 2.8 Bypass issue in packed bed adsorption contactors. (aeal packed beds
with an ordered packing pattern. (b)Real packed beds with random packing
showing local bypass effects of packing defecté) Short packed beds with sever
bypass.

2.4 Fluid Rheology
2.4.1 Viscosity

Viscosity quantifies theesistance of a fluid tdeformation usually in shear flow
Figure 2.9 illustrates themathematical definition of viscosi#y. Depending on the
relationship between viscosity astlear ratefluids can be lassified as(1) Newtonian

fluids with constanviscosityindependent oshear rate, (23har-thickening fluids with
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viscosity that increases with shear rate, (3) shtmnning fluids with viscosity that
decreases with the shear (g Bingham plasticswhich behavdike solids at low shear
ratesandlike viscous fluid at highshearates Typically, polymerbasedD printing inks
exhibit sheathinning behavigr while suspensioibased 3D printing inks exhibkioth

shearthinning (at intermediate shear rates) and sti@akening (at high shear rates)

Velocity, v Shear Stress, T

» >

0 0 _ .y
Viscosity, u = 7~

o /////////////////I/Iﬂ

Figure 2.9 Definition of viscosityin simple onedirectional shear flow.

Viscosity is usually used b8D printing researchers to evaluatéghether a 3D
printing ink can be utilized foa certain 3D printing taskOn ore hand, viscosity must be
low enough to enable sufficiently high flow rates through the nozzle; on the other hand,
viscosity (and elasticity) must be high enough to enable steady filament formation without
breakageAssumingthe 3D printing ink is ainconpressible Newtonian fluidhe pressure
drop required taleposit the 3D printing ink through the nozzle can be estimeted the

Hageni Poiseuille equatio(Equation 2.2)

(2.2)
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whereYn is thepressure drop across the 3D printer noZzls,the viscosity of the
3D printing ink at the operating conditiene.g., temperatureshear rate, etc.) is the

length of thenozzle,0 is the volumetric flowrateand'Y is the nozzle diameter.
2.4.2 ComplexModulus

SuccessfuBD printing techniques rely omapid fluid-solid transitiors of the 3D
printing ink. The transitiorfrom fluid to solidcan be quantifiely measuring theomplex
modulusvia oscillatory rheometry; when applied to solitke materials this type of

measurement iglsoreferred to ashe dynamic mechanical analyss

The simplest oscillatorghear flow experimens described irFigure2.10a. The
sample is mounted between twarallel plates The upper plate is driven ey rotating
wheelto exert displacement to the sample. The lower plate is firéldrecord the stress
exertedoy the sample onto tHewer plate The displacemens defined as shear strain,
and thestress recorded is defined as shear stregxjven by thewheel, the sheastrain
can bedescribecas; | z OE-+0 , where is the amplitude of thehearstrain and
—oO0 is the rotating angle of the driving wheel as a function of timEhe sheastresan
be describedas t zOE4+0 1 ,wheret is the amplitude of thehearstressand
1 is the phase differeee betweetheshear strain anthe shear stres#\s shown inFigure
2.10b, the strainstress response fartypical viscoelastic material during tlescillatory
test exhibis a phasehift. Foranideal elastionaterial] is zero, whil¢ is90%or an ideal
viscaus material The phase shift,, of aviscoelastic materiabinges betwee®® and90°
depending on the balance between elastic andusdooces, and can vary with frequency

of deformation
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Displacement Y = Ya *sin(6(t))
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Figure 2.10Oscillatory test of viscoelastic materials. (apcheme othe oscillatory test.
(b) The relationship betweenshear strain, £, and sheer stressW for a viscoelastic
material. (c) Graphical definition of complex modulus.

The viscoelastic behavior during the oscillatory test can be summariztt by
complex modulusO, which is definedas the amplitude ratio between shetagn, | , and

shear stresst, (Figure 2.10c). The dorage modulus which represents the elastic

properties, is defined a0 — ¢ | andloss moduluswhich represents the viscous
properties,is defined asO —i "Q¢ An ideal 3D printing ink is expected tbe

predominanthfluid-like (O  "O,t v J w 1) Defore depositionwhile transitioning
into solid-like characteristic O "O,mJ 7 1 v)XBhortly after deposition, before

gravity can deform the material significantly
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CHAPTER 3. SOLUTION -BASED ADDIT IVE

MANUFACTURING OF POL YMERIC STRUCTURES"

3D printing of polymer solution is a rising research topic as it can utilize polymers
without photoreactivity or melting points. Solutisased Additive Manufacturing
(SBAM) was reently reported to fabricate polymeric objects by depositing ternary
polymeric inks (e.g., solutions comprising polymer, volatile solvent and nonvolatile
nonsolvent), which undergo rapid phase inversion upon evaporation of a relatively small
fraction of thevolatile component, resulting in hierarchically porous filaments (e.g., pores
of diameters ranging from 2 nm to 10 pm). SBAM is conceptually compatible with any
solutionprocessable polymer, which significantly extends thep8btable polymeric
materialspectrum. In addition to the architecture of the printed object, its internal porosity
can be manipulated for different applications. Compared with typical direct ink writing of
binary polymeric inks, which typically only contain the polymer and a volatleent,
SBAM is capable of (i) eliminating evaporatiomduced shrinkage, and (ii) creating
nanopores without the need for templating additives or nanoscale nozzles. The
development of SBAM processes involves optimization of polymer solution
thermodynanis, rheological engineeringand mass transfer control, which makes it
challenging to develop an SBAM protocol for a new polymer. Beistionprovides a
practical guide towards the development of ternary polymeric inks, the design of 3D printer
hardware é&r SBAM, and the pogteatment of printed objects for desired porosity. It also

discusses solutions to common challenges encountered during this new polymer processing

* This chapter has been published inlbarnal of Advanced Manufacturing and ProcessingA i
Guide to Solutiorbased Additive Manufacturing of Polymeric Structures: Ink DesiBorosity
Manipulation, and Printing Strategy.

65



technology. A case study of developing the optimal SBAM protocol for a commercial

polyimide is provided to illustrate the process design.

3.1 Introduction

Additive manufacturing techniques enaliee rapid production of complex
structures andre powerful took to aid precise architectural engineering of structured
materials for applications that require controlled transport phenomena (heat and mass) or
mectanical propertie$.Compared with traditional manufacturing methods, the cost of
additive manufacturing scale much less strongly with the object compiéx@wurrent
stateof-the-art additive manufacturing techniques for polymeric materials are capable of
processing photoreactive resin, photopolymersjritkermoplastics, and elastomers via
stereolithography (SL3? PolyJet®’ fused deposition method (FDM,and direct ink
writing (DIW),1911 respectively. These additive manufacturing techniques have been
utilized to fabricate polymeric objects with complex architectures for various applications
such as microfluidics devicé$,biomedical implant§,and lightweight structures®!3
however, a wide range of functional polymers of great practical interest due to their unique
physical and chemical properties (e.g., polyimides, polymer of intrinsic micrgipgro
cellulose acetate, polysulfones, etc.) cannot be processed without chemical modification or

additional matrix polymers via existing additive manufacturing technigtfes.

Several of these functional polymers are currently processed in the form of polymer
solutionst>*® By dissolving polymers in their corresponding solvents (such a solution is
referred tol asi an®@bomaayobki nar gectiojptkeSe i n t h
polymers can be fabricated on an industrial scale into pellets, fibers, and films through
solvent evaporation. However, binary polymer solutions areasamteal as 3D printing

inks. First it is difficult to find a balancéetween fluidity and resistance to deformation.
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Concentrated binary polymer solutions exhibit high viscosity, which requires high pressure
for ink delivery. Dilute binary polymer solutions are subject to grawituced
deformation, which negatively impacts shape control and printing resolution. Séuend,
evaporation of solvent during layby-layer 3D printing of binary inks induces anisotropic
shrinkage. Afew attempts have been maoe3D print highly concentratedrary inks of
polylactide (PLA, cellulose acetate and acetoxypropyl cellulegedirect ink writing
(DIW).172024 After ink deposition, the volatile solvent rapidly evaporates, creating
solidified dry polymer objects. These preliminary studies establisteetasibility of 3D
printing of viscoelastic polymeric solutions; however, evaporandnced anisotropic
shrinkage is inevitable in these binary ink formulations. Even for a highly concentrated
binary ink with 70 wt% polymer concentration, thereai80 wt% loss of solvent after
evaporation. This leads to filament shrinkage, which can result in significant deformation
of the filaments and the overall printed objeespecially when it occurs in the lateral
dimensior? Differential shrinkage between subsequent layers can cause stresses that are
difficult to control and predict. Therefore, this greatly impairs the precisicgheghape

and size of the printed objects.

Alternatively, solutiorbased additive manufacturing (SBAM) miesits the
polymer in the form of a ternary solution (i.e., polymer, solvent, and nonsolvent), which is
al so referred ?%tAgilustratedanFigure 21y IBAM fabricateskoldjiects
via layerby-layer depositon of ternary inkfilament, similar to other processes. This
approach is inspired by other solutiprocessing approaches, most notably, hollow fiber
membrane spinning in éhdry-jet, wetquench configuration, in which polymer solution is

extruded into a nonsolvent quench bath where it undengoesolveninduced phase
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inversion In the SBAM case, after filament deposition onto the substrate or existing
structures, the nastefilament undergoes rapid solidification wa&aporatiorinduced

and/or nonsolveninduced phase inversionthat is triggered by small amounts of
evaporation or external vapor sorption, respectively. Phase inversion rapidly transforms
the liquid ternary ink into a foatiike phaseseparated solid with nanoscdlerarchical

pores, which cannot be achieved bysstadditive manufacturing techniques for polymers.

The creation of pores compensdtaghe anisotropic shrinkage due to solvent evaporation.

In our previous research, various objects made of -PINpolymer of intrinsic
microporosity 1) were 3D printediav SBAM2 The printed PIM1 objects possess
hierarchical micreémese/macroporegby IUPAC definition, this nomenclature refers to
pores with a diameter below 2 nm, between 2 nm and 50 nm, and above 50 nm,
respectively) and exhibpotential for mass transfer applicaticnBesides PIM1, other
solutionprocessable polymers such as cellulose acetate have also been 3D printed via
SBAM.? While phase inversion of ternary polymekiresults in a hierarchical porous
structure, the polymeric objects can be annealed afterward to produce a dense structure on
based on use demanddgure3.1c). In cantrast to the usual anisotropic shrinkage during

3D printing from binary inks, this isotropic shrinkage during gabtication annealing

does not result in deformation of the overall architecturehis article, Solutiorbased
Additive Manufacturing (SBM) is used exclusively for 3D additive manufacturing of

multicomponent inks containing polymer, solvent, and nonsolvent.

A successful SBAM protocol requires balancing polymer solution
thermodynamics, solution rheology, and mass transfer during evapondiittiple 3D

printing properties are established concurrently, and various coupled parameters (e.g.,
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ternary ink composition, equipment setup, giosatment, etc.) should be carefully
controlled. Without a thorough understanding of the underlying pHyshemomena, it is

impractical to efficiently develop an optimal SBAM protocol for a new polymer.

CAD files

Solvent-assited Annealing

Phase Inversion to Remove Mesopores

V Evaporation-induced
ls

(Optional) L___,

. Rapid Generation of
Hierarchical Pores

Direct-Ink Writing of Polymeric Architectures Dense Mesopore-free
Ternary Polymer Ink with Hierachical Mesopores Polymeric Architectures

Figure 3.1 Schematic illustration of solutionbased additive manufacturing (SBAM).
(a) 3D printing of CAD files via direct-ink writing of a special ternary polymer ink.
(b) Deposited ternary polymer ink undergoes rapid evaporatiofinduced phase
inversion and generates hierarchical pores. A hierarchically porous Matrimid® 5218
scaffold is demonstrated withfilament cross sections revealed by SEM. (©ptional
solventassisted annealing removes the hierarchical pores and isotropically shrinks
the overall structure. An annealed Matrimid® 5218 scaffold is demonstrated with
filament cross sections revealed by S

Thissectionprovides a systematic guide for solutibased additive manufacturing
of the general class of solutigmocessable polymer. Conceptually, SBAM is applicable to
any polymer that can be dissolved by solvents and for whicksalvents are aviable.
Design principles of the ternary ink and porosity manipulation strategies are discussed. A
case study is also presented of the development of the SBAM protocol for the production

of monolithic structures of different porosity from a commerciallgilable polyimide.
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3.2 Solution-based Additive Manufacturing Methodology

Solutionbased additive manufacturing (SBAM) is conducted with a customized
3D printer that is adapted from a generic direct ink writing (DIW) séAmpillustrated in
Figure 3.1, the substrate is attached to a moving stage that can move in two orthogonal
directions x andy). Stepper motors, transmission components, anttaters satisfying
the SBAM resolution are selected to control the motion. For instance, the SBAM setup in
this work consists of stepper motors with a 1.8°step angle, timing belts with 2 mm pitch,
a timing pulley with 14 teeth, and motor driver with@ fhicrostepping; this design results
in 9 um linear resolution for the stage. A stainlegsel ink container is attached to a motion
glide that can move in the vertical directia). (The motion glide consists of a stepper
motor with a 1.8°tep angle, a leadscrew with 1.25 mm pitch,aandtor driver with 1/16
microstepping, which results in 0.5 pm linear resolution. A homogenous ternary ink with
optimized rheological properties pressurized and deposited through the bore of a
customized coaxial du@hannel stainlessteel micronozzleRigure3.2). The diameter of
the micronozzle bore is seledtbased on the desired resolution. For instance, the SBAM
setup in this current study utilizes2d-gauge needle witaninner diameteof 311 yum.

The ternary inKiquid filamenttravels through a short air gap (the distance between the
nozzle exit and th substrate), where volatile solvents evaporate and/or nonsolvents are
sorbed into the filament to trigger solidification induced by phase invesioarrier gas

with a tunable solvent vapor concentration can be delivered through the shell of the
micronazzle to control the atmosphere surrounding the filament and thus the solvent

evaporation rateHjgure3.2b).
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Figure 3.2 General 3D printer setup for SBAM. (a)Direct-ink writing 3D printer
equipped with the atmosphere control accessory and a substrate coated with polymer.
(b) The scheme of the customized atmosphere control accessory.

