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SUMMARY  

Adsorption is a promising energy-efficient separation process, which selectively 

removes one or several components from a mixture by transporting a fluid through a mass 

transfer contactor. The most traditional mass transfer contactor design is a packed bed of 

adsorbent pellets, which suffers from high pressure drop, low mass transfer rate, difficulty 

in heat integration, etc. State-of-the-art structured mass transfer contactors have been 

developed to address these problems. For instance, hollow fiber sorbents can achieve rapid 

temperature manipulation by flowing heat-exchange media through the bore channels, and 

monoliths provide uniform fluid channels to minimize pressure drop. However, limited by 

manufacturing techniques, existing structured mass transfer contactors struggle to address 

all of the aforementioned problems with one structural design. 3D printing techniques can 

fabricate complex architectures without molding-based approaches, which is suitable for 

rapid prototyping of novel mass transfer contactor designs.  

The overarching goal of this thesis is to engineer high-efficiency adsorption 

contactors via 3D printing of microporous polymers. To achieve this goal, three objectives 

were established: (1) develop 3D printing techniques that can process adsorptive materials 

and generate hierarchical porosity, (2) prototype scalable mass transfer contactors with 

optimized energy efficiency, (3) perform proof-of-concept adsorption experiments to 

demonstrate the advantages of 3D printing in mass transfer contactor fabrication. 

In Chapter 3, a novel 3D printing technique is developed. Current 3D 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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Solution-based Additive Manufacturing (SBAM) method for viscous polymer solutions 

was developed for solution-processable polymers. SBAM fabricates 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 the volatile components, resulting in hierarchically porous 

filaments (e.g., pores of diameters ranging from 2 nm to 10 µm). 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 volatile solvent, SBAM is capable of (i) 

eliminating evaporation-induced 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 3D-printable polymeric material spectrum. Our research provides 

a practical guide towards the development of ternary polymeric inks, the design of 3D 

printer hardware for SBAM, and the post-treatment of printed objects for desired porosity. 

It also discusses solutions to common challenges encountered during this new polymer 

processing technology via case studies (e.g., polymer of intrinsic microporosity 1, cellulose 

acetate, Matrimid® 5218, etc.).  

In Chapter 4, a microporous polymer (PIM-1) - incompatible with current additive 

manufacturing technologies - is 3D printed into a high-efficiency mass transfer contactor 

containing sub-nanometer to millimeter pores. Short contactors can fully purify gases 
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loaded with concentrated toluene vapor for six times longer than PIM-1 in traditional 

structures, and more than 4000 times the residence time of gas in the contactor. This 

demonstration strongly suggests that 3D printing could produce ultra-short adsorbers with 

precisely designed fluid distribution system without gas bypass. 

In Chapter 5, the scalable, modular design of adsorption contactors was developed 

by taking advantage of the SBAM process. Such modular contactors possess high freedom 

in the engineering of characteristic lengths of diffusion, fluid distribution systems, fluid 

channel sizes, adsorbent loadings, etc. 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, PIM-1 is 3D printed into adsorption modules 

with hierarchical porosity. These adsorption modules serve as ñmolecular basketsò for 

branched polyethyleneimine (PEI). The PEI/PIM-1 composite adsorption modules are used 

for CO2 capture from simulated flue gas. It is shown that by optimizing the adsorption 

module assembly strategy, the breakthrough capacity can be improved by nearly half 

without sacrificing pressure drop. 

In Chapter 6, the ñmolecular basketò, PIM-1, is reinforced with oxide nanostrands 

via vapor phase infiltration of the oxide materialôs precursors. The infiltrated oxide strands 

intertwine with the PIM-1 network, resulting in a robust hierarchical porous support for 

functional materials. PEI oligomers were loaded into the organic-inorganic hybrid. The 

infiltrated oxide constituent significantly improved the microstructural stability. Compared 

with PEI/PIM-1 composites, oxide/PEI/PIM-1 composites exhibit significantly improved 

CO2 capacity and amine efficiency at the same PEI loading. The improvement of the CO2 
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capacity and amine efficiency is hypothetically contributed by the reinforced PIM-1 

support and abundant hydroxyl groups provided by the oxide strands.  

In Chapter 7, the processable material spectrum of SBAM is expanded from 

solution-processable polymers to nanoparticles, such as zeolites and metal-organic 

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 printer undergo evaporation-induced 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 HKUST-1. After SBAM, the MOF 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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 INTRODUCTION  

1.1 Sustainable Development 

1.1.1 Sustainable Development Goals 

Sustainable development refers to meeting the living standards of human beings 

without depleting natural resources or damaging the ecosystem. The sustainable 

development of human society is necessary so that the future of the next generation will 

not be sacrificed. In 2015, the United Nations proposed 17 Sustainable Development Goals 

(SDGs): (1) No Poverty, (2) Zero Hunger, (3) Good Health and Well-being, (4) Quality 

Education, (5) Gender Equality, (6) Clean Water and Sanitation, (7) Affordable and Clean 

Energy, (8) Decent Work and Economic Growth, (9) Industry, Innovation, and 

Infrastructure, (10) Reducing Inequality, (11) Sustainable Cities and Communities, (12) 

Responsible Consumption and Production, (13) Climate Action, (14) Life Below Water, 

(15) Life On Land, (16) Peace, Justice, and Strong Institutions, (17) Partnerships for the 

Goals. The accomplishment of these SDGs requires a joint effort from different experts, 

organizations, and countries all over the world. Among the 17 SDGs, 4 of them are directly 

related to chemical industries: Clean Water and Sanitation, Affordable and Clean Energy, 

Responsible Consumption and Production, and Climate Action. 

Modern technologies consume energy to convert natural resources into products, 

transport humans and goods all over the world, and support the lives of human beings. 