High-fidelity DIW 3D printing of abinary ink is inherently difficult. Solvent
evaporation from the filament intrinsically leads to the contraction of the individual
filaments and deformation of the overall structtiFégure3.3a illustrates a scenario where
the DIW 3D printer attempts to fabricatew@oidby depositing polymeric filaments from
a binary ink in layer by layer fashion. The deposited filaments start shrinkieglcare
deposited. When a new filament is deposited on top of the previously deposited structure,
which has already partially contracted due to evaporation, the larger shrinkage of the fresh

filament will cause stresses that bend the old filament afodndehe entire object.
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Figure 3.3 Comparison between the solidification mechanisms of binary and ternary
inks. (a) Solidification of a binary ink induced by solvent evaporation, resulting in
poorly controlled object shrinkage; (b)Solidification of a ternary ink induced by
phase inversion without object shrinkage; (cA typical phase diagram for ternary
system (polymer, solvent, and nonsolvent) to guide ink design; (Bhase inversion
route that compensatesthe evaporationinduced shrinkage via the creation of
hierarchical pores. Al: an ideal ternary ink for solutionbased additive
manufacturing; Al'": the liquid -to-solid transition of the ternary ink; A2: the mixture
composition of the ternary ink after partial evaporation; A3: the polymer-rich phase
after spinodal decomposition; A4: the polymedean phase after spinodal
decomposition. ATAl' represent the composition shift required for ternary ink
solidification. B1: the binary ink with the viscosity comparéble to the ternary ink Al;
B2: the liquid-to-solid transition of the binary ink. B1-B2 represent the composition
shift required for the binary ink solidification.
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Unlike binary inks, in which solidification is achieved by evaporation,
solidification of a ternary ink is achieved by phase inversion, which is a common
phenomenon used in fiber spinning industffeBhase inversion results in hierarchically
porous polymeric structures that avoid the evaporatidnced shrinkageHgure 3.3b).

Phase inversion is typicallysaalized by the ternary phase diagrams such as the one shown
in Figure 3.3c. A general ternary phase diagram can be divided into two regions: the
homogeneous, stable epbase region and the nonhomogeneous, unstablehase
region. These two regions are separated by the binodal boundary. A ternary ink with a
composition in thénhomogeneousegion is transparent and fluidic, while the ternary ink
with a composition in thewnonhomogeneoueegion is unstable and undergoes phase

inversion into a polymerich phase and a polyméran phase.

Phase i nver si on can occur Vi a Anucl e
decompositiond processes when thehomogemmlusut i on
into the nonhomogeneous region through solvent evaporation and/or nonsolvent sorption.

As shown inFigure 3.3c, the nonhomogeneous region can be furtheided by the
spinodal boundary into regions of nucleateomd-growth (between the spinodal boundary
and the binodal boundary) and spinodal decomposition (within the spinodal envelope). For
a mixture in the lower nucleatieandgrowth region (the one wit lower polymer
concentration ifrigure3.3c), polymer nodules are formed resulting in dispersive polymer
rich phases in a continuous polyriean phase. After completieying, the phase inverted
mixture produces an agglomeration of powders with low mechanical integrity, which
cannot be used for 3D printing of robust polymeric objects. For a mixture in the upper

nucleatiorand-growth region (the one with higher polymemcentration irFigure3.3c),
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nucleation of dispersive polyméran phases generally leads to relatively classd
structures in the polymers after complete removal of all solvents andahants.
Although such closd-cell structures possess high integrity and compensate the
evaporatiorinduced shrinkages, polym&ran phases in the closed cells cannot be
removed rapidly after phase inversion, which can lead to the collapse of the porosity (this
may be desired in c@in applications). On the other hand, mixtures that enter the spinodal
decomposition region invert into interpenetrated polynadr phases and polyméran
phases. The resulting interconnected hierarchical pores allow rapid removal of residual
polymerlean phases, which effectively prevents the collapsing of pores. Spinodal

decomposition is therefore usually desirable for SBAM.

Figure3.3c andFigure3.3d illustrate the ideal evolution of ink composition during
the spinodal decomposition. A ternary ink filament (composition Al in the homogeneous
region) is extruded from the nozzlehd evaporation othe solvent shifts the ink
composition across the binodal boundary to point A2, which possesses higher polymer
concentration, lower solvent concentration, and highersobrent concentration. This
mixture then undergoes spinodal deconims and inverts into interconnected polymer
rich phases (A3) and polymégan phases (A4), which together form a stiké structure
that can withstand gravity. The solidified porous polymer object (A3) can then be dried
immediately to get rid of liquisl (A4), which leads to isotropic shrinkage. Such isotropic
shrinkage will not deform the printed object; however, it leads to a change of object
dimension and partial collapse of pores. Alternativalyostprinting solvent exchange is
an optional procede to avoid shrinkage during drying. During the solvent exchange, the

solvent and nonsolvent in the polyrdean phase are exchanged with solvents with low
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surface tension, which then evaporates and leaves mesopores and macropores. The
polymerrich phase des and results in the formation of robust polymeric skeletéigsife
3.3d). This pore formation process compensates the volume loss due to solvent evaporation

that s dominant in binary inks, thus preventing shrinkage during 3D pririggre3.3b).

Besides volumeloss compensation,etnary inls can also achieve faster
solidification (AJ-Al' in Figure3.3c) than binary inks (B-B2 in Figure 3.3c) when both
inks start off initially with comparable, printabléscosities. As suggested by a previous
rheological study, the solidification of binary PIMink (25 wt.% in tetrahydrofuran)
requires evaporation of at least 5 wt.% solvents while the solidification of the ternary PIM
1 ink (20 wt.% in tetrahydrofuran dndmethylacetamide requires less than 1 wt.%
removal of nonsolverttThe faster solidification further helps to resist gravitguced

deformatior?

The generation of hierarchical pores without ti&tipg material is a unique feature
of SBAM. Pores at different length scales instill different levels of functionality to the 3D
printed architectures. The 3D printer can directly fabricate large macropores, the size of
whichis usually larger than 100 pdepending on the resolution of the specific 3D printer;
these pores can be used to design paths for convective bulk fluid flow. Smaller macropores
can be generated via phase inversion of multicomponent polymer solutions. These smaller
macropores can seras fluid distribution channels through diffusion (e.g., mass transfer
contactor, microfluidic devices, etc.) or simply reduce the weight of the architecture.
Mesopores are also generated by phase inversion and provide fast mass transfer for guest
molecules in applications like adsorption, catalysis, membrane separation, etc. Finally,

microporosity occurs on the molecular scale and is usually an intrinsic property of
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polymers; these smallest pores can provide molecular sieving for separations, and large
suiface area and active sites for adsorption, catalysis, etc. The combination of hierarchical
pores (e.g., macrbmese/micro-pores) provides versatile combinations of functionalities

for a range of applications.

3.3 General Procesgdesign Guidelines for Solutiorbased Additive Manufacturing

This section provides a general guide for producing an arbitrary object via solution
based additive manufacturing from a newly selected sohptiocessable polymer. The
semiempirical process described here includes three kmps: determination of ternary

ink formulation, substrate design, and porosity manipulation.

3.3.1 Determination of Ternary Ink Composition

The ternary phase diagram of the polymer solution guides the phase inversion
pathway, which is critical for th&BAM fabrication process. The homogenous region,
nonhomogeneous region, and binodal curve can be determinetiebgldudpoint
technique as described in detail in Secti@4.1 To facilitate rapid liquidto-solid
transition, the ink compositionmust bechosen near the binodal curve for fast phase
inversion.Figure3.4a illustrates the determination of ternary ink compositions that allow
rapid phase inversion. For areal ternary ink consisting of volatile solvent, nonvolatile
nonsolvent, and polymer, all the lines (dashed lines denoted as 1) starting from the solvent
pole represent potential evaporation trajectories of ternary inks. During SBAM, solvent
evaporation sfiis a ternary ink (Al) along the trajectory (#R) into the
nonhomogeneous region. The phase inversion distane@Z\that the ternary ink should

travel before entering the nonhomogeneous region is related to the time required for
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solidification. For canmon SBAM scenarios, gravidpduced deformation can be
eliminated by shortening the phase inversion distancé&2\1o below 1 wt%of solvent
removal. The shaded area (3) defines all ink compositions with phase inversion distance

(2) shorter than 1 wt%,whc h r epresents the. fiideal 06 compc

Polymer P v A1'A2 A3
yd / — G.
—_ G!I //

|

G', G" (Pa)

Ideal Ink
Composition

Polymer Concentration

Figure 3.4 Method for determining appropriate ternary ink composition. (a) Typical
ternary phase diagram (polymer, solvent, and nonsolvent). 1: dashed trajecies of
solvent evaporation; 2: lengths indicate the amount of solvent evaporation assuming
instantaneous mass transfer and no phase inversion between the termini of lines; 3:
the shaded area denotes compositions that undergo rapid phase inversion; Al: the
ideal ternary ink; A2: the transition region indicating phase inversion; A3: the fully
phaseinverted ideal ternary ink. insert: Zoomed phase diagram illustrating the ink
composition evolution. (b)The typical evolution of complex modulus GNj: st or age
modul u s ; losSmpdulus) during evaporationinduced phase inversion of a ternary
ink.

In addition to the requirement for rapid phase inversion, the rheological evolution
of the ternary ink must also be considered. The rheological properties tefiaey ink
can best be analyzed via investigation of the complex mé#igjure3.4b highlights the
desired rheological evolution of an aptzed ternary ink duringhe evaporatiorinduced
phase inversion, where theaxis corresponds to the phase inversion trajectoryA2dl
A3) in Figure3.4a. The originalternary ink possesses lower storage modulus than loss
modulus, which ensures good fluidity and flow behavior during ink delivery through the

nozzle. As the volatile solvent evaporates, the polymer concentration increases and both
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the loss modulus and séme modulus increase. The onset of phase inversion (A2) can be
detected as a transition region in this type of rheological characterization. As evaporation
continues, the ternary ink composition shifts to A3, upon which the phase inversion is
completed. TB r ati o of |l oss modulus to storage |
complete phase inversion composition (A3) should be smaller than one to avoid structural
collapse after initial filament deposition. The shaded regiorABRIn Figure 3b indicates

the transition during phase inversion. The
ternary ink composition that meets the rheological requirements; as a rule of thumb we
have found that at concentrati oRAln®etton t he |

3.4.3 and Sectio.4.4, a detailed ternary ink optimization process is described.

It is worth noting that the filament diameter can affect the phase inversion
Aitrajectoryo due t o he aréesollon 8BAvWharstacol, the ansf e
ternary ink composition should be shifted toward the pole representing pure solvent in the
ternary phase diagram. The lower polymer concentration then reduces the pressure drop
required for extrusion through narrow nozzles, loweesdiorage modulus and improves
the drawability of the polymeric filaments. Improved drawability promotes higher printing
resolution (e.g., thinner filaments), as is discussed in more detail in Section 3.3.2. Finally,

a smaller filament diameter resultshigher surface area to volume ratio, which facilitates
evaporation. By shifting the ink composition away from the binodal curve, solidification
of the filament can be delayed until the completion of deposition. Increased volatile solvent

concentration retds filament solidification.
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3.3.2 Atmosphere Control in Solutidmased Additive Manufacturing

Although fast evaporation of the volatile solvent facilitates rapid solidification and
avoids gravityinduced deformation of the filaments, an uliigh evaporatiomate also

has negative side effects.

First, rapid solvent evaporation could shift the local mixture composition of the
skin layer (e.g., the outer radius of the filament) deep into the nonhomogeneous region.
This potentially allows the mixture composititmenter the sgalled vitrification region,
creating a dense polymer skin that retards mass transfer out of the fif&iiexithough
skin vitrification is widely utilized in hollow fiber membrane spinning indusfrit, is
generally not desired in SBAM, because reduced mass transfer of solvent out of the
filament leads to slow phase inversion of the entire filament, #llesving greater
structural deformation due to gravity (this is discussed in more detail in Section 3.5).
Moreover, skin layers on the 3D printed structures are not desired in structures for which
rapid mass transfer is required in the final applicatiotess membrane devices are the

desired structure being printéd.

Second,the rapid removal of solvents can result in poor interlayer adhesion.
Interlayer adhesion of SBAM is assisted by partial, localized redissolution of yalread
deposited, phase inverted filaments by newly deposited filaments. The swollen, plasticized
nature of the polymer in the filamefitament contact region promotes polyrpalymer

interaction, which improves the filamefitament adhesion.

Solvent evaporain rates can be efficiently manipulated by changing the degree of

solvent saturation around the filament and printed objects. Evaporation is driven by the
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chemical potential difference between the solvent in the ternary ink and the solvent vapor
in the agacent atmosphere, of which the former is mainly determined by the ternary ink
composition and the latter is mainly determined by the partial pressure of solvent vapor.
Through the use of a secondary nozzle in the SBAM sdfigure 3.1c), gases with
controlled partial pressures of solvent and nonsolvent can be delivered into the atmosphere
surrounding the printing stage. For instance, nitrogen saturated with tetraingdrofas
continuously supplied during the SBAM of PIM this modification significantly slowed
evaporation, eliminated the formation of skin layers, and improved the adhesion between

adjacent filaments.

3.3.3 Resolution Control of Sation-based Additive Manufacturing

The ability to manufacture smadtale structurethrough SBAM fundamentally
enableghe design ohovel highperformanceolymerdevices but creating such small
scale structuresequires higkresolution 3D printing® For instance, an interdigitated
microbattery architecture fabricatddoughdirect ink writing has been reported to exhibit
high areal energy density (9.7 J-énrand power density (2.7 mW cihdueto the high
aspect ratiof the device®! Here, the resolution of the SBAM 3D printer is defined as the
linear dimension of the finest feature that can be reproduced, which is either the smallest
width of a single polymer filament, or the smallegircalucible gap between two adjacent

filaments.

Traditional direct ink writing (DIW) technology deposits the ink onto the substrate
with an air gap (the distance between the nozzle and the substrate) equal to the nozzle

diameter. While smaller filamentsrcae produced via nozzles with smaller openings, it is
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impractical to use micronozzles (e.g., diameter smaller than 100 pm) to process
viscoelastic polymer solutions. First, the pressure drop required for ternary ink delivery is
roughly inversely proportital to the second power of the nozzle diam&&econd, die
swell of concentrated, viscoelastic polymeric fluids at the nozzle outlet often results in
expanded filament diameters, which offsets the gains from the smaller nbiglee(

3.5a)3

It is important to note thatrg-wet fiber spinning techniques are capable of
fabricating fibers with diameters smaller than the nozzle (or spinneret) diameter via
drawinginduced narrowing. Generally, the viscoelastic polymer solution is extruded
through a spinneret and collected orotating drunt® As the linear speed of the edge of
the rotating drum (draw speed) istiEsthan the linear extrusion speed at the outlet of the
spinneret, the final fibers collected on the rotating drum possess smaller diameters than the
bore diameter of the spinneret. For instance, hollow fiber membranes withum202Qer
diameter and aQD-pm inner diameter can be fabricated via a coaxial spinnereta@@o-
um outer diameter ana 200-pm inner diameter® Such deformation of the viscoelastic
filament has also been utilized in recent reports on the direct ink writing of silicone gel to
improve 3D printingesolution®** In these approaches, the deformatioa viscoelastic
fluid is harnessed by engineering the air gap height, feed rate, the printing speed. The 3D

printing resolution can thus be improved beyond the nozzle size.
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Figure 3.5 (a) Schematic of the resolution control method for solutioibased additive
manufacturing, which relies ondrawing-induced narrowing of a ternary polymeric
filament in the air gap; (b) Matrimid® 5218 ternary ink printed with varying lin ear
moving speed, G22 nozzle (inner diameter 413 pm),-hm air gap, 10 bar driving
pressure; (c) The relationship between filament diameter and printer speed can be
easily described by the continuity equation with a lumped factorquation 3.2).

Inspiredby dry-wet fiber spinning and direct ink writiri§2°3* SBAM can also
manipulate the 3D printing resolution via controllable drawimduced filament
narrowing, as illustrated iRigure3.5. During extrusion, the polymer chains are assumed
to be aligned due to the high shear rate within the nozzle. Once the fluid flows out of the
nozzle, the polymers tend to regain spherical conformations driven kypgntwhich
increases the filament diameter through a process known as die*sWedl.depsited
filament travels through an air gap (the distance between the nozzle and the substrate) and
adheres onto previously deposited filaments. The air gap, which is set to exceed the
dimensions of the die swell, is the region where the elongation andntiohfilaments
occur. By controlling the printing speed and feed rate, the size of the deposited filament
can be tuned in a reproducible manner without changing the nozzle diavkibiler the
viscoelastic polymer solution may undergo complex shape @éwolduring the drawing

process, the relationship between printing speed and the target resolution can be

82



straightforwardly determined via continuity equation of incompressible flHdsdtion

3.1).

o 0 fo o x (3.0

whereFteedis the volumetric feed flowrate for the ternary ink, which is determined
by the driving pressuréfeed and nozzle diametebDfozzi9, DrilamentiS the resulting filament

diameter vprint is the linear printing speed.

As shown inFigure3.5b, Matrimid® 5218 ternary ink was continuously delivered
through a micronozzle (inner diameter is 413 pm) driven by 10 bar pneumatic pressure
with a Tmm air gap. By varying the lear printing speed from 0.5 cm/s to 5 cm/s, the
width of the deposited filament is varied from 1050 pum to 270 pm. Assuming the ternary
ink possess the cylindrical shape after the drawing process, the expected filament width

can be calculated viaquation 32, which is derived froniequation 3.1(Figure3.5c).

(o) x ¢ O — b (3.2)

where the lumped factor A, whigttcounts for minor volume changes during phase

inversion, can be generated via data fitting.

There are three determining factors for enabling successful resolution control via
viscoelastic manipulation of the filamentsirst, the ternary ink should behaws a
viscoelastic fluid while in the air gap. Second, the solvent evaporation rate should be

controlled within the air gap; rapid evaporation of the volatile solvent could trigger
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premature phase inversion or skin layer formation of the filament befmel@posited

onto the substrate, which could lead to filament breakage under the unequal drawing speed
and feeding speed. Third, good adhesion between filaments and substrates are required. If
the deposited filament does not adhere well to the substraiépe dragged by the nozzle

instead of forming the intended printed architecture.

The experiments with Matrimid ternary it
mani pul ati oA nduaedrawrngwi ng. The target
calated based on the continuity of fluid.
i s compensated by the generation of hierar:
of resolution with one nozzle i-qut@ayis3bDai g
additive manufacturing, contr ol software a

conssmdéenbpr acceleration and deceleration at

3.3.4 Substrate Design

A 3D printing substrate should ideally hold the printdgects firmly in place
during the printing process while also allowing the printed objects to be easily released

from the substrate after the printing is completed.

While glass plates have been widely used as universal substrates for 3D printing
owing totheir flathess and smoothness, these surfaces may not bond tightly with the phase
inverted ternary filaments due to the presence of excess nonsoMapiling adhesives
to the glass plates is a common approach to secure@dadbjects in plac®?’ however,
polymeric adhesives often do not provide sufficient interaction with the ternary ink due to

the swelling or even complete dissolution induced by the ink solvent or nonsolvent. For
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instance, during the solutidrmased additive manufacturing of PIM the phase inverted
ternary ink contained a significant amount of the nonsolvent, DMAc, which served as a
lubricant between the glass plate and the printed objects. As a result, the printéd PIM
objects shifted around on glass plates, which causedisagri misalignment between
consecutive layers. Instead, polymeric plates or glass plates with a polymeric coating can
be good alternative substrates to glass plates. The polymer used as substrate should be
miscible with the polymer used for SBAM and cam dissolved by the corresponding
solvent and nonsolvent in the ink. Once the bottom layer is deposited onto the polymeric
substrates, solvent and nonsolvent in the ternary ink partially dissolve the polymeric
surface, allowing polymer chains of the subtsti@nd the deposited polymers to entangle,
which secures the deposited object in place. After SBAM, the detachment of printed objects

from the substrate can be achieved by removing the bottom sacrificial layer.

For SBAM of polymers that are immiscible witbmmonly available polymer
plates, the most practical substrate is a glass plate coated with a thin (~40 pm) layer of the
polymer that is being 3D printe@igure 3.2a). Such substrates can be prepared by blade
casting of a binary polymer solution onto clean glass ptatafter SBAM, the printed
objects can be detached from the substrate by sliding a razor blade between the polymer
film and the glass plate. In the case where a hydrophobympolcoating is utilized, the
detachment can be finished by immersing the substrate and printed objects into a water
bath. As the glass plate is hydrophilic while the polymer film is hydrophobic, water peels
the film and the bonded objects off the glasgel The thin polymer film can be destroyed

physically (e.g., by sanding) afterwards. The residual polymer film on the 3D printed object
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may result in a lower porosity the bottom layer. A sacrificial bottom layer can be printed

and then destroyed wheartsistent porosity is required.

3.3.5 Porosity Manipulation: Creation and Removal

Phase inversion of polymer solutions results in aetributed macropores
(diameter larger than 50 nm) and mesopores (diameter ranging from 2 nm to 50 nm).
Various applicationsg(g., membrane separation, heterogeneous catalysis, adsorption, etc.)
involving mass transfer utilize the hierarchically porous nature of phase inverted polymer
structures. The creation of this pore structure occurs during phase inversion and is mainly

determined by the ternary ink composition and the phase inversion route.

Figure3.6a illustrates a typical evaporatiomduced phase inversion route (AR)
of a ternarypolymer solution (Al) consisting of polymer, volatile solvent and nonvolatile
nonsolvent. As shown in the ternary phase diagram, evaporation shifts the solution
composition away from the pole representing the volatile solvent, until the phase inversion
(A2-A3, A2-A4) is complete. Depending on the position of the local mixture composition
(A2) on the tie line connecting the polymmarh phase (A3) and the polymkran phase
(A4), the ratio between these two phases varies according to the lever rule. Clhiaaging
ink composition can effectively manipulate the resulting porosity. Figure 5b illustrates the
methodology of enhancing porosity by decreasing the polymer concentration of the ternary
ink. A ternary ink with decreased polymer concentration (B1) undsrgeaporation
induced phase inversion along the trajectory indicated ;BB1For the ease of
comparison assume that the new demixing mixture composition lies on the same tie line

(A3-A4), in which case the new ternary ink with lower polymer concentragisuits in a
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greater fraction of polymdean phase after phase inversion (according to the lever rule,
B2 is closer to A4 compared with A2), thus increasing the porosity of the final object.

Similarly, increasing the polymer concentration can effectivedlyce the porosity.

p°|ymer Polymer-lean phase b po|ymer
Polymer-rich phase
itrifie
/ Region
Solvent Nonsolvent Solvent Nonsolvent
@ A: Phase inversion of a typical ternary ink @ B: Enhancement of porosity by
increasing nonsolvent concentration
¢ Polymer d Polymer

Volatile Nonsolvent

Solvent Nonsolvent Solvent
® C: Reduction of porosity by using @ D: Enhancement of porosity by using
volatile nonsolvent nonsolvent quench bath

Figure 3.6 Practical filament porosity manipulation via ternary ink composition
engineering and phase inversion route engineering. (a) Phase inversion of a ternary
polymer solution via volatile solvent evaporation; (b) decreasing polymer
concentration in the initial ink (B1, shown in red) increases the porosity of resulting
structures; (c) volatile nonsolvent decreases the amount of polyméran phase,
resulting in less poraity, by adjusting the phase inversion pathway (hypothetical
point C2, shown in green); (d) 3D printing into a nonsolvent quench bath or vapor
increases the resulting porosity by adjusting the phase inversion pathway
(hypothetical point D2, shown in purplg.
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Manipulating the direction in which the ink composition shifts can also effectively
change the resulting porositfigure 3.6¢c illustrates the scenario of replacing the
nonvolatile nonsolvent with a volatile nonsolvent and assuming that the ternary phase
diagram remains identical. Evaporation of both solvent andohae g shifts the ink
composition (Al) away from both the solvent pole and the nonsolvent pole. The final
composition shift direction is determined by the ratio of the evaporation rates of solvent
and nonsolvent. In this case, a lower porosity in the tiagutructure is expectelligure
3.6d illustrates SBAM under a nonsolvent quench bath, which is similar tavelryiber
spinning.?® After ink deposition in the nonsolvent quench, tblvent is extracted from
the ternary ink into the quench bath, and additional nonsolvent is absorbed into the ternary
ink. As a result, the ink composition (A2) shifts away from the solvent pole and towards
the nonsolvent pole, resulting in a higher pdsosiPhase inversion routes can also be
manipulated via other parameters (e.g., temperature change, additives, etc.); however, the
methods provided in this section are the most practical ones and require no additional

modification to the SBAM setup.

To pre®rve hierarchical pores, the 3D printed objects should not be dried directly,
because pores may collapse under the influence of stdas®ndriven interfacial forces
from the shrinking (and evaporating) polyriean phase$ A common strategy to prevent
pore collapse is gradually replacing polyaegin phases with low surface tension
nonsolvents, prior to vacuum dryidA variety of nonsolvents can be selected based on

miscibility with the ink solvents and nonsolvents.

For applications where porosity withtinin filaments is unwanted, solveassisted

postfabrication annealing can be used. By immersing the printed objects into plasticizing

88



nonsolvents, the glass transition temperature of the polymers can be lowered to a practical
range. The wet objects cdmen be annealed in an inert atmosphere. The resulting objects
possess denser microstructures and reduced volume. However, in contrast to the shrinkage
during 3D printing of binary inks, during the pdabrication annealing, the entire object

undergoes idoopic volume reduction which minimizes deformation.

3.4 Case Study: Solutionbased Additive Manufacturing of Matrimid® 5218

3.4.1 Materials and Methods

Matrimid® 5218, the example polymer for solutibased 3D printing, was
purchased fronRibelin. As shown inFigure 3.7, the glass transition temperature of
Matrimid® 5218 is320°C as determined by Differential Scanning Calorimeter (Q200, TA
Instruments), which is napplicable for fused deposition modeliryior to usage, the
Matrimid® 5218 powders were dried overnight under vacuum at 120 €. All solvents were

anhydrous and used as received from either Sigma Aldrich or Alfa Aesar.

A ternary phase diagram of the paigr solution serves to guide the design of the
polymer phase inversion process. The homogenous region, the nonhomogeneous region,
and the binodal boundary were determined via usheotloudpoint techniqué?® In this
technique, a binary polymer solution is first preparedatandard for the homogenous
region. A series ofternary polymer solutionare then prepared with the same polymer
concentration but with varied nesolvent and solvent concentratiofibe ternary polymer
solutions sealed in glass vials are put intotatmg roller (~ 10 rpmin an oven at 60 €
for at least 3 days. For safety reasons, a secondary container is also utilized. After proper

mixing, each sample was cooled down to room temperature and visually examined to
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determine the homogeneity. As th@nsolvent concentration increases, the ternary
mixtures shift from a transparent fluid to either a stitidid mixture or a liquidiquid

mixture. The composition at which the ternary solution turns cloudy, indicating phase
separation, is determined tgresent the binodal point. Binodal points at different polymer
concentrations then form the binodal curve, the boundary between the homogenous phase
and the nonhomogeneous phdd®e accuracy of the ternary phase diagram is determined

by theincrements imonsolvent concentration during this screening pro¢asssidering

the tradeoff between the efficiency and the accuracy, 10 wt% is usually used for the initial
fast scan of the binodal curve, with smaller subsequent increments of 5 wt% and 1 wt% to

improve accuracy.
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Figure 3.7 Glass transition temperature of Matrimid® 5218 under the influence of
dimethylformamide (DMF) / water solution. (a) Differential scanning calorimetry of
dry Matrimid® 5218 films; (b ) Glass transition temperature of Matrimid® 5218 films
after immersion in certain DMF/water solutions for 24 hours.