Technologies are developed and improved to foster higher population, improve living 

standards, and provide longer life expectancy, which in turn results in a continuously 
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increasing energy demand1 As shown in Figure 1.1, the world energy consumption has 

grown by 2 orders of magnitude since 1820.2 To meet the high energy consumption, the 

last 50 years have witnessed a tremendous boost in the utilization of fossil fuels (coal, 

natural gases, and oil). While various alternative energy sources (e.g., hydroelectricity, 

solar energy, nuclear power, etc.) have been explored during the 20th century, the utilization 

of fossil fuels grows continuously. Especially in less developed regions, fossil fuels are 

expected to play important roles for a long time owing to easy utilization, convenient 

transportation, and reliability .2  

 

Figure 1.1. The evolution of world energy port folio since the Industrial Revolution.2 

The heavy dependence on fossil fuel for the global energy system challenges the 

sustainable development of human society. First, the direct combustion of fossil fuels 

generates a huge amount of greenhouse gases (e.g., CO2, N2O, CH4), which are major 



 3 

contributors to global warming. Second, increasing energy demand leads to intensified 

exploitation of fossil fuels, which accelerates the depletion of fuel reservoirs and threatens 

sustainable energy utilization.3 

1.1.2 CO2 Capture 

Human activities, especially industrial activities, consume a huge amount of 

energy, which is associated with tremendous emission of greenhouse gases. Emission of 

greenhouse gases is known to contribute to global warming, which refers to the long-term 

temperature increase of the global climate system. Global warming threatens ecosystems, 

raises sea levels, and leads to extreme weather, which must be addressed to enable 

sustainable development.4 While global warming has attracted the attention of all human 

societies, the increase of atmospheric CO2 concentration has not stopped. Since 2000, the 

atmospheric CO2 concentration increases around 20 ppm per decade and is approaching 

410 ppm in 2019.5 Compared with pre-industrial ages (before the late 19th century), human 

activities have induced approximately 1 °C global warming.6 Moreover, 20%-40% of the 

globe's population has already experienced 1.5 °C regional temperature increase during 

2018.6 According to Intergovernmental Panel on Climate Change (IPCC), global warming 

must be limited to 1.5 °C to reduce the risks of global heavy precipitation, intense cyclones, 

increasing drought frequency, etc. 

Researchers all over the world are tackling the global warming issue. One important 

strategy to limit the global warming is carbon capture, followed by carbon utilization and 

storage (Carbon Capture, Utilization, and Storage, CCUS).7 Carbon capture from point 

sources (e.g., power plants) and the atmosphere requires energy-efficient CO2 capture 
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techniques. While amine-based CO2 absorption is the most mature technique for CO2 

capture, it suffers from a high energy penalty.8 Alternative techniques should be developed 

to process emissions from different point sources and capture CO2 from the air at lower 

costs.9,10 

1.1.3 Energy Efficiency of Industrial Separation Processes 

The modern industry consists of various energy-intensive processes. According to 

the Department of Energy, the US consumes 98 Quads energy every year, among which 

32% is contributed by the industrial sector.11 Of this, 45% to 55% is contributed by thermal-

driven separation techniques. This large energy footprint provides enormous opportunities 

for energy savings. 

Thermally-driven separation technologies refer to processes that separate 

components via the phase change of the materials in the process stream.  Thermally-driven 

separation techniques are well developed and widely applied in the modern industry, but 

they do have disadvantages. First, thermal techniques rely on the phase change of the 

materials, which often results in low energy efficiency. Take desalination as an example: 

the heat associated with the evaporation of water is around 640 kWh/m3 while the 

thermodynamic limitation of desalination, ЎὋ , is only 1 kWh/m3.12-14 With 

advanced heat integration and process optimization, state-of-the-art multistage flash 

systems could reduce the desalination energy consumption to 50 kWh/m3, which is still 

significantly higher than the thermodynamic limit. Second, the separation of isomers and 

azeotropes requires alternative separation routes. Moreover, typical thermal separation 
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techniques have large footprints, which inhibits their application in space-limited 

conditions (e.g., off-shore oil processing). 

A sustainable development focus motivates the creation of energy-efficient 

alternatives to mainstream thermally-driven separation techniques. Energy-efficient 

separation techniques not only reduce the unnecessary energy consumption of human 

society but can also be applied to CO2 capture, which will be discussed below.   

1.2 Mainstream Energy-Intensive Separation Technologies 

In this section, the following classical thermally-driven techniques will be covered: 

absorption, distillation, and crystallization. Unit operation principles, advantages, 

disadvantages, and example applications will be introduced briefly for each technique.   

1.2.1 Absorption 

Absorption is used to separate a component from a gas mixture via contact with a 

liquid, which is also referred to as stripping. Gas molecules can be separated owing to the 

different affinities of gas components with the absorbing liquid phase. Absorption is 

usually conducted in a packed tower, as shown in Figure 1.2a.15 The gas enters the absorber 

from the bottom and leaves the absorber 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 removal,16 carbonyl compound removal 

from hydrocarbons,17 carbon capture,18 etc. Figure 1.2b is an example flow diagram of a 

conventional post-combustion carbon capture process.19 For the ease of observation, 
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reboiler, condenser, and other supplementary equipment are not present in this simplified 

diagram. The whole carbon capture process includes two parts: (1) CO2 absorption and (2) 

solution regeneration. Flue gas contacts with fresh solution counter-currently (e.g., aqueous 

solution of monoethanolamine, ammonia, piperazine, etc.) in the absorber, within which 

CO2 is captured by the solution via reversible chemical reactions. The CO2-rich amine 

solution is then pumped into the regenerator, where the amine solution is heated by the 

reboiler (100~120 °C). Vaporized amine solution is condensed at the top of the regenerator, 

and gas-phase CO2 is recovered.  

 

Figure 1.2 (a) A typical design of a packed tower for absorption. (b) Example flow 

diagram of an absorption-based post-combustion carbon capture process.18 

Most of the energy consumption of absorption is associated with the regeneration 

process. Since the absorbent solution is regenerated by boiling the entire solution, the latent 

heat of the solvent contributes to a high regeneration energy penalty. For instance, 

monoethanolamine (MEA) is one of the most popular CO2 absorbents that bonds with CO2 

forming carbamate.18,20 During regeneration, heat is applied to break the bonds and release 

CO2, which requires 1900 kJ/kg CO2.20 Due to the latent heat consumed by dilution water, 
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the typical regeneration heat requirement is around 4000 kJ/kg CO2, which is 2-3 times 

higher than the heat of reaction.  