Mercury porosimetry of the printed objects was conducted bpjwoPore 1V
(Micromeritics) porosimeterAll the samples for mercury porositnewere dried at 110
€ for 24 hours. SEM images were collected using a Hitachi SU8230 microscope. Polymer

filaments were first soaked inrllexane and then cracked in liquid nitrogen to expose their
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crosssection. All samples for SEM were sputter coatetth \gold to eliminate charging

effects.

3.4.2 Equipment Setup

A customizedCartesian 3D printawvas builtto procesdernaryinks. As shown in
Figure3.2a, the 3D printer consists of (i) a stainkessel ink cartridge, (ii) a coaxial dual
channel micronozzle and (iii) a Cartesian moving substfae ternary ink wa prepared
in the cartridge, by mixing solvent, nonsolvent, and polymer. The cartridge was then sealed
via Swagelok® fittings and placed onto a rotating roller (~ 10 ipraj oven at 60 € for
at least 3 days to ensure homogeneitgpropriate Gcode (RS-274) commands were
written to controlthe movement ofthe 3D printer. The inkwas extruded through a
stainlesssteel needle (& inner diameted13 m) by applying the appropriate pressure
(10 baj from a compresseditrogen gas cylindet.inearprinting speedvas10 mms?. A

glass plate coated with a thin Matrimid® 5218 lmas used as the printing substrate.

3.4.3 3D printing of Matrimid® 5218/THF/Water Ternary Ink

Tetrahydrofuran (THF) was chosen as the volatile solvent in the ternary ink owing
to its high volatility (boiling point 66 €) andhe ability to dissolve Matrimid® 5218.
Water was selected a inexpensive and environmentally friendly nsolvent. The
ternary phase diagram for this system at 22 € is showRigure3.8a. Due to the strong
hydrophobicity of Matrimi® 5218, the homogenous region only occupies a smesl iar

the ternary phase diagram.
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Figure 3.8 Solution Based Additive Manufacturing of Matrimid® 5218. (a) Ternary
phase diagrams of Matrimid® 5218 with THF and different nonsolvents at 25 C; the
inset shovs the subtle differences in ink composition 1 and 2. (b) Scaffolds printed
using the ternary ink consisting of 30 wt.% Matrimid® 5218, 68 wt.% THF and 2
wt.% water. (c) scaffolds printed using the ternary ink consisting of 30 wt%
Matrimid® 5218, 67 wt% THF and 3 wt% water; the inset shows magnified collapsed
pores (indicated by red arrows) with a scale bar of 10 yn. (d) scaffolds printed using
the ternary ink consisting of 30 wt% Matrimid® 5218, 50 wt% THF and 20 wt%
toluene; the inset shows magnified intagores with a scale bar of 10 pm.
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We created several ternary inks to highlight the influence of ink compaosition on
filament structure and object creation. The first ternary ink we creatgtdined 30 wt%
Matrimid® 5218, 68 wt% THF and 2 wt% wat&BAM with this ink was conducted in a
THF saturated atmosphere supplied by the secondary nozzle. As shown in Figure 6b, this
preliminary SBAM protocol created Matrimid® 5218 scaffolds without collapse or
sagging; however, irregular filaments were creased slight deformation of the whole
scaffold could be observed. The formation of such irregular filaments is due to (1) the
formation of discrete skin layers and (2) unbalanced evapor&liguaré3.9); these issues
will be addressed in subsequent sections of the article. The upper parts of the filaments
exhibited perfect dome shapes while the bottom parts sunk into the meshes formed by
underlying filaments. We hypothesizthat such irregular filaments are induced by
differences inthe evaporation rate at different locations on the filament surface (See

Section3.5.1. for details).

Foramation of
Discrete Skin Layer

. Post-treatment
3 — = 1

Cross Section Evaporation Rapid Drainage and Collapsion Final Structure
of Fresh Filament (A1) in a Nonequilibrium Environment of Polymer-lean Phases (Irregular Filament)

Figure 3.9 Formation of irregular filaments during SBAM of ternary inks consisting
of Matrimid® 5218, THF, and water.

We found that decreasing the THF concentration stabilized the filament structure
during deposition (the reasons for this stabilization are discussed in mofténd8&aition

3.5.1). The second ternary ink formulation we created consisted of 30 wt% Matrimid®
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5218, 67 wt% THF and 3 wt% water. As showifrigure3.8c, this revise(6BAM protocol
significantly inhibits the creation of irregular filaments. Most filaments possessed
flattened, oval shapes. However, a small population of irregular filaments could be
observed. Decreasing the THF concentration results in premature phersgom Eigure

3.8a) of the filament; this suggests that the strong nonsolvent (water) must be changed to a
milder one to provide a larger homogenous region in thegtmgram and offer greater

flexibility in the ink composition.

3.4.4 3D printing of Matrimid® 5218/THF/ToluengernaryInk

Aliphatic alcohols are commonly used asld alternatives to watein fiber
spinning of hydrophobic polymef8.With increasing carbon numbers, their nonsolvent
strength decreases. However, neither methanol nor etlsggmoficantly enlarges the
homogenous region&igure3.8a). An aromatic organic solvent, toluene was found to be
a mild nonsolvent that provided a large homogenou®melgpr manipulation of the ink
composition. The third ternary ink formulation consisted of 30 wt% Matrimid® 5218, 50
wt% THF and 20 wt% toluene. Due to the decreased volatile solvent concentration,
irregular filaments were successfully eliminated, whileacropores were preserved
throughout the fiber crossection Figure3.1b andFigure3.8d). Furthermore, this SBAM
ink formulation did not require atmosphere control (Movie S1), which results in a more
simple and safe printer operatiomo verify the capability of fabricating complex
architectures via SBAM, Matrimid® 5218 scaffolds tigéng bridging structures are
fabricated. The optimized ternary ink can successfully be translated into scaffolds without

collapsing Figure3.10).
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Dense Brick Scaffold Stool

Figure 3.10 Various architectures fabricated via SBAM. (a) Dense brick is printed
from a CAD model with the spacing between filaments of scaffolds equal to zero.
Solventassisted annealing was applied to smooth theréaces. Scaffold stool features
curved bridge-like stands. Bulk porous fabric is a 2crrby-2cm 4layer scaffold, the
size of which is limited by the travel distance of the current 3D printer setup. (b) The
SEM image of the bulk porous fabric shows intact bidging filaments without any
sagging. These results suggest that the fundamental mechanism of SBAM is not-size
limited.

3.4.5 PostSBAM Porosity Manipulation

The polymedlean phases in the 3D printed Matrimid® 5218 objects were
exchanged first with methanol atieen with rhexane prior to vacuum drying. These post
treatment steps help preserve the hierarchical p6fésAs indicated by mercury
porosimetry, the objects printed from Matrimid® BZIHF/toluene ternary inks possess
hierarchical pores ranging from 5 nm to 1000 nm; such hierarchical porous structures are

excellent substrate materials for mass transfer applicafiéhs.
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Figure 3.11 Influence of posttreatment on the porosity of Matrimid® 5218 objects
revealed by mercury porosimetry. (a) The porosity of 3D printed Matrimid® 5218
with different processing histories, which are recorded by their code nameT@ble
3.1). For example, MTT-Hexane 75%DMF represents the object printed from the
Matrimid/Toluene/THF ternary ink, so lvent exchanged with nRhexane, and annealed
with the assistance of an 75% aqueous DMF solution at 120 € for 12 hours. MWT
Dry-75%DMF represents the object printed from the Matrimd/Water/THF ternary
ink, without solvent exchange, and annealed with the assance of the 75% aqueous
DMF solution at 120 € for 12 hours. Only pores with diameter below 100 pm were
counted so that contributions from the macroscopic architecture design are excluded.
(b) Detailed pore size distribution for objects printed from Matrimid/Toluene/THF
ternary ink after different post treatments.

As introduced in sectior8.3.5, the hierarchical pores can also be purposely
annealed while keeping the macroscopic structures irffagarg 3.1c). One Matrimid®
5218 scaffold was immersed into 75 wt.% dimethylformamide (DMF) / water solution for
24 hours at 25 €. Matrimid® 5218 is plasticized by DMF and as a result exhibits a much
lower glass transition teperature (61 €) as shown iRigure 3.7b. After this exposure,
the excess solvent was removed from the wet scaffold with an absorbent wipe and the
scaffold was then ded in a vacuum oven (85 kPa vacuum, 120 €) for 24 hours. After the
solventassisted annealing, the hierarchical pores were significantly decrdsageade (
3.11). Decrease of porosity leads to shrinkage of the overall dimension as shéiguran
3.1c. However, such isotropic shrinkage during gesatment will not deform theverall

architecture.
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Table 3.1 The post treatment histories of 3D printed samples

. Solvent .
Ink Composition Sample Name Exchange Annealing
5 -
30 Wt% Matrimid®  MTT-Hexane75%DMF Hexane /70 agueous DMF solutiol
at 120 € for 12 hours
5218, 50 wt% THF
and 20 wt% toluene MTT-H:0 H0 None
MTT-Hexane Hexane None
75% aqueous DMF solutiol
- - 0,
MWT-Dry-75%DMF None at 120 € for 12 hours
MWT-Dry None None
20 Wi% Matrimid® MWT-H,0 H.O None
o Matrnmi 75% aqueous DMF solutiol
5218, 67 wt% THF ~ MWT-H.0-75%DMF Hz0 21 120 € for 12 hours
and 3 wt% water 50% aqueous DMF solutior
MWT-H,0-50%DMF Hz0 at 120 € for 12 hours
0 .
MWT-H,0-25%DMF H,0 25% aqueous DMF solutiol

at 120 € for 12 hours

3.5 Challenges inSolution-based Additive Manufacturing

Due to the complexity of solutiebased additive manufacturing with ternary inks,
it is difficult to determine optimal polymeric ink formulations and process parameters
without at least some experimental trials andmtr As shown in the case study of
developing the SBAM protocol for Matrimid® 5218, initial attempts to 3D print new
polymers via solutiofibased additive manufacturing may encouoketlenges. Below, we
summarize some of the key challenges, includingguiaa filament shapes and sizes,
delamination of adjacent layers, and object collapse. For each of these challenges, multiple
potential solutions exist. As solutidrased additive manufacturing involves simultaneous
mass transfer, phase inversion, and @voh of rheological properties, traddéfs between

different factors must often be considered when developing SBAM protocols.
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Figure 3.12 Proposed formation mechanism for irregular filaments. (aJFormation of
the irregular filaments in a spatially nonuniform environment. Here, mismatched
evaporation rates of solvent/nonsolvent around the filament lead to asymmetric phase
inversion, ultimately creating an irregular filament (b) the formation of an ideal
symmetric filament; (c) an irregular Matrimid® 5218 filament produced from a
ternary ink with high concentration of volatile solvent; (d) a regular Matrimid® 5218
filament produced from an optimum ternary ink.
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3.5.1 Irregular Filament

Solutionbased additive manufacturing produces +tsigned objects by
depositing ovakhaped or circular filaments at specific positions on a plate or an already
deposited structure. Irregular filaments are unwanted for a variety of reasons, and are
defined as filaments with essentially uncontrolled variations in size and shape of cross
sections. These can be easily spotted in unsuccessful sdiased additive
manufacturing of polymergFigure 3.12), and are a major contributor to object

deformation.

The formation of irregular filaments is a complex problem related to the solution
thermodynamics, mass transfer kinetics, and fluid rheology. While various inappropriate
SBAM conditions may produce filaments with irregular cross sections, in our experience
inappropriate ternary ink formulation is one of the most significant causes of irregular
filaments (see details iBection3.5.3 and3.4.4). When a strong nonsolventr@nsolvent
that has a strongly differing Hildebrandt solubility parameter from the polymer) is used, a
high concentration of solvent is required to generate homogenous the ternaRignks (
3.13). Such ternary inks undergo phase inversion and generate pdgangphases and
polymerrich phases with high concentrations of volatile solvents. The high concentration
of volatile solvent further amplifies the mismatchedpmaration kinetics and inappropriate

fluid rheology, which eventually contributes to the collapse of porous structures.
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a Polymer b Polymer

Solvent ) Strong Nonsolvent Solvent B Mild Nonsolvent

Improper Ink Design Optimum Ink Design

Figure 3.13Influence of nonsolvent compatibility with the polymer. (a)improper ink
design with excessive nonsolvent strength; (b) optimum ink design with mild
nonsolvent. When a strong nonsolvent is selected (i.e., a nonsolvent with Hildebrandt
solubility parameter that differs greatly from the polymer), the homogenous regio
occupies only a small area in the ternary phase diagram. After phase inversion, both
the continuous polymerrich phase (A2) and the discrete polymetean phase (A3)
contain high concentration of volatile solvent. As a result, the evaporation and
shrinkage of polymerlean phase cannot be neglected. The optimum ternary ink
consists of mild nonsolvent and the homogenous region occupies a larger area. The
corresponding continuous polymefrich phase (B2) and the discrete polymelean
phase (B3) contain much Iss volatile compounds. In that case, the evaporation and
shrinkage of the polymerlean phases can be negligible.

High concentration of volatile components in the ternary ink enhances the driving
force for solvent evaporation, which results in a concentratdvent vapor atmosphere
surrounding the previously deposited filamerfiggyre 3.12a). As a result, the newly
deposited filaments are exposed to a-ooiform atmosphre, where the top parts of the
filaments are exposed to fresh air with dilute solvent vapors and the bottom parts of the
filaments are exposed to concentrated solvent vapors generated by the previously deposited
filaments. While the generation of polyrdean phases is expected to compensate the
volume loss due to evaporatidrigure 3.3b), the evaporation and shrinkage of polymer
lean phases cannot be neglected in cadese ternary inks contains too much volatile
solvents (seeSection 3.4.3). The atmospheric vapor concentration difference leads to

mismatched evaporation kinetics of different parts of the deposited filaments, which may
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result in mismatched volume loséthe polymerlean phases, especially for ternary inks
with high volatile compound concentration. As illustrated-igure 3.12a, the polymer
lean phases in the top paof the filaments undergo faster evaporation than those in the

bottom parts, which leads to unbalanced shrinkage.

High concentration of solvent in the polyrm&ch phase also contributes to the
collapse of porous structure due to unwanted rheologioglepties. Due to the favorable
interaction between polymer and solvent, soliedticed plasticization facilitates the
relaxation of polymer chains and results in lower storage modulus. The plasticized
polymerrich phases are susceptible to deformatiomedriby the surface tension of the
shrinking polymeilean phases, which further contributes to the irregular filamergarg

3.12c).

In conclusion, thesynergisticeffects of solution thermodynamics, mass transfer
kinetics, and fluid rheology contributes to the formation of irregular filaments. As
described above, there are three key factors contributing to the irregular filamgnts: (
asynchronous solvent/nonsolvenapuration around the filameng)(high concentrations
of volatile solvents resulting in a polymieran phase that undergoes fast shrinkage after
deposition; 8) low storage modulus of the resulting polynnieh phaseCorrespondinty,
there are threeoutes to eliminate irregular filaments. First, conducting 3D printing in a
controlled atmosphere saturated with the volatile solvent vapor can minimize evaporation
rate differences at different locations of a single filament. A coaxial secondary nazzle ca
be installed around the nozzle that delivers the ternaryHigkie 3.3a). During solution
based additive manufacturing, inert gas (e.g., nitrogen) saturated wattievalolvent

vapor is delivered through the secondary nozzle to the objects at a controlled gas flow rate.

101



The gas phase surrounding the deposited filaments is being refreshed so that evaporation
rates along the filament surface are equalized. Secordcirgp strong nonsolvents with

mild nonsolvent can effectively lower the volatile compound concentration in the resulting
polymerlean phase. The milder nonsolvent results in a larger homogenous region, as
shown inFigure3.13b. For ease of comparison, the tie lines connecting the polyaher
phase (B2) and the polymkyan phase (B3) are assumed to possess the same slope in these
phase diagrams. Following the ternarlg composition design principle (Secti88.1), a
ternary ink (B1) containing a mild nonsolvent could result in a polyieaar phase (B3)

with less solvent, which undergoes slower evaporation and less shrinkaige,
increasing polymer concentration difetternary ink can prevent the polyameh phase

from undergoingpore collaps, since the storage modulus of a polymer solution is
dominated by the polymer concentratfofigure3.12b illustrates the solidification of the
optimum ternary ink with regular filament appearance, which explains the regular cross

section of the modified Matrimid® 5218 recigeidure3.12d).

3.5.2 Delamination of Adjacent Layers

A common failure for layeby-layer 3D printing is the delamination of subsequent
layers?? Ideally, adhesioetween adjacent layers is achieved by wetting and mixing at
the junctions of two filaments. However, if the existing filament has lost too much solvent,
facile mixing at the filament interface (or junction) may be inhibited. As showigure
3.14a, the first ternary polymeric filament (Al) is deposited onto the substrate and
undergoes evaporationduced separation (AA2). After complete phase inversion, the
overall composition of the filament surface can be denoted as A2 in the ternary phase

diagram. When a fresh filament (Al) is deposited onto this existing filament (A2), the
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composition of the filament junction is shifted backward (A5). However, as the previously

deposited filament has lost too much solvent, the filament junctions remain in the

nonhomogeneous region, and the entanglement of polymer chains is thus inhibited.

a New Filament with
Improper Composition (A1)

Multiphase Filament
- Junction (A5)
y—

Phase-inverted
Previously-deposited Filament (A2)

Polymer

Vitrified
Region

SEEE——————

New Filament with
Improved Composition (B1)

Monophase Filament
__ Junction (B5)

Phase-inverted
Previously-deposited Filament (A2)

Polymer
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Figure 3.14 Thermodynamic interpretation for filament-layer delamination
processes. Case a: Improper ink design results in delamination of adjacent layers due
to phase inversion prior to polymerpolymer mixing at the interfaces; Case b:
Elimination of the delamination via the increase of solventancentration in the ink.
This retards phase inversion and enables polymguolymer mixing at the filament-

filament interface.

The most straightforward solution to this problem is an increase in the solvent

concentration of the ternary ink. As illustrated Fingure 3.14b, with the new ink

composition (B1), the composition of the filament junction (B5) is further shifted into the

homogenous region. As a result, #ezond filament partially dissolves the surface of the

first filament, which enables polym@olymer mixing and the formation of a waltlhered

junction.



In cases where increasing solvent concentration is not feasible (e.g., storage
modulus is too low toesist gravity), a plasticizing nonsolvent can be used. Even though
the new filament cannot dissolve the surface of the previous filament, polymer chains can

still slowly entangle across the interface in the presence of a plasticizing nonsolvent.

3.5.3 Object Colapse

Improper SBAM protocol can also result in the collapse of bridging structures, and,
in the worst cases, a pool of polyméiigure 3.15a shows examples of collapsed

Matrimid® 5218scaffolds.

The most common reason for object collapse is that the polymer solution is too
dilute and possesses insufficient storage modulus to withstand deformation by gravity. In
these cases, the ternary ink composition can be slightiyged in two directions to
eliminate the object deformatiofigure 3.15b). First, the polymer concentration should
be increased, which significantly increases the graodulus. Second, the ternary ink
composition should be shifted closer to the binodal curve, so that the liquid filament can

be more easily solidified before deformation occurs.
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Figure 3.15 Object collapse and potential solutions for this problem. (afollapsed
Matrimid® 5218 scaffold fabricated using the ternary ink consisting of 20 wt%
Matrimid® 5218, 78 wt% THF and 2 wt% water. (b) Improving the ternary ink
composition to prevent the object collapse. Point 1 denotes the original ink
composition, point 2 denotes the optimized ink composition; dashed arrow represents
the route of increasing polymer concentration, and the green area represents the
region with acceptable solidification delay.

Beyond an insufficient storage modulus, the formation of a vitrified skin layer can
also lead to the collapse of the printed object. A vitrified polymeric skin layer on the outside
of the filaments isolate the ternary solutienthin the filament from the external
atmosphere. When this happens, the volatile solvent must diffuse through the skin layer
and then escape desorb from the polymeric skin layer into the gaseous phase surrounding
the 3D deposited filaments. As a restlte skin layer significantly impedes solvent
evaporation and dramatically delays vapawtuced phase inversion, which contributes to
gravity-driven object collapse. The formation of skin layers can be prevented by slowing
down the solvent evaporation rateincreasing the external nonsolvent vapor sorption rate.
To enable the former, the volatile solvent content within the printing ink can be lowered
and replaced by a milder nonsolvent (Sect®dnl). To enable the latter, a nonsolvent

vapor can be supplied via the coaxial secondary nozzle to increase the driving force for
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nonsolvent vapor sorption (note, a solvent vapor can also be added to lower the solvent

evaporation driving force as shownSection3.3.2).

3.6 Conclusion

Compared with conventional manufacturing techniques (e.g., injection molding),
3D printing has advantages in the areas of complex structure fabrication, small scale
production and prototyping, and personal customization. Bgigiolymer 3D printing
technigues can process polymer melts and pbwtable resins; however, a wide range of
polymers of industrial interest cannot be 3D printed directly. We previously reported a
novel polymer 3D printing technique, SolutiB8ased Addive Manufacturing (SBAM),
which processes ternary polymer solutions and greatly expands the spectrum of 3D
printable polymer materials. In this report, a systematic protocol for SBAM was provided.
Optimal SBAM protocols translate virtual designs into m@ajects that possess tunable
hierarchical macrdmesopores without shrinkage. As SBAM involves solution
thermodynamics optimization, rheological engineering, and mass transfer control,
developing a suitable protocol for a new polymer is challenging. SEletson provides a
thorough analysis of the ternary ink evolution during SBAM and provides solutions to
some common challenges. Matrimid® 5218 was selected to demonstrate the process of

developing SBAM protocol.

The solutiorbased additive manufacturingchnique is fundamentally capable of
translating solutioiprocessable polymers, a ubiquitous class of polymers, into complex
architectures. It is a convenient tool for industries to prototype new architecture design,

customize products, and produce srsallle products using traditional solution
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processable polymers. The capability of installing hierarchical pores into polymeric
architectures without template material also provides new application areas (e.g.,
adsorption, catalysis, membrane separation) &ic additive manufacturing techniques.
Future research on SBAM should be focused on the development of software to translate
CAD architecture into print head guidance while considering motor acceleration and
deceleration at corners and new applicatiaisthe resulting hierarchical porous

architectures.
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CHAPTER 4. SOLUTION -BASED ADDITIVE
MANUFACTURING OF ULTRA -SHORT POLYMERS OF INTRINS IC

MICROPOROSITY A

Current additive manufacturing methods have strong limitations in the classes of
compatiblepolymers Many polymers of significant technological interest cannot currently
be 3D printed. Herehe SBAMmethal for 3D printing of viscous polymer solutiomsas
appliedto bothfi i nt r i poreu® ¢agodlymgr of intrinsic microporosity, PII) and
Al ntr i marpocoasl [cellulose acetate) polymers. Successtigrnary ink
formulations requirghe balancing 6 solution thermodynamics (phase separation), mass
transfer (solvent evaporation), and rheolofyg.a demonstratigra microporous polymer
(PIM-1) incompatiblewith currentadditive manufacturing technologies3B printedinto
a highefficiency mass tramer contactor exhibiting hierarchical porosity ranging from-sub
nanometer to millimeter pose Shortcontactors(1.27 cm)can fully purify (< 1 ppm)
toluene vapor (1@0 ppm) in M gas for 1.7 hoursyhich is6 times longer thaRIM-1 in
traditional struaires and more than 4,000 times the residence timthe@fasin the
contactor This solutiorbased additive manufacturing approach greatly extends the range

of 3D-printablematerials.

AThis chapter has been publistisdacromolecular Rapid Communicatioass SoléitionBased
3D Printing of Polymers of Intrinsic Microporosity.
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4.1 Introduction

Additive manufacturing techniques like 3D printing have revolutionized
manufacturing because they can produce complex structures that are difficult or impossible
to create using traditional methods. As a reshiythave been widely applied in the
development of microfluidics devicéstructured biomaterial$, and structures with high
mechanical strengthin spite of the remarkable progress that has been made, a critical
limitation of existing and emerging additive manufacturing techniques is still the relatively
narrow range of polymers that can be proceé$a.instance, fused deposition modeling
(FDM) processes thermoplastic polymers with moderate melting points, while
stereolithography (SLA) requires polymers that can be photopolymerized or
photocrosslinked®1° Many advanced functional polymers (e.g., cellulose derivatives,
polyimides, microporous tiler polymers) are incompatible with FDM and St!Aet
would immensgly benefit from the structural complexity and versatility offered by state
of-the-art additive manufacturinghe developmenidution-based additive manufacturing
(SBAM) greatly extendthe design space and capabilities of polyiresed devices and

strudures!?13

Engineering efficient mass transfer contactors for fluid processing is an emerging
area where additive manufacturing could play a critical rrideed,development of
complex structures (i.e., beyond hollow fiber bundles) for mass transfer applications is of
great practical interedtlere, we 3D printedpolymer with intrinsic microporosity, PIM,
via SBAM as a procbf-conceptPIM-1 is widely used in mss transfer processes lsit
incompatible with existing 3D printing techniqué&ie to inefficient packing of the rigid,

contorted backbones, PHUpossesses microporosity adibits promising performance
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in adsorptive and membrane gas separations aedolgeneous catalysis applicatidfis.
However, existing research on PIMis limited to simple structures, such as powders,
films, and fibers>'’ To demonstratéhe versatility of SBAM technicgi cellulose acetate,

an inexpensive polymiersupport forfunctional materialss also 3D printed via SBAM

Inspired by the fundamental principle$ hollow fiber membrane spinning, we
developed a solutichased 3D printing technique capable of manufacturing more complex
strudures with hierarchical porosity.We utilized the IUPAC definition of pore sizes,
which defines micrpores as pores smaller than 2 nm in diameter, mesopores as pores with
diameters between 2 nm and 50 nm, and macropores as pores with diameters larger than
50 nm. Hierarchical porosity refers to the coexistence of 2 or 3 types of poegstinting
techniqie involves three steps: deposition, solidification and mild-themmal post
treatment. First, a pneumatic micronozzle deposits a filament of viscoelastic polymer
solution onto a moving stage coated by a thin film made of the printing polymer (e.g.,
celluose acetate or PIM), which is utilized to enhance binding between the printed
structure and the substratéqure4.1a). Secondtheevaporation of volatilsolvents in the
polymer solution occurs as the polymer filament exits the nozzle and contacts the existing
structure. Critically, a binary polymer solution (i.e., polymer and its solvent) yields a dense
microstructure within the filament, which is nated for most mass transfer applications,
but is potentially useful in applications requiring mechanical strefigttiernary polymer
solution (i.e., polymer, solverdnd nonsolvent), in contrast, was found to produce a micro
/mesoe/macraporous structure as a result of spinodal decomposition of the ink and the
intrinsic microporosity of the polymer in the case of PINP Finally, the printed structure

undergoes rootemperature drying and nonsolvent washing to remove residual printing
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solvent. The interlayer adhesion, microstructure, and filament skin layer can be tuned by
controlling the ink composition, printing atmosphere (i.e., temperature and solvent

saturation level) and the peseatment conditions.
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Figure 4.1 Design of solutionbased directwrite 3D printer and PIM -1 printing ink.
(a) 3D printer setup. 1:substrate covered with a thin PIM-1 film; 2: secondary nozzle
generating solventsaturated atmosphere; 3primary nozzle delivering inks;
4: pneumatic ink cartridge. (b) Ternary phase diagram of PIM1 / THF (solvent) /
DMAc (nonsolvent). The blue arrow indicates the compositional trajectory of a
binary ink (PIM -1/THF) as a result of solvent evaporation. The red arrovacross the
phase boundary (black dashed line) highlights the compositional trajectory of the
ternary ink (PIM -1/THF/DMAc) during solvent evaporation. Detailed ink
composition data can be found inTable 4.1. (c) Evolution of complex mechanical
moduli of the binary ink as a result of solvent evaporation.The blue arrow
corresponds to the same compositional change as showrfFigure 4.1b. (d) Complex
moduli evolution of the ternary ink. The composition of the ink utilized to print the
final structures in this work is PIM-1:THF:DMAc = 10:23:17, and the red arrow
corresponds to the same copositional change as shown ikigure 4.1b.
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4.2 Experimental Section

4.2.1 Materials

Tetrafluoroterephthalonitrile (TFTPN, Alfa Aesar) was purified via vacuum
sublimati on a tTetrahyddoxyBC .3 -t&rhljfetijpl6, ;SENjisindane
(TTSBI, Alfa Aesar) was purified by recrystallization from methanol. Prior to synthesis,
anhydrous potassium carbonate was crushed into a fine powder and storediataior.