1.2.2 Distillation 

Distillation separates molecules based on their relative volatility, which is their 

vapor-liquid distribution ratio at equilibrium. The liquid mixture is boiled to generate 

vapor. If different components have different vapor pressure, the composition of the vapor 

phase is different from the liquid phase. Generally, there exist three classical distillation 

operations: (a) flash distillation, (b) rectification, and (c) batch distillation.  

Flash distillation is achieved by partial evaporation of the liquid. Figure 1.3a shows 

the scheme for a single-stage flash distillation apparatus. The liquid fluid is preheated and 

pumped into the vapor-liquid separator. In the vapor-liquid separator, the liquid is drained 

from the bottom and the vapor phase in equilibrium with the liquid phase is separated from 

the system. The separated vapor phase can then be condensed and collected. As a result, 

the components with different volatility can be separated. A typical application of flash 

distillation is desalination. State-of-the-art desalination is achieved by multistage flash 

distillation, which recovers the heat via the contacting of the fresh brine water and the water 

vapor.13,14 

While flash distillation is effective for the separation of components with distinct 

boiling points (e.g., seawater), the separation of components with similar volatility requires 

successive distillation to produce components with high purity. Rectification refers to 

continuous distillation with reflux. As shown in Figure 1.3b, a classical distillation column 

with reflux consists of a series of plates, at which liquid and vapor phases are in 
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equilibrium. By boiling liquid mixture, components can be enriched in different phases 

(either liquid or vapor). Liquid phases flow down driven by gravity, and vapor phases rise 

driven by buoyancy, which avoids the capital cost and energy cost for fluid delivery 

between plates. The volatile components are enriched in the vapor phase at the top plate, 

and the nonvolatile components are enriched in the liquid of the bottom plate. Rectification 

is one of the most widely applied separation techniques. Atmospheric and vacuum 

distillation are used to fractionate crude oil into different products, which counts for 32 % 

petroleum industry energy consumption.21 Cryogenic distillation is widely used for the 

separation of gas mixtures, such as air,22 light hydrocarbons,23 etc. 

 

Figure 1.3. Schemes for (a) flash distillation and (b) rectification. 

For plants where chemicals are produced at small scales or with diverse 

composition, batch distillation is usually utilized to recover volatile compounds from the 

liquid mixtures. Batch distillation could operate in a flash distillation mode (without reflux) 

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

Distillation is suitable for the production of chemicals with high purity and high 

yield. The separation performance is determined by the process optimization and 
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distillation column design. Distillation-based separation processes can be easily designed 

and fabricated at large scale. Such merits enable the wide application of distillation in the 

modern industry. However, distillation separation is inefficient for the separation of 

isomers, azeotropes, and heat-sensitive compounds. 

1.2.3 Crystallization 

In industry, crystallization usually refers to the unit operations that form solid 

particles from a liquid solution, such as crystallization of solute from a saturated solution 

and crystallization of a solvent from a solvent mixture. Figure 1.4 shows a typical scheme 

for Mixed Product Mixed Suspension Removal (MSMPR) crystallizer, which resembles a 

continuous stirred tank reactor.24,25 The feed mixture is continuously delivered into the 

crystallizers. Crystallization within the crystallizer is usually driven by (1) solution cooling, 

(2) solvent evaporation, or (3) combination of cooling and evaporation. Crystals nucleate 

and grow within the crystallizer, converting the supersaturated solution into suspensions. 

After crystallization, the suspension containing crystal particles are delivered into 

sequential separation equipment, such as filtration and centrifuge.  
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Figure 1.4. Scheme of continuous crystallization processes.  

Crystallization is a widely applied separation process that has been employed for 

centuries in the commodity chemical industry, fine chemical industry, and pharmaceutical 

industries.25 Around 70% of solid materials for chemical industries are produced via 

crystallization.26 To improve the energy efficiency of industries involving crystallization 

processes, two strategies can be applied: (1) separate crystals from mother liquid via non-

thermal separation techniques, and (2) replacing crystallization with membrane separation 

or adsorption processes (section 1.3).  

1.3 Alternative Energy-Efficient Separation Techniques 

1.3.1 Membrane Separation 

Membrane-based 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 transportation. When dealing with azeotropes, 

chemicals with similar boiling points, or heat-sensitive materials, membrane separation can 

be employed as a pre-treatment process to debottleneck distillation processes.12 To date, 
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there exist two membrane separation processes that directly process organic liquid streams: 

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 bulky solutes. The performance of the 

organic solvent nanofiltration membrane is quantified by permeance and molecular weight 

cut-off (MWCO), which influence the process of productivity and product purity 

correspondingly. Ideally, an OSN membrane selectively transports 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 cut-off is defined as the smallest molecular 

weight that the membrane can reject with 90 % efficiency.27 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 for the target mixture may 

deviate from the expected ones. Membrane-based organic solvent nanofiltration is a 

promising alternative to crystallization.27 Bulky solute molecules (e.g., pharmaceutical 

compounds) can be separated from the mother solution 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 

phases.28-31 The liquid mixture is 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 membrane. OSRO utilizes microporous membrane, the 

micropores of which are designed to differentiate guest molecules. OSRO has 

demonstrated potential in isomer separation and organic solvent fractionation.30,31 As 

OSRO directly 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 industrial scale, 

and direct processing of high-pressure organic solvent liquid requires high organic solvent 

stability, which is challenging for polymeric materials.31 Second, it is not trivial to create 

ñmid-rangeò micropores to precisely differentiate organic solvent molecules.29 Extensive 

researches are needed to investigate membrane design, process optimization, and contactor 

design for OSRO. 