All solvents were used as received from various commercial suppliers.

PIM-1 was synthesized as described by Jue é&f./After synthesis, PIML was
washed by DMF and methanol sequentially to remove unreacted monomers and oligomers.

According to GPC analysis, Mn of the purified RIMs 50,166 with Mw/Mn around 1.65.

Polymer solutions were prepared as described below to préwedeleterious
influence of water vapor, to which PH{solutions are extremely sensitive. PIMpowder
was vacuum dried overnight at ¥Dto remove any residual solvents. Solvent, nonsglvent
and polymer were mixed together within a sealed stahsiiesd cartridge made of
Swagelok® fittings. To ensure homogeneity, the stairséssl cartridges loaded with
undissolved polymer solutigiwere then loaded onto a rotating rack enclosebaoven.
After slow rotation under 58 for 12 hours, the PIM was fully dissolved and the solution
(or Ai nko) was ready for printing. -1The <ca

solutions was mounted into a customized 3D priregure4.1a).
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4.2.2 Ternary Phase Diagram

Theternary phase diagram for PIMTHF/DMACc was determined bthe cloud
point technique. PIML solutions with different compositisrwere prepared by mixg
DMAc, THF, and PIM1 sequentially in a glass vial. After rapid dispersion aided by a
vortex mixer, these PIM solutions were then transferred onto a roller and heated by
heating lamps to around 3Q. After slow rotation mixing for 3 days, the solutsowere
then transferred into a 26 incubator to cool them down for another 1 day. After that, the
clarity and fluid flow properties were examinedthgeye. Aclearflowing liquid indicates
a homogenous phasehile any other appearance indicates@hase system. The binodal
curve (the boundary between the homogenous region-phdsz region) was located by
comparing adjacent dopes that exhibited a homogenous composition and an

inhomogeneous composition.

4.2.3 Rhedogy Characterization

The rheological properties of 3D printing inks were measured by an Anton Paar

MCR 302 Rheometer (Anton Paar GmbH, AusEiarope) withCouette geometry. The
measuring bob has a diameter of 16.66, euma the measuring cup has a disanef 18.07

mm. Avapor lock around th€ouette geometry was pfiled with THF to prevent sample
evaporationTHF in the vapor lockvas replenished every 10 minutes. Prior to rheological
characterization, all inks were heated up tdGQo ensure homogeity and then cooled
down to room temperature. Visgsity measurements were carried out caeange oshear

rates from 0.01°5to 100 &'. Oscillatorysheameasurements were carried oufrequency

sweep mode (strain amplitude fixed at Oifhvangula frequency ranging from 0.01 rad
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1to 628 racs?) and amplitude sweep mode (angular frequency fixed at$'naith strain

amplitude ranging from 0.01 to 10).

4.2.4 Solutiornbased 3D Printing

All 3D printed PIM1 adsorption devicewere produced using austomibuilt
Cartesian 3D printer that is designed to handle polymer solution Arksexample
optimized ternary ink compositiowas PIM-1:THF:DMAc = 10:23:17. Appropriate -G
code commands were written to conttbé movement ofthe 3D printer. The ink is
extruded through a stainlesteel needle (G24, inner diameter 3id) by applying the
appropriate pressure (35@300 kPafrom anitrogen gas cylinder, which is controlled by
a regulator. Structures printed in teectionwere fabricated at linear spsgangingfrom

1 mmstto 10 mmsk

4.2.5 Adsorption Performance Test

The kinetic adsorption of toluene experiment was conducted to simulate hazardous
gas removal fronthe closed system without forced airflow. Aldyered PIM1 scaffold
was placed in the cha@ber of a Dynamic ®porSorptionSystem (DVS Vacuum, Surface
Measurement Systems) where a vapor toluene environment with a specific pressure was
generated. The mass change of the sample during exposure to toluene vapor was monitored.
To compare the differeees between different geometries of PIMorbents, dense PH

pellets and porous PIML fibers were also tested.

PIM-1 adsorption modules were assembled by fixing a 3D printed1PiMnolith

into a customized stainless steel enclosure. Toluene/nitragéuares were sent through



the adsorption column at a flow rate of 30°csrh The outlet gas was analyzed in reale

using a quadrupole mass spectrometer (Omnistar GSD 301 C, Pfeiffer Vacuum). Before
each run, the PIM adsorption column was heated @2C under vacuum for 12 hours

to remove residual solvent or toluene. s\somparison, PIML powder and fibet8 were

also tested following the same protocol.

4.2.6 Nitrogen Physisorption

BET surface area and pore size distribution of RIBamples were obtained from
nitrogen physisorption experiments at 77 K using a BELS@RR (MicrotracBEL).
Before measurenm¢, the samples were refreshed by methanol to eliminate any

confounding aging effecfs.

4.2.7 Mercury Porosimetry

Mercury porosimetry was used to measure the hierarchical pore structure of 3D
printed PIM1 and cellulose acetaseaffolds. The scaffolds were refreshed with methanol

and then measured in an AutoPore IV (Micromeritics) porosimeter.

4.3 Results and Discussion

4.3.1 3D Printing of Ternary Polymer Solution

Typical inks for directwrite 3D printing of microporous materials often contain
high loadings of solid particles that prevent deformation of printed filaments at low
apparent ink viscosities by creating yield stréd®€8 Pure polymer solutions such as those

utilized here, on the oth@and, require a rapid shift froa liquid to a soliestate. Amethod
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to enable this phase transition is to process a highly viscous polymer solution containing a
volatile solvent. After deposition of a filament onto the existing substrate, evaporation of
the solvent (tetrahydrofuran, THF, in this study) increases the polymer concentration
within the filament and induces solidification (when storage modulus becomes higher than
loss modulus) either through vitrification or phase inversion. To avoid extyemgth
pressure through the printer nozzle at room temperature, thd Bicentration cannot
exceed 25 wt%Higure 4.2). Figure4.2a and b show that the polymer solutions can be
approximated as incompressible Newtonian fluids and that laminar flow is expected in the

nozzle.The pressur e dr o pythe B=BenPoisesille equationdl at e d

W o l‘{‘Y , where L, the length of the micronozzle, is 5 mm, Q, the volumetric flowrate

of the polymer solution, ranges from 0.005°amto 0.5 cni st and R, the inner radius of

the micronozzle, is 156 pm. Although binarykid could achieve the fastest solidification

among all binary inks, its high viscosity prevents flow even under high extrusion pressures
(~2000 kPa). As a result, ink 3 was chosen with a sacrifice of rapid -ligusiolid

transition. However, ternaryink&x hi bi t s a good bal ance bet we
solidification: it lies next to the binodal boundafigure4.1b) and requires achievable

driving pressures.
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Figure 4.2 Dynamic viscosity () of (a)binary inks and (b) ternary inks measured at
25 oC. (c) Estimated pressure drop across the micronozzle for binary inks and ternary
inks.

Figure 4.3 shows an example of a scaffold printed from a 25 wt%-PAMHF
solution; the changes in solution rheology during the printing stage are shéwgure
4.1b (blue arrowandFigure4.1c (ink compositions are listed ifable4.1). Importantly,
3D printing of binary polymer solutions hdseedrawbacks: first, it takes a relatively long
time for a printable polymer solution to be fully solidified, bessab wt% of the ink must
evaporate, which leads to graviyiven deformatiomfter depositioffFigure4.3). Second,
solvent evaporation causes an enrichment of the polymer concentration at the filament
surface and results ia dense (i.e., no megmacreporosity) skin layer via polymer
vitrification (Figure4.4a); this layer would dramatically slow down mass transfer between
the polymer filament and surroundings and render the printed strucsugable for mass
transfer applications such as adsorption and catalysis. Third, due to the density difference
between polymer solution and dry polymer, the formation of dense filaments inevitably
leads to shrinkagd-{gure4.4c andFigure4.3). At elevated temperatur¢sigure4.3c and
d), the evaporation rate of THF increases while the viscosity of polymer solution decreases.

As a result, printed filament becomes both denser and exhibits gtetdemation.
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Table 4.1 3D printing ink composition by weight ratio.

Sample PIM-1 THF DMAc
Ink 1 0.150 0.850 0.000
Ink 2 0.200 0.800 0.000
Ink 3 0.250 0.750 0.000
Ink 4 0.300 0.700 0.000
Ink 5 0.166 0.552 0.282
Ink 6 0.192 0.481 0.327
Ink 7 0.200 0.460 0.340
Ink 8 0.209 0.436 0.355
Ink 9 0.213 0.426 0.362
Ink 10 0.217 0.415 0.368
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Figure 4.3 SEM micrographs of PIM-1 scaffold printed from 25 wt% PIM-1/THF
solution. (a) Gravity-driven deformation of filaments printed at 25°C. Magnification
and cross section of filaments printed at (b) 29C, (c) 40°C and (d) 55°C reveal thick
skin layers anddense microstructures. insert: dense morphologies of the core of the

filaments.
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Figure 4.4 3D printed PIM -1 structures. (a)SEM image of 3D printed scaffold created
using a binary ink (PIM-1/THF). Blue arrow highlights the deformation of PIM-1
filaments due to delayed solidification. inset: SEM image of the filament crossection.
The red arrows highlight a dense skin layer, which is deleterious for mass transfer
applications. The inset scale bar is 20 pm(b) SEM image of 3D printed scaffold
created using a ternary ink (PIM-1/THF/DMAC). Here, the top layers were removed
to reveal the intersection of two adjacent filamentsinset SEM image of filament
crosssection. Scale bar is 20 um. (cPptical photographs of various PIM-1 scaffolds
created via 3D printing of ternary polymer solutions. Top left: monolith adsorber;
top right: pyramid; bottom left: multi -layered scaffold; bottom right: top view of the
scaffold. The inset scale bars are 1 mm. (d) Nitrogerhgsisorption isotherms at 77 K
of PIM-1 powder and 3D printed PIM-1. BET surface area of 3D printed PIM1
(748+ 5 my 1) is comparable with that of pristine PIM-1 powder (726t 3 my 2).

To prevent filament deformation, eliminate shrinkage, iatrduce hierarchical
porosity throughout the 3D printed structure, we developed a ternary 3D printing ink
consisting of PIM1, solvent (THF) and nonsolvent (dimethylacetamide, DMAc, in this

study). The addition of nonvolatile nonsolvent dramatically gkanthe solution
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thermodynamics and the rheology of the systeigure4.1b andFigure4.1d). In this case,
evaporation of a relatively small fraction (0.9 wt% loss of the ink) of the volatile solvent
shifts the composition of the nascent ink across the binodal boundary (black dashed line in
Figure 4.1b) to induce spinodal decomposition of the solution, which results in
solidification and the formation of interconnected mésacrepores. As shown by the
rheological data along the trajectory (red aria Figure4.1b and ¢ of THF evaporation
from the ternary solution, both the storag
solvent is removed. Once thlament composition moves into thephase region, there is

a delayed change of these complex moduli because of phase inversion solidification. Strain
amplitude sweep measuremeritgy(ire4.5) reveal that the rapidly solidified macroporous
filament is more brittle than slowly solidified dense filaments, which implies formation of
kinetically-trapped porous structures when using the ternary ink. Compared with the binary
inks, ternary inks exhibit a good bal ance
(Figure 4.3 and Figure 4.4b). EvaporatioAnduced phase separation also produced
mesopores and macropores that accelerate mass transfer prdeigsses.4b, Figure4.6

and Figure 4.7). The formation of mesémacrapores within the printed filaments also
greatly reduces sictural shrinkage effects from solvent evaporation. This work suggests
that 3D printing of polymers from solution can be achieved without needing to compensate

for evaporatiorinduced shrinkagd{gure4.4c).
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ternary polymer solutions measured by amplitude sweep. Ink compositions are tabled

in Table 4.1.

Although the addition of nonsolvent enables rapid solidification and formation of
interconnected mesonacroepores within a single filament, it inhibits adhesionween
the depositing filament and filaments already incorporated into the structure. We
hypothesized that excessively rapid evaporation of the volatile solvent resulted in filaments
that had effectively solidified before contacting the structure to wihel were being
added. To reduce the solvent evaporation rate in the air gap between the micronozzle and
the printed structure, we installed a secondary nozzle that ejected an atmosphere saturated
with the volatile solvent. The increase in solvent parti@spure around the nascent
filament reduces the driving force for solvent evaporation, thus suppressing the evaporation
rate. By controlling the degree of saturation in this atmosphere, the time for solvent
evaporation could be tuned so that the apprapbatance between storage and loss moduli
could be reached that enables strong filanfibarnent adhesion without significant

filament deformation or structural collapgedure4.8). Low evaporation rate of volatile
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solvent also inhibits evaporationduced surface vitrification thus eliminating skin layer

formation EFigure4.4b andFigure4.8).
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Figure 4.6 Pore size distribution of 3D printed PIM-1 from ternary ink. The red area
represents the microporous region (< 2 nm), the yellow area represents the
mesoporous region (2 nni 50 nm), and the blue area represents the macroporous
region (> 50 nm). (a)Pore size distribution was obtained by fitting nitrogen
physisorption isotherms at 77 K with he 2D NLDFT model for slit pore geometry.
(b) Pore size distribution measured by mercury porosimetry.
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Figure 4.7 Comparison of crosssections of PIM1 filaments printed from (a) binary
solution and (b) ternary solution. insets: highmagnification images. (c)Nitrogen
physisorption isotherms at 77 K of 3D printed PIM1 based on ternary solution and
binary solutions; BET surface areas of PIM1 printed from ternary solution (748 +5
m?g 1) and binary solution (679 +3 m2g 1) are comparable, as solutiorbased 3D
printing does not the alter intrinsic properties of the polymer. (d)Pore size
distributions measured by mercury porosimetry reveal thata ternary solution
generates more mesopores (2 nab0 nm) ard macropores (> 50 nm).



Figure 4.8 SEM micrographs of PIM-1 scaffold printed from optimized ternary ink
(PIM-1:THF:DMACc = 10:23:17) at 22°C with different degree of THF-saturation in
the printing atmosphere. (a, b)0% THF saturation and (c, d) 100% THF saturation.
When printed in dry atmosphere, there is nearly no interlayer adhesion as most
volatile solvent rapidly evaporated, which results in packing of individual filaments.
At 100% THF saturation, interl ayer adhesion is so strong that no delamination was
observed (highlighted by white arrows in d). As printing atmosphere is more and
more THF saturated, THF evaporation is slowed down and solvation bind adjacent
filament together. At lower THF evaporation rate, skin layer formation is also
inhibited (compare b and d).

After printing, the PIM1 structures were washed with methanol and hexane
sequentially, followed by a losemperature drying step (85 kPa vacuum?@0to get rid
of residual organic solventhe solvent exchange process uses a sequence of nonsolvents
with decreasing surface tensions to prevent the collapse of/mesoepores during the
postfabrication drying proces8.This mild activation process maintains the mifrese

/macraporosity of the printe®IM-1 structures. As shown irigure4.4d andFigure4.9a,
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the 3D printed PIML scaffold exhibits similar BET surface areas and toluene vapor

uptakes as neat PNl powders.
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Figure 4.9 Adsorption performance of 3D printed PIM-1 structured materials.

(a) Toluene adsorption isotherms of 3Bprinted PIM -1 and PIM-1 powders. The
isotherm is fitted with a dual mode equatior?*(b) Kinetic uptake of toluene into PIM-

1 fibers, pellets and 3D printed scaffold. (CAhir pressure drop across the three
adsorption beds as a function ofsuperficial air velocity. (d) Toluene vapor
breakthrough experiment carried out at 30°C. A feed of toluene vapor (1000 ppm)

in nitrogen flows through PIM-1 adsorbers at 30 criis™. insert: Images of columns
for illustration. Black framed image shows paallel packed fibers, blue framed image
a packed bed of pellets and the red framed image is the 3D printed scaffold.

Importantly, the creation of hierarchical porosity during the printing process via
phase inversion is not limited to Pl A cellulose acete scaffold printed using a ternary

ink that was formulated according to the same general approach as described-for PIM



(with solvents/nonsolvents specific to cellulose acetate) also exhibits hierarchical macro
/mesoporosity Figure4.10). A large variety of hierarchically porous polymers has already
been fabricated via phase inversion indmst fiber spinning, and we hypothesize that these
polymerscan also be 3D printed using the techniques described¥ieRiateof-art laser

based stereolithography can manufacture features withhnkOQresolution while
macropores witldiameters from 0.5 pm to 100 pm can be produced via emuibased
techniques®?® However, all of the aforementioned pore structures are mairog. By
contrast, 3D printing of ternary polymer solution creates both mesopores and macropores.
Moreover, through the use of PilMwe also create micropores to truly have rasdale
hierarchical porosity; this latter population of pores is uniqueisodtmoice of polymer,

which cannot be processed with the other printing methodsur current solutiofbased

3D printing approach, phase inversion is induced by evaporation and therefore requires the
careful selection of volatile solvents and lesatile nonsolvents for each specific target
polymer (volatile nonsolvents could in principle be used as well by introducing a
nonsolventenriched gas environment, as is widely used in-dwgtfiber spinning®*d).
Although the minimum feature size of our current setigrasind 200 pm, it is potentially
possible to utilize smaller diameter micronozzles and harness ink deformaiticnetase

resolution and create periodic features, as shown by Zhao and cowdfrkers.
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Figure 4.10 Comparison of cellulose acetate (CAgcaffolds printed from (a, c) binary

ink (CA:Acetone = 25:75) and (b, d) optimized ternary ink (CA:Acetone:Water =
23:52:25). The ternary ink largely avoids deformation at relatively low polymer
concentrations compared with the binary inks of similar polyner concentrations
owing to rapid phase inversion of the former. Moreover, the binary ink forms a flat
dense filament while the ternary inks tend to form round, porous filaments. (e, f) Pore
size distributions measured by mercury porosimetry reveal that temary solution
generates more mesopores (2 nm to 50 nm) and macropores (> 50 nm), which agrees
with the observation in PIM-1 system.
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4.3.2 3D Printing EnergyEfficient Adsorption Contactor

Structured materials with precisely designed mass flow channels andlgalid
interfaces provide unprecedented opportunities for engineering microscale transfer
phenomena, which are beneficial for sens®t$pressuredrop-efficient adsorbers:?23°
catalytic devices! membrane module$,etc. As a proofof-concept, we printed PIM
monolith structures for removal of a model volatile organic compound (VOC, toluene in
this study) from a gaseous feed. We assessed the kinetic uptake of dilute toluene
atmospheres (0.71 torr of toluene, which is 2.5% of the saturation pressure) intela PIM
scaffold (average diameter of flaments is 200 pyn) made via 3D printing. This scaffold
was benchmarked against more traditional packed beds oftyier(half thickness 150
pm) and pellettype PIM1 adsorben{short cylinders with 2 mm diameter). As shown in
Figure4.9b, it takes the 3D printed Pl adsorbent only 320 s and 2800 s to reach 50%
and 99% saturation, respectively, whereas the-t\q@e and pelletype samples exhibit
significantly slower kinetic uptake rate. The rapid kinetic performandbeo8D printed
scaffold is attributable to the smaller characteristic length of the filaments when compared
to the fiber or pellet sampleSigure4.11 normalizes thenfluence of characteristic length
difference so that the fractional mass uptake rate is solely determined by apparent
diffusivity, and in this case, the sample kinetics of the various materials are nearly identical,
which suggests that the 3D printed stawes do not contain deleterious skin layers or other
mass transfer resistances not present in the fiberhierarchical porous PH#l structures
(PIM-1 fibers and 3D printed PIM scaffolds) exhibit significantly improved apparent

diffusivity compared wth dense PIML structures.
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Figure 4.11 Change of fractional mass uptake as a function oﬁ)'—H', where m is

the weight difference between current sample and initial dry samplenins is the weight
difference between sample at equilibrium and initial dry samplet is time anda is
characteristic length for mass transfer of each sample (100 pm for 3printed scaffold
and 150 pm for fibers).

With proper design, 3D printed mass transfer contactors can provide highly uniform
fluid-solid contact paths and thus achieve more efficient mass transfer. Traditional
randomly packed adsorbent beds contain flonnok&s with wide size distributions; the
larger channels in such distributions allow fluid to bypass the adsorbent without effective
mass transfer of the adsorbate into the adsorbent. Such a bypass problem is not significant
for industryscale adsorbent bgavith lengthto-diameter ratisover 50, but can be critical
for miniature packed beds that would be suitable for sgtalle applications like personal

protection equipment. To demonstrate the improved mass transfer effiofe3@yprinted
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structuresthree PIM1 adsorbent beds were assembled using different packing structures
(Figure4.12): (i) a 3D printed scaffold with 256 parallel channels of 300 pm x 300 pm
uniform dimension(ii) parallel packed fibers, ar{di) a packed bed of pellets. Adsorbent
weight (410 £5 mg) and adsorption column dimensions (square column cross séction
0.95 cm by 0.95 cm and column lengbh 1.27 cm) were kept identical. Toluene
breakhrough experiments wetbencarried out to compare the adsorption and pressure
drop performance of these adsorbers. The pressure drop for all three materials was found
to be approximately the samiigure 4.9c), and will be discussedoelowin conjunction

with the breakthrough performance of the beds. A gas feed @010m toluene in
nitrogen was introduced into the adsorption columns at 3&t(superficial gas velocity

0.55 cms?) and the composition of the product gas was monitored via mass spectrometry.
Figure4.9d shows breakthrough curves of these thypes of adsorbers. Although all three
adsorbers capture roughly the same amount of toluene eventually, the remarkable result is
that the 3D printed scaffold produced clean gas (i.e., toluene concentration below the 1
ppm detection limit) for nearly 1.7 hos, which is close to the stoichiometric breakthrough
time (2.3 £0.05 hours) and almost 6 times as long as the other two adsorbers. The
difference in effective operation time, during which there is no toluene present in the
product gas, is attributed tioe difference of characteristic lengths and the gas flow channel
designs. Given that the lengirdiameter ratio of these adsorbers is only 1.33 and the
nominal residence time ghs in the adsorbeisonly around 1.5 s, any bypass would result

in a shap increase of the toluene concentration in the outlet stream. Owing to its precisely
designed gas flow channels, the 3D printed RIstaffold exhibited a sharp breakthrough

front, which means all adsorbent filaments were saturated at similar time if&aiehdly,
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random packing leads to inefficient utilization of adsorbents;-uroform straight
channels in parallel packed fibers create bypasses and result in a step increase of product
toluene concentration, whereas regions with lower packing densdypecked bed of
pellets have much higher local flowrate and become saturated earlier than the other parts,
which results in a broad breakthrough curve. This hypothesis is consistent with the pressure
drop measurements of gas flow across adsorbers meadudigigrent superficial airflow
velocities. Specifically, packed beds of pellets are expected to have the highest airflow
resistance due to drastic inertial loss of momentum induced by collision between fluids and
pellets. However, at such a low lengthdiameter ratio, the packed bed of pellets exhibited

the lowest resistance, which means bypass created by inefficient packing resated in
channeling effect. As parallplacked fibers andhe 3D printed structurehad similar

airflow channels and identicgorosity, they exhibited similar pressure drof$e
excellent adsorption performance of this probprinciple adsorber is a synergistic effect

of an inherently good absorbent material (PIMand an efficient column design enabled

by 3D printing. Thecomparison between different contactor designs highlights the
important role that uniform mass transfer channels play in improving adsorptive

separations.
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Figure 4.12 Images of PIM-1 adsorbent columns utilzed in toluene breakthrough
experiments. For the purpose of visualization, the adsorbents were enclosed in acrylic
tubes packed the same pattern as those tested in experiments (the housing utilized in
the experiments was stainless steel). (a, b) Parallghcked PIM-1 fibers with non-
uniform but straight gas flow channels. (c, d) Packed bed of PIM pellets with non
uniform and tortuous gas flow channels. (e, f) 3D printed PIML scaffold with uniform
gas flow channels.
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4.4 Conclusiorns

In summary, we report theolutionbased additive manufacturingBAM) of
polymer of intrinsic microporosity 1, which cannbe utilized in existing additive
manufacturing scheme©ptimization of ternary polymer solution composition and
printing atmospher resulted in the fabrication of polymer scaffolds with vieimed
threedimensional structures possessing hierarchical mateseporosity (and
microporosity when polymers with contorted, rigid backbodesich as PIMLO are
utilized). 3D printed PIM1 ad®rption structures exhibited large (i.e., up to 30 wt%) and
rapid uptake of toluene (a model volatile organic compound, VOC). Short (around 1 cm)
beds of these scaffolds were challenged with a flowing stream of toluene/nitrogen at gas
residence times in éhbed of approximately 1.5 second, yet these short beds were able to
completely remove toluene from the gas stream for nearly two Houesall, this work

lays the foundation fgprototyping mass transfer contactors SBAM.
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CHAPTERSS. MODULAR PEI/PIM -1 ADSORPTION
CONTACTOR SFABRICATED BY SOLUT ION-BASED ADDITIVE

MANUFACTURING FOR ENERGY-EFFICIENT CO . CAPTURE

Traditional packesed adsorption contactors are widely appliedthe modern
industryowing to the ease of fabricatioHowever,the tortuous fluid distribution system
in these contactorsesults ina significant tradeoff between mass transfer kinetics and
pressure dropAlternatively, structured contactors feature precisely designed fluid
distribution channelwith betterbalanced mass transfer kinetics and pressure dubphe
complexity of fabrication has hindered sys#im studies in this areAs shown in Chapter
3 and Chapter 8D printing can fabricate complex structures at moerer coss and can
be used fotherapid prototyping of nexggeneration mass transfer contactors. Hert
the help ofsolutionbased additive manufacturingie proposeda modular adsorption
contactordesignthat achieves a balance betwedasign freedom and scalabilitiy
manipulating the adsorbent packing deasibn the adsorber crosgction and along the
fluid flow direction, the mass transfer efficiency and heat transfer efficiency can be
manipulated.As a demonstrationhierarchically porous PIM adsorption contactor
modules wereimpregnated with PEor COz capture from flue gas simularsind various
configuratios of these modules were testéde optimizedadsorption contact@ssembly
exhibits33% higher breakthrough capacind75% lower pressure drofmantraditional

packedbed adsorption contactansade of the same material
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5.1 Introduction

The energynfrastructure of modern sociefyasastrong dependence on fossil fuels
Currently, 70% to 80% of global energy consumptiors contributed byfossil fuel
combustion* The intensive fossil fuel esumptionis associaté with extensiveCO
emissiors and consequently, aalevatedglobal atmospheric C£xoncentratiorelevation
andglobal warming? The rising CQ concentratiorhasinspired researchers to develop
techniqueso captue CO. from various source.g., power plarftue gasthe atmosphere,
etc). While theamine scrubbing technique has been well develapsdffers fromahigh
energy penalty antequirescomplex heat integrationvhich restrictamine scrubbingo
specific applications and prohibits its usage to capgi@efrom a more diverse range of

sources.

Adsorption is a promising alternative separation techniquehwilk achieved by
driving a mixture fluid through a adsorptive contactor. During the contact betwten
fluid mixture and the solid adsorptive material, molecules can be differentiated based on
their different affinity with the adsorbentmaterial thus enabling separation. In a
regeneration step, the adsorbed molecules can be relaadesidsorbent material can be
reused.Compared withthe mainstreamabsorptioAdbasedCO; capturing technology,
adsorptionachieves higher energy efficiency by avoidipgrial phase change of the

mixture during regeneratian

The kst few decades have witnessasintendous progress in thevalopment of
advanced adsorbent materials, such as zeolites, M@fesmicroporous polymers.