1.3.2 Adsorption 

Adsorption is a promising energy-efficient separation process, which selectively 

removes one or several components from a mixture by transporting a fluid through a solid 

mass transfer contactor. The separation of different molecules is contributed by their 

different affinities with the adsorbent materials. Contrary to absorption processes that 

selectively capture molecules from gas phases into the liquid phase, adsorption captures 

molecules from the liquid phase or gas phase into the solid adsorbent phase. In absorption 

systems, the active absorptive molecules (e.g., amines) are dispersed or dissolved into 

solvents (e.g., water). On the other hand, adsorption systems utilize solid materials to 

disperse the adsorptive functional groups or molecules. Switching from an absorptive 
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solution to an adsorptive solid effectively reduces the energy penalty related to 

regeneration.  

Absorption processes designed for new factories can be replaced with adsorption 

processes. The knowledge developed for absorption chemistry can be readily transferred. 

For example, amine molecules developed for CO2 absorption can be dispersed in 

microporous supports and be used as CO2 adsorbent. 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. 

Based on the regeneration method, adsorption processes fall into two main 

categories: (1) temperature-swing adsorption (TSA), and (2) pressure-swing adsorption 

(PSA). TSA and PSA can also be combined. 

1.3.2.1 Temperature Swing Adsorption 

The principle for TSA is illustrated in Figure 1.5. Owing to the exothermic nature 

of adsorption, adsorbents have higher capacity at low temperature compared with high 

temperature given the same adsorbate partial pressure. For instance, an adsorbent could 

capture adsorbates at low temperatures from dilute sources (denoted by the blue dot in 

Figure 1.5a) and partially release the adsorbate at elevated temperature (denoted by the red 

dot in Figure 1.5a). During the adsorption process, the fresh adsorber contacts with the gas 

mixture at low temperature (Figure 1.5b). After adsorption, the saturated adsorber is heated 

via contacting with hot purge gas. The hot purge gas should be carefully selected so that 

the adsorbate can be easily separated from the purge gas. For instance, hot steam can be 
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used for the CO2 capture process. The hot steam can be condensed from the concentrated 

CO2 stream, generating high-purity CO2 products.32  

 

Figure 1.5 Temperature swing adsorption. (a) Capacity change during temperature 

swing. (b) Simplified scheme for temperature swing adsorption. 

While both TSA and absorption requires heat for regeneration, TSA is often more 

energy efficient. First, the specific heat capacities of solid adsorbents (e.g., the specific heat 

capacity of active carbon is around 0.7 J/g ºC) are much lower than those of liquid solvents 

(e.g., the specific heat capacity of H2O is 4.2 J/g ºC). Second, the thermal loss due to solvent 

evaporation of the solvent is avoided. 

1.3.2.2 Pressure Swing Adsorption 

Pressure-swing adsorption is illustrated in Figure 1.6. As illustrated by the adsorption 

isotherms (Figure 1.6a and Figure 1.6b), the adsorbent capture more adsorbate at high 

adsorbate partial pressures than at low adsorbate partial pressures. The fresh adsorber 

firstly is contacted with the pressurized gas mixture. After adsorption, the pressure within 

the saturated adsorber is lowered abruptly (Figure 1.6c). When regeneration is achieved 

via the use of vacuum, it is also referred to as vacuum swing adsorption (VSA). The low 
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adsorbate pressure triggers the release of captured molecules. Pressure swing adsorption is 

a promising separation technique for CO2 capture, biogas upgrading, air separation, and 

others.33 Pressure swing adsorption is especially effective for adsorbents with step-shaped 

adsorption isotherms (Figure 1.6b), which is commonly observed for amine-loaded 

MOFs.34 

 

Figure 1.6 Pressure swing adsorption. Capacity change during pressure swing for (a) 

an ordinary Type-I isotherm and (b) a step isotherm. (c) Simplified scheme for 

temperature swing adsorption. 
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1.4 Mass Transfer Contactors for Molecular Separation 

The key challenge for the widespread application of nonthermal separation 

techniques is the translation of advanced materials into mass transfer contactors.35 

Different from thermal-driven techniques, the performance of non-thermal driven 

separation techniques is strongly determined by the design and quality of the mass transfer 

contactors.9,36 While significant progress has been made in the development of advanced 

materials, limited research has been conducted in the development of a cost-effective 

scalable fabrication method for high-performance mass transfer contactors. 

Mass transfer contactors play critical roles in non-thermal separation techniques. 

The quality and functionality of the contactor directly influence the performance, stability, 

and cost of the separation technique.9 While extensive researches 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  

State-of-the-art membrane mass transfer contactor designs are spiral wound 

membranes and hollow fiber membranes. Based on the application and membrane material, 

engineers should properly choose the membrane contactor design. 

1.4.1.1 Spiral Wound Membrane Contactor  

The spiral wound membrane is a common contactor design for polymeric 

membranes. In the modern industry, the membranes used in spiral-wound membrane 
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contactors are usually fabricated by roll-to-roll membrane casting or its derivatives. Figure 

1.7a illustrates a simplified roll-to-roll membrane casting setup for thin-film composite 

membrane fabrication. Support membranes are delivered from the feeding roller to a roller 

attached to a coating bath, which contains a polymer solution. After contact with the 

coating solution, a thin layer of polymer solution liquid film is coated onto the support 

membrane. Optionally, the liquid polymer film can be delivered into a quench bath, 

undergoes nonsolvent-induced phase inversion, and result in a highly porous membrane 

structure.37 The coated membrane travels through the dryers, where the liquid polymer 

solution is completely solidified into a thin polymer membrane.  

Depending on the fabrication condition, two membrane morphologies (Figure 1.7b) 

are commonly observed in the industry: (1) integrally skinned asymmetric membrane, and 

(2) thin-film composite membrane. The integrally skinned asymmetric membrane is coated 

directly onto fabric supports (e.g., polyethylene nonwoven fabrics). The asymmetric 

polymer membrane formed by nonsolvent induced phase separation possesses a 

mesoporous support layer and an integral selective skin layer. For expensive polymer 

materials, the thin composite membrane is preferred. A prefabricated composite film 

consisting of mesoporous support membrane and fabric reinforcement is used as the 

substrate. The substrate is then coated with a thin polymer layer. For the commercialized 

membrane, the thickness of the selective layer is controlled below 100 nm to achieve high 

permeance. 

Figure 1.7c and Figure 1.7d illustrate the assembly of the spiral wound membrane 

contactor. Membranes are assembled into sandwich-like membrane elements. As shown in 

Figure 1.7c, two membranes are glued on their edges. Permeate-side spacers are placed 
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between the membranes to create flow channels for the permeate. Feed-side spacers are 

placed on the other sides to create flow channels for the feed. The glued membrane packets 

are attached to a tubular permeate collector. As shown in Figure 1.7d, the membrane 

packets are wrapped around the permeate collector and sealed in a membrane housing. 

Feed fluid is delivered through the feed flow channels. Molecules are transferred across 

the membrane into the permeate channels sealed in the membrane packets. The permeates 

are collected by the center permeable tube and transferred out of the module. 

 

Figure 1.7 Spiral wound membrane contactor. (a) Roll-to-roll membrane casting. 

(b) The structures of the integrally skinned asymmetric membrane and the thin-film 

composite membrane. (c) Flatten 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 a membrane of 62.5 µm thickness and a spacer of 700 µm thickness, a 

spiral wound membrane contactor could provide up to 1300 m2 membrane area per 1 m3 
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of module volume, which is sufficient for a variety of industrial applications (e.g., 

desalination, wastewater treatment, organic solvent nanofiltration). Besides, spiral wound 

membrane contactors have advantages such as good fouling control, low capital cost, ease 

of operation, etc.38  

1.4.1.2 Hollow Fiber Membrane Contactor  

For polymeric materials, hollow fiber membranes can be fabricated via dry-wet 

spinning as illustrated in Figure 1.8a. Dry-wet spinning processes multicomponent polymer 

solution containing polymer, solvent, and nonsolvent. The multicomponent polymer 

solution is delivered through the core dope channel of the spinneret. A neutral solution that 

does not precipitate the polymer solution is delivered through the bore fluid channel. The 

optional sheath fluid channel can be used to deliver additional polymer solution or sheath 

solvent. The composite filament coming out of the spinneret travels through an air gap and 

a nonsolvent quench bath and finally is collected onto a rotating take-up drum. In the air 

gap, evaporation of volatile solvent induces the formation of a dense skin layer on the outer 

surface of the polymer filament. In the quench bath, the entire filament undergoes 

nonsolvent-induced phase separation and forms hierarchically porous support layers 

beneath the skin layer (Figure 1.8b).  

While pure inorganic materials (e.g., zeolites, MOFs, etc.) cannot be directly 

solution-processed into hollow fiber membranes, they can be fabricated onto hollow fiber 

membrane supports. Fabrication methods of inorganic selective layers on hollow fiber 

membrane supports can be categorized into two strategies: in situ growth and secondary 

growth.39 In situ growth means directly immersing a bare substrate (without MOF crystal 
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attached) into the synthesis solution containing metal sources, ligands, additives and 

solvents. During the reaction, MOFs will nucleate and grow on the substrate spontaneously. 

By contrast, secondary growth utilizes a substrate with nanosized pre-synthesized MOF or 

metal oxide seeds. During the reaction, growth and intergrowth of the seed crystals ideally 

result in the formation of a defect-free membrane.    

After fabrication and post-treatment, hollow fiber membranes can be assembled 

into a membrane module, the design of which resembles a tubular heat exchanger (Figure 

1.8b). Hollow fiber membranes are fixed in a cylinder housing. Feed fluid is delivered into 

the shell side and the retentate flows out of the housing through the outlet. Permeates (e.g., 

liquids, vapors, or gases) are collected from the bore side.  

Compared with spiral wound membrane contactors, state-of-the-art hollow fiber 

membrane contactors provide much higher membrane area density and pressure resistance. 

Given hollow fiber membranes with a 250 µm diameter and 125 µm diameter provide up 

to 8000 m2 surface area per 1 m3 of hollow fiber membrane module volume. The circular 

cross-section of the hollow fiber membrane could effectively withstand high 

transmembrane pressure. For example, carbon molecular sieve membranes are so brittle 

that freestanding carbon membranes cannot process pressurized fluid. On the contrast, 

carbon molecular sieve hollow fiber membranes can withstand hydraulic pressure >100 bar 

without failure.28 Owing to these properties, the hollow fiber membrane is ideal contactor 

design for low-permeability precise molecular sieving (e.g., organic solvent reverse 

osmosis).   
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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 diameters (the diameter of a 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, packed bed 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 structure is one of the most popular mass-transfer contactor designs. 

It has been widely used in various applications, such as three-way catalytic converters and 

adsorption columns.40-42 Monolithic structures possess macropores and thin honeycomb-

like channels, which significantly reduce pressure drop across the adsorber while providing 

high surface areas for mass transfer with processing fluids (e.g., gas mixtures). State-of-art 

monoliths with high mechanical strength minimize the influence of fluid-induced abrasion, 

which can be a severe issue in pellet-based packed beds.9,41 By tuning porosity, channel 

sizes, and material types, monolithic adsorbents can be optimized for different operation 

conditions.43 Generally, monolithic adsorbents can be fabricated via two approaches: (i) 

direct fabrication, in which pastes containing in situ synthesized adsorbents are extruded 

through a nozzle with specific opening and (ii) post-fabrication synthesis, in which 

secondary growth of adsorbent materials is conducted on seeded monolithic substrates.44  

Direct fabrication of monolithic adsorbents involves the extrusion of a paste-like 

mixture of nanoporous particles, binders, additives, and solvents into a specific monolithic 

structure. Post-treatments like drying are also required for the enhanced mechanical 



 23 

strength of the adsorbents. For example, Kaskel et al. fabricated HKUST-1 monolith by 

extruding HKUST-1 particles with silicone resin as binder and methyl hydroxyl propyl 

cellulose as the plasticizer.41 In their approach, the partly cross-linked liquid silicone was 

chosen on purpose to create a viscoelastic suspension. The following microwave-assisted 

heating fully crosslinked the silicone resin and generated a robust monolith. Besides 