However,the technical difficulties associated withe translation of advanced materials
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into practical contactorishibits theirwidespread applicatioin modern industrieOwing
to the ease of largscale fabrication, gcked beddsorption contactoewidely applied
in industrial adsorption processésthe packed beadsorptiorcontactor, dsorbent pellets
are randomlypacked,and fluids are delivered through the voidgvieeen pelletsSucha
disorderedluid distribution systensuffers fromthe tradeoff between pressure drop and
mass transfer efficiency, whidghcreases the operational casor examplea 600 MW
coakfired power plangenerates 50Mm%s flue gase$ To proces fluids with such a high
flow rate a commorpackedbed adsorption contact¢e.g.,1 mlong contactorpacked of
pellets with2 mmdiameter¥ requiresa high pressure drofsuch a high pressu(8 kPa)
andflow rate (500 n#/s) would contribute tdolower electricity coss of approximately
$30/tome CO.. According to the Department of Energythe maximum allowable
operational cosbf the nextgeneration adsorption technique $80/tome CO;, which

cannotbe achievedhrough the use gfacked beddsorption contacter

The low energy efficiency of traditional packed béduss inspired engineergo
developed structureddsorption contactos such asmonoliths and fiber sorbents
Structuredadsorption contactorprovide organizedfluid distribution which results in
more uniform and controlled flow patterns and teonables bettetheat managemerigster
adsorption kinetigsand lower pressure drop penaltytructured adsorption contactors
provide engineers higher design freeddime design parameters of packed bed adsorption
contactors are limited to pellet sizes, pellet porosity, and packing deBgityontrast,
engineers caim principlemanipulatanore parameters (e.g., material packing density, fluid
velocity profile, etc.)at every position of thetructured adsorption contactdesimprove

performanceHowever,due to limitations imposed by tmeanufacturingorocesses of the
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adsorbent materiglsstateof-the-art adsorptioncontactors are exclusively limited to
monolithic stuctures fibers, sheets, efc’ To date, ittle researctas been conductemh

the relationship between adsorption contactor design and adsdoptiavior.

3D printing techniques fabricate objects by directly adding materials to the
designed structureDifferent from traditional manufacturing techniques, the cost of 3D
printing does not scale significantly with increasing structural compleSitgha unique
feature make8D printing a coseffectivetool to prototype advanced adptipn contactor
design.Solution-basedadditive manufacturing (SBAM) is one of the most suitadile
printing techniqueso fabricate mass transfer contactdks. notedin Chapter 3SBAM
processes multicomponent polymer inks consisting of polymer, solvents, and nonsolvents.
After deposition,the viscoelastic3D printing inks rapidly transform into a polymer
fispongé wi t h hi er ae.g,, micro-nkse/rpaoropoes)i They credtion of
hierarchical pores requires no sacrificial templates, which make SBAM distincothem
expensivademplatebased porgeneration methad The hierarchical pores in the objects
fabricated via SBAM provide rapid mass transfer rguasich is essential for mass
transfer related applications (e.g., adsorption, catalysis, membrane separatiofhetc.).
otheradvantage of solutiehased 3D printing over staté-the-art polymer 3D printing
technique is the expanded material spectrunyriais that are widely applied in adsorbent
fabrication(e.g., polyamides, cellulose acetates, AiMtc.)can only balirectlyprocesse

in the form of polymer solutiwithout further modification

Here, we propose aodular design diiltra-shortcontactorss illustrated irFigure
5.1. Each module features a monolithic type structhag istailored to be compatible with

parallel 3D printing techniqueswhile also providing fundamental insight into the
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relatiorship between structure and performanddie contactor structure can be easily
described in a Cartesian coordinatestem where thez-axis is aligned with the fluid
flowing direction. The contactors are fabricated in a ldyelayer mamer. In each layer

which defineghex-y plane the 3D printer lays down parallel adsorbent filaments in either
x-directionor y-direction. By adjusting the filament size and the gaps betwéjacent
filaments, the local velocity profile in each layer can be controlled. By controlling the
filament diameter and interlayer spacaigng thez-axis, thematerial packing density can

be adjusted. Compared with monoliths, the strugitmposed by this work provides higher
design freedom and better tolerance for dead channels due to the interconnectivity of all

fluid distribution channels.
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Solution-Based PIM-1 Adsorption Contactor Modules
Additive Manufacturing

b 3D Printing of Adsorption Contactor Modules

Filaments in x-direction Filaments in y-direction Filaments in x-direction

Figure 5.1 (a) Schemeof ultra-short adsorption contactor modules prototypedvia
solution-based additivemanufacturing. (b) Fabrication of the adsorption contactor
modules.

Here, wediscussa systematiseriesof experimats to investigate the potential of

modular scaffoletype adsoption contactordesigrs. Specifially, the influence of
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contactor structure andhodule assemblyon breakthrough behavior is investigated

becausehisis a critical performance indicator for adsorption contactors

5.2 Experimental Section

5.2.1 PIM-1 Synthesis

The PIM-1 synthesis procedure is described in prior pukilica.®® Briefly,
purified tetrafluoroterephthalonitrile (TFTPN, Alfa Ae3aand 5 , 5 NtréhydBokly
3, 3 -t&raipe®i] , -spiNbisindane (TTSBI, Alfa Aesagndergo polymerization in
the presence opotassium carbonate fine powdand aimydrous dimethylformamide
(DMF) at 65 C for 72 hourdH20 wasadded into the synthesis mother solution to dissolve
theremainingpotassium carbonatnd quench out PIM. The PIM1 wasthen dried and
dissolved by chloroform and quenched out by metha#fier that PIM-1 was washed by
DMF and methanol sequentially to remove unreacted monomers and oligdrhers.
weight average olecular weightof the PIM-1 used in this studys 50200 Da with a

polydispersity indexaround 1.6%ccording taGPC.

5.2.2 SolutionBased Additive Manufacturing of PHU contactor

After synthesis and purification, PHwasfabricated intcadsorption contactors
via solutionbased additive manufacturinging the proesses developed in Chapters 3 and
4. The ternary PIML ink wasprepared by mixing PIM, dimethylacetamid¢DMAc), n-
methyl2-pyrrolidone(NMP), andtetrahydrofuranTHF) with amass ratio 020:24:10:46
A customized 3D printer resemblirige cartesian direeink-writing 3D printer with a

coaxial vapor nozzleasutilized. Thepressurizedernary inkwasdeposited onto a moving
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glass platehat is coated with a 160 nthick PIM-1 membrane During solutiorbased
additive manufacturing, THBaturated nitrogewasdelivered through the vapor nozzle to
the printed structure, which prevedthe formation o skin layer and irregular filaments.
After solutionbased additive manufacturing, the solidified PIMid®rberwas removed
by immersing the substrate intioe deionized water bath. To prevent the col@aptthe
hierarchical pores, the printed PiMadsorbewas then solvent exchanged with water,
methanol, and 4mexane. Solvent exchange with eativentwas finished by 3hour
immersion inthe corresponding fresh solveBttimes. Afterthe solvent exchange, the n

hexanesaturated adsorberas driedunder vacuum at 80 for 12 hours.

The PIM1 adsorbersvere packedinto customized stainlesgeel housing¥®
Specifically,16-um thick aluminum foilis packed in the gap betwe#rehousing and the
adsorber to avoilypaspathways. Glass woalaspacked in the tubinthatconnecs the
adsaber modules to ensurea uniform gas concentration profile the radial direction
between modules; thidesignhelps to elucidate the role of contactor structuneeach

modulewhen several modules are combined

5.2.3 WetImpregnation of PEI

PElI (Mw = 800 Da)was loaded into 3D printed PIM adsorber via wet
impregnatioras described ia previous study.Briefly, a solution of PElin methanolwas
used tdill the adsorber module wittheglass wool temporarilemoved The mass of PEI
wasdeterminedbased on the target PEI loading with the assumption that all PEI will be

cagured by PIM1, which is a reasonable assumption for PEI solutions \waith



concentration lower than 5 wt.%. The amount of methaasldesigned to fully immerse

the PIM-1 adsorber.

The modules filled with PEI solutioneresealed with tube caps and stored 12
hours at room temperature to ensure diffusind aderptionof PEI moleculeshroughout
the PIM1 module Afterward, the tube caps of the modulgereremovedandthe modules
were dried at 100C under vacuum to remove methanol. After this wet impregnation
process, the PEI/PIM adsorber moduleserestored ina nitrogen atmosphere befaitee

breakthrouglexperimeng to prevent PEI degradation

5.2.4 COz Adsorption

CQO; adsorption isotherms of the PEIM-1 compositesvere collected usinga
Dynamic Vapor SorptiomstrumeniSurface Measurement Systems Lt&mall fractions
of PEFimpregnated PIML wereloaded onto the microbalance, whisfaslocated in an
airtight sample chamber. Prior to the expenimahigh vacuum (16 Pa) and heat (8TC)
treatment wereapplied to the whole system to desorb2G@d solvent from the sample.
During the measurement, pure £@ascontinuously delivered into the sample chamber
at a constant flowate and evacuated by a vacuum pump. The valve between the sample
chamber and the vacuum pumjas controlled by the computer to maintain a desired
sample chamber pressure. The equilibrilamgle weights at a series of €fressurs

wererecorded to establish the adsorption isotherm.
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5.2.5 PorosityCharacterization

The macropores and mesopores of tie@inted structurewerecharacterized via
mercury porosimetryThe polymer structure weredried under vacuum at 8 for 12
hoursto remove residuaolvent The dry samplewerethen characterizeid an AutoPore
IV (Micromeritics) porosimeteiWVithin the equipment, mercumyas pressurized fror@.5

psito 32500 psiwhich corresporgto pores raging from358 um to 5.6 nm

Micropores of the B printed structuresvere characterized via 77K nitrogen
physisorptionPrior to nitrogen physisorption, samplegere dried aB80 °C under vacuum

for 12 hours.

5.2.6 COz Breakthrough

The carbon capture performance of adsorption modudssevaluated via a GO
breakthrough experiment setup as showkigure5.2, whichwasdesigned to simulate
carboncapture from flue gas generated from the dwat power plants. A premixed gas
stream (CQ@helium/nitrogen = 12.5/12.5/7%)asdelivered by a mass flow controller into
the adsorption modules being tested. The adsorption madsienclosed by an incubat
at 25°C. A mass spectrometavas attached to the breakthrough systand the gas
composition at the outlet of the adsorption modwias analyzed in realime. The

calculation of breakthrough capacitsasdescribed in Section 2.3.
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Figure 5.2 Setup for the CO, breakthrough experiment.

The adsorption contactovgerewrapped with heating tape. A PID controllgas
used to maintain the temperature at the target value. After each breakthrough experiment,
the adsorption contactomgere regenerated by 120 € heating with nitrogen purging.
During the regeneration process, the outletwasanalyzed by the mass spectedsr.
The heating process usually lasts for 2 hauntsl the CQ emission is below 20 pprio
avoid the error introduced by PEI degradation, all the breakthrough experivwenats

conducted in a random sequence.

5.3 Results and Discussion

5.3.1 Short Adsorption Modies

To investigate the influence of the gas distribution system desigrihe
breakthroughbehavior of CQ, ultra-short PEI/PIM1 adsorption modules are fabricated
via solutionbased additive manufacturimgnd subsequent wet impregnatimhPEIL The
3D models of théhree adsorption modulesilized in this sectiomre illustrated irFigure
5.3. These adsorption contactors are fabricated in a -laydayer mamer. Layers of
filaments are packed thez-direction and each layér one contactoconsiss of the same

numberof filaments Filaments in adjacent layers atepositedn orthogonal directions.
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a Adsorber 0 b Adsorber 1 (o] Adsorber 2

z: 64 Filaments

z: 34 Filaments z: 40 Filaments

\

1

y: 16 Filaments

y: 30 Filaments
y: 25 Filaments

x: 30 Filaments x: 25 Filaments

Figure 5.3 The 3D models of the ultrashort PEI/PIM -1 adsorption modules used in
this research.(a) Adsorber 0 with 30 filaments inthe x-y plane and 34 layers in thez-
direction. (b) Adsorber 1 with 25 filaments inthe x-y plane and 40 layers in thez-
direction. (c) Adsorber 2 with 16 filaments in the x-y plane and 64 layers in thez-
direction.

To enablea fair comparisorof adsorption performancedhe three adsorption
modulespossesshe same overall dimension (cth x0.9 cm x 0.9 cm) and the same
material loading (0.27 g PIM with 0.09 g PEI). Since the adsorbers are fabricated via the
same SBAMprotocol each filament of the adsorption modules passdbe same porosity
(40 %) associated with the hierarchical pores throughout 3Be printed adsorbent
filaments Figure 5.4). The apparentensity of the fresh PIM filaments is 0.6 g/mL

probed by mercury porosimetrjhe void fraction of each adption module i9.383

These three adsorption contactors differ from each other with respect to their
filament packing patterns. The-Byer Adsorber 0 possesses 30 filaments in each layer of
the contactor with a 5@n edgeto-edge gap. The 4lyer Adsorber 1 possesses 25
filaments in each layer of the contactor with a-idibedgeto-edge gap. The Glayer
Adsorber 2 possesses 16 filaments in each layer of the contactor witkua &8igjeto-

edge gap.
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Figure 5.4 Hierarchical porosity of filaments produced via solutionbased additive
manufacturing of PIM -1. (a) SEM imageof the filament crosssection. (b)The pore
size distribution of PIM-1 filaments probed by nitrogen at 77 K HS-2D-NLDFT
model is used to calculate the pore szdistribution. (c) Pore size distribution probed
by mercury porosimetry. (d) CO. adsorption isotherms for PIM-1 and 25wt%
PEI/PIM -1 compositeat 25 T .

In orderto prototypean energyefficient adsorption contactothe relationship
betweenthe adsorption contactor design and thésorption performancenust be
investigated There are hree characteristics of the adsorption contaalesignthat are
hypothesized tstrongly influenceheadsorption performancél) fluid channediameter,
(2) packing densitpf adsorbent material along tkeaxis and (3) the assembly sequence

of adsorption contactor moduleBhe adsorption performancare determined from two
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