HKUST-1, a variety of MOFs monoliths, such as MIL-101(Cr), have also been fabricated 

through direct extrusion method.41,45-50 

Monolith fabrication by direct extrusion typically results in higher adsorbent 

loading than those fabricated via post-treatment methods but requires suitable binders, 

additives, and post-treatments.44 By contrast, secondary growth utilizes pre-fabricated or 

commercially available ceramic monoliths and requires less modification to existing 

synthesis procedures. Ceramic monolith with high mechanical strength and high stability 

can be fabricated via extrusion of cordierite, water and agglomerating agents.51 For 

instance, Gascon et al. immobilized MIL-101(Cr) onto a commercially available cordierite 

monolith.52 Their approach consists of three steps: first, the monolith is activated by NaOH 

and Ŭ-alumina particles; second, the resulting alumina-coated monolith is dip-coated with 

MIL -101(Cr) seeds; third, secondary growth of uniform MOF layer is achieved by 

subjecting seeded monolith to synthesis solution under rotation. 

1.4.2.3 Fiber Sorbent 

Besides the monolith structure, the fiber adsorbent is another promising mass 

transfer contactor design featuring easy fabrication, low pressure drop, high surface area 

to volume ratio and heat integration.9,53-55 A typical fiber adsorbent consists of 
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macroporous polymeric matrix and adsorbent particles distributed throughout the wall of 

the fiber. Fabrication of fiber adsorbents is mainly accomplished by dry-wet fiber spinning, 

which is widely applied in the fabrication of hollow fiber membranes.  

Polymer, adsorbent particles (or seeding materials), solvent, nonsolvent, and other 

additives are first mixed. The resulting mixture, which is also referred to as ódopeô in 

literature, is then extruded through a spinneret as shown in Figure 1.8a. 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.53,55 After complete solvent exchange and drying, the composite fibers are ready 

for use (in situ synthesis) or further treatments (secondary growth).  

Although fiber 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 spinning utilizes inhomogeneous suspensions of solid 

particles instead of a homogenous polymer solution for membrane spinning. A primary 

dope containing solid particles and a small amount of polymer is first produced to ensure 

uniform distribution of particles within the mixture, and then 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 soon as possible to avoid sedimentation while dopes for membrane 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 feature of 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 adsorbent particles, the fabrication of fiber 

adsorbents can be categorized into in situ synthesis and secondary growth. Straightforward 

in situ synthesis is applicable for adsorbents that remain active after immersion in solvents 

(e.g., water), sonication, and post-treatment (e.g., drying, oxidation in ambient condition). 

Until now, fiber adsorbents containing zeolite LiX, NaX, NaY, and UIO-66 have been 

reported with adsorbent loadings as high as 75 wt%.55-58 Secondary growth after fabrication 

of porous polymer fibers is utilized to process nanoporous materials incompatible with the 

dry-wet spinning process. For instance, Pimentel et al. converted cellulose acetate/ZnO 

fibers into HKUST-1 fibers with 85 wt% loading of the MOF.59 This type of secondary 

growth strategy was firstly described by Zhao et al.60 In both cases, the ZnO was transferred 

into a hydroxyl double salt (HDS) intermediate containing Zn and Cu, which was then 

rapidly converted into HKUST-1. Such HDS intermediate approaches can also be used to 

synthesize other MOFs, such as ZIF-8 and IRMOF-3. The secondary growth process can 

be conducted inside the adsorber shell and isolated from moisture, which is a promising 

fabrication strategy for water-sensitive nanoporous materials.  

1.5 Microporous Materials for Molecular Separation 

According to the pore size classification provided by International Union of Pure 

and Applied Chemistry (IUPAC), micropores are pores with widths equal to or smaller 

than 2 nm.61 The last two decades have witnessed a rapid development of microporous 

materials, which refers to materials containing permanent micropores.62 Microporous 
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materials possess high surface areas, which provide abundant adsorption sites, and 

molecular sieving pores, which differentiate guest molecules. Such features make 

microporous materials great candidates for adsorption and membrane separation. 

1.5.1 Zeolites 

Zeolites are crystals formed by hydrated aluminosilicates. The crystal structures of 

zeolites provide periodically arranged 3-dimensional nanopores with widths ranging from 

4 Å to 13 Å. The uniform pore size distribution and rigid micropores provide zeolite with 

the capability of differentiating molecules with minor size (e.g., ~ 1 Å) difference and 

shape difference (e.g., C2H4/C2H6). The microporous structures of zeolite provide high 

surface areas (up to 1000 m2/g has been reported) with diverse sorption sites (e.g., Lewis 

acid/base, Brønsted acid/base, etc.), which is attractive for catalysis and adsorption 

applications. The strong Al-O-Si bonding provide zeolites superior stability in high 

temperature and harsh chemical conditions, owing to which zeolites have been widely 

applied in catalysis, adsorption, membrane separation, etc.63-66  

As inorganic crystalline materials, it is challenging to fabricate zeolites into 

complex mass transfer contactors. In most commercialized adsorption and catalysis 

processes, zeolites are utilized in the form of porous pellets, which can be made into packed 

beds. By dispersing zeolites in polymer solutions, modern industries can fabricate zeolite 

adsorption contactors via solution-processing. However, the incorporation of polymer 

matrix limits the application of zeolites in high temperature and harsh chemical conditions. 

In the membrane industry, zeolite membranes are usually fabricated on expensive ceramic 

supports via in-situ growth or secondary growth. While zeolite membranes exhibit 
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excellent separation performance at the lab scale, it is challenging to fabricate defect-free 

zeolite membranes with a preferred orientation at a large scale.63  

1.5.2 Metal-Organic Frameworks 

Metal-Organic Frameworks (MOFs) are crystalline porous materials formed by 

metal ions and coordinatively connected organic ligands.67 The versatile combination of 

metal nodes and organic linkers provides nearly unlimited engineering potential to design 

MOFs for the specific applications. To date, over 40,000 MOFs have been experimentally 

reported. Adsorption sites of MOFs can be engineered via metal node manipulation, 

organic ligand functionalization, defects engineering, etc. The pore size distribution of 

MOFs is determined by the crystal structure and ligand size.68 

MOFs have a variety of tailorable structural characteristics that translate into 

tunable performance properties. For instance, MOF apertures can be varied from a few 

angstroms to several nanometers while maintaining uniform pore size distribution. The 

resulting molecular sieving effect has been applied for size-selective sensing in 

luminescent Zn3btc2 and Cd2+-based MOFs.69,70 This feature suggests that MOFs may be 

useful for separating molecules with similar size.39,67,71,72 Beyond changes in topology, 

MOF apertures can be further tuned by mixing linkers of different lengths; it is possible to 

do this while retaining the topology of the MOF comprised of the starting linker.73,74 

Indeed, the immense number of possible metal-ligand combinations provide 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, or both.75 For 

example, by changing the metal centers of MOF-74, the CO2 capacity can be increased by 
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50% owing to the enhanced interaction with CO2.76 Via changing linkers with different 

functional groups, BET surface areas of UIO-66 derivates can be tuned from 540 m2/g to 

1580 m2/g.77 Mixed-linker hybrid zeolitic imidazolate frameworks were also developed 

with a tunable gate-opening effect for target separation processes.68 Besides engineering 

metal nodes of MOFs, organic linkers can also be tuned via either pre-synthesis or post-

synthesis modification.72 

Mesoporous MOFs is an emerging area of nanoporous materials research. The vast 

majority of existing MOFs exhibit cavities and channels with diameters smaller than 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 

energy-efficient separations and advanced catalysis. Mesoporous MOFs can be categorized 

into three types: (1) cage-type mesoporous MOFs, in which mesopores are connected via 

microporous channels, (2) channel-type mesoporous MOFs, in which mesopores are 

accessible as channels, and (3) mesoporous particles of MOFs, in which mesopores are 

formed via surfactant templating.78 For instance, Férey and coworkers noted that MIL-100 

exhibits mesopores with a diameter ranging from 2.5 nm to 3 nm and high surface area of 

3100 m2/g, and these fall within the Type 1 categorization of mesoporous MOFs.79 

Subsequent efforts resulted in the creation of MIL-101 with mesopores (2.9 nm to 3.4 nm), 

which resulted in even higher surface areas (5900 m2/g).80 One typical Type 2 channel-

type mesoporous MOF is NU-1000 featuring pores with diameters ranging from 1 nm to 3 

nm and versatile functionalization;81 moreover, a variety of other Type 2 mesoporous 

MOFs (e.g., mesoMOF-1, JUC-48, UMCM-1, etc.) were also developed.82-84 The Type 3 

mesoporous MOFs are created via a surfactant-templated strategy, which results in the 
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formation of mesopores via surfactant micelles within microporous MOFs. After template 

removal, MOFs with hierarchical meso-/micro-pores are synthesized. Such strategies have 

been successfully applied to MOFs such as HKUST-1.85-87 Mesopores MOFs are also 

excellent support materials for bulky functional materials. For example, mesoporous 

Mg2(dobpdc) are excellent supports for amine molecules for CO2 capture.34,88  

Compared with zeolites, MOFs have better compatibility with polymers. It is a 

common approach to disperse MOFs into a polymer solution and then process the 

suspension into structured mass transfer contactors.9 Fiber sorbents containing MOFs have 

demonstrated great potential for CO2 adsorption from flue gases.9,89 3D printing of MOFs 

adsorption contractors have also been reported.90 

1.5.3 Microporous Polymers 

Organic microporous materials are formed from covalently bonded nonmetal 

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 chemistry and structure. Crystalline organic 

nanoporous materials include covalent organic frameworks (COFs),91 porous aromatic 

frameworks (PAFs),92 porous organic cages (POCs),93 etc. Amorphous microporous 

materials consist of hypercrosslinked polymers (HCPs),94 conjugated microporous 

polymers (CMPs),95 elemental organic frameworks,96 and polymers of intrinsic 

microporosity (PIMs),97 etc. 

Among all the microporous polymers, linear PIMs are the most attractive materials 

for mass transfer contactor fabrication. Semi-permanent nanopores within linear polymers 
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can also be induced via spatially frustrated packing of the polymer backbones, which is the 

design principle for polymers of intrinsic microporosity. PIMs were firstly reported by 

Budd and McKeown in 2004.98 The rigid backbones of PIMs hinder efficient packing of 

adjacent polymer chains thus providing semi-permanent nanoscopic voids within the 

polymer matrix. These materials are different from traditional glassy polymers that contain 

small amounts of isolated voids (free volumes): the contortion centers of PIMs effectively 

support micropores that are interconnected over several nanometer length scales. It is worth 

noting that debates still exist over the nature of the voids within PIMs. These voids provide 

useful molecular transport channels for selective adsorption and membrane separation. The 

prototypical PIM, PIM-1 (Figure 1.9a), is synthesized via the polycondensation of 

tetrafluoroterephthalonitrile (TFTPN) and 5,5в,6,6в-Tetrahydroxy- 3,3,3в,3в-tetramethyl-

1,1в-spirobisindane (TTSBI). PIM-1 possesses a highly conjugated polymer backbone 

with repeated spiral carbon centers in each repeating unit. The rigid twisted polymer chain 

cannot pack efficiently, resulting in abundant interconnected micropores. Owing to the 

unique polymer structure, PIM-1 possesses a high BET surface area (~700 m2/g), which 

makes is ideal adsorption materials (Figure 1.9b). The nitrile groups of PIM-1 can also be 

converted into different functional groups for different separation targets.99 The micropores 

of PIM-1 range from 4 Å to 8 Å (Figure 1.9c), which is useful for membrane separation. 

Since PIM-1 possesses a linear polymer structure, it can be dissolved by organic solvents 

and processed into different structures via solution processing.29-31,100,101 Owing to these 

properties, this research utilizes PIM-1 as the adsorption material for mass transfer 

contactor prototyping. 
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Figure 1.9 Polymer of intrinsic microporosity 1 (PIM -1). (a) Synthesis of PIM-1. 

(b) 77K nitrogen physisorption of PIM-1. (c) The pore size distribution of PIM-1 

calculated by the DFT model. 

1.6 3D Printing of Polymers  

3D printing, which is the most well-known additive manufacturing technique, 

translates a computer-aided design (CAD) model into a physical object via directly adding 

materials to the object. The main advantage of 3D printing is the ability to fabricate 

complex structures without significant increase of the fabrication cost, which makes 3D 

printing an ideal tool to prototype new products.102 State-of-the-art 3D printing techniques 

include fused deposition modeling (FDM), stereolithography (SLA), powder bed fusion, 

and direct ink writing (DIW). 
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1.6.1 Fused Deposition Modelling 

FDM fabricates polymeric objects by successively depositing polymer melts layer 

by layer. A thermoplastic polymer filament is delivered to the 3D printer nozzle, where the 

filament is heated and semi-liquified. The polymer melts are then deposited on the substrate 

or on the top of the existing objects. After cooling, the deposited polymer melts fuse 

together and solidify.  

FDM is simple and cost-effective, which makes it one of the most popular 3D 

printing techniques on the market.103 Limited by the working principle, FDM can only be 

applied to thermoplastic-polymer-based filaments or composites. Since most microporous 

polymers possess a rigid polymer backbone, which usually results in a high melting point, 

FDM is not a convenient tool for adsorption contactor fabrication. Researchers have tried 

to disperse PIM-1 in thermoplastic polymers (e.g., polycaprolactone and polylactic acid) 

and then translate the composite materials into specific structures.104 However, the 

thermoplastic polymer matrix blocks the micropores of microporous polymer and results 

in low accessible surface areas.  

1.6.2 Stereolithography 

SLA fabricates polymer objects via localized photopolymerization, which was 

firstly invented in 1986.102 Patterned UV light is applied to the surface of the photoreactive 

monomer resin bath. Upon the UV radiation, a chain reaction is initiated, and the UV-

exposed monomer resin is converted into the designed polymer structure. The cured layer 

is then moved away from the resin-gas interface so that the next layer can be 3D printed 

on fresh monomer resins. SLA could achieve high 3D printing resolution but suffers from 
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a limited spectrum of processable materials and complex reaction kinetics.102,105 Since the 

microporosity of microporous polymers is related to the polymer structure, it is not trivial 

to develop or modify microporous polymers with photoreactivity. 

1.6.3 Powder Bed Fusion 

Powder bed fusion is conducted on thin layers of fine powders. The powder is 

locally fused according to CAD models via laser beam heating or binder deposition. After 

the patterned fusion of the existing powder layer, subsequent layers of powders are 

delivered to cover the powder bed surface for the 3D printing of the next layers. After the 

3D printing of the entire object, excessive unfused powders are removed.  

The 3D printing technique utilizing laser beams is referred to as selective laser 

sintering (SLS) or selective laser melting (SLM). SLS applies to polymers, metals, and 

alloys that possess low melting temperatures. During SLS, the surface layers of the powder 

particles are melted and fused. SLM applies to certain metal powders (e.g., such as steel 

and aluminum) and fully melts the powder, which results in a more robust structure than 

SLS. For materials with high melting points, liquid binders can be deposited onto the target 

position to bind particles instead of sintering or melting them. 

1.6.4 Direct Ink Writing 

DIW fabricates 3D structures via deposition of colloidal-based inks, nanoparticle-

based inks, or polymer-based inks.106,107 Based on the rheology of the DIW inks, two 3D 

printing strategies can be applied: droplet ink jetting and continuous filament writing. The 

ink design principle for droplet ink-jetting resembles conventional reprographic: materials 
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are dispersed in low-viscosity fluids or wax-based matrixes.107 Typical inks for continuous 

filament writing are colloidal particulate gels, hydrogels, and nanoparticle suspensions.108-

111 DIW provides a plausible strategy to process polymers based on their solution 

processability. Researchers have 3D printing polymers (e.g., polylactide, cellulose acetate, 

acetoxypropy, etc.) in the form of viscous solution.112-116 However, there exist various 

technical challenges associated with solution-based DIW, such as structure shrinking, high 

viscosity, dewetting of adjacent layers, etc. 

1.7 Research Objectives 

While extensive research has focused on the development of microporous materials 

for separation problems, fabrication difficulties inhibit their widespread application in the 

modern industry.9,101 The overarching goal of this thesis is to prototype energy-efficient 

mass transfer contactors via 3D printing of microporous polymers. To achieve this goal, 

three objectives were established:  

1. Developing 3D printing techniques for adsorptive materials  

Current additive manufacturing methods have strong limitations with regards to the 

classes of compatible polymers. Many polymers of significant technological interest 

cannot currently be 3D printed. Here, a generalizable Solution-based Additive 

Manufacturing (SBAM) of viscous polymer solutions is developed for solution-

processable polymers. With SBAM, microporous materials (e.g., zeolites, MOFs, 

microporous polymers) can be fabricated into mass transfer contactors with controllable 

hierarchical porosity.  



 35 

2. Prototyping energy-efficient mass transfer contactors  

It is well known that the separation performance of an adsorption contactor is 

strongly influenced by the contactor design. However, little research has been conducted 

to optimize the mass transfer contactor design due to the fabrication difficulties of well -

controlled complex geometries. With the assistance of SBAM, mass transfer contactors 

with complex design can be fabricated without additional cost. The objective is to optimize 

mass transfer contactors made of microporous materials (e.g., PIM-1) to achieve high 

energy efficiency (e.g., better pressure drop efficiency). The influence of different packing 

patterns on adsorption performance is investigated.  

3. Breakthrough experiments of prototypical adsorption contactors. 

The prototypical energy-efficient adsorption contractors are used for volatile 

organic compounds (VOCs) removal and CO2 capture. The contactor structures are 

designed for specific separation tasks. These experiments demonstrate the potential of 3D 

printing in the area of mass transfer contactor design and manufacturing.  

1.8 Thesis Organization 

This thesis focusses on Engineering High-Efficiency Adsorption Contactors via 3D 

printing of Microporous Polymers. After the introduction in Chapter 1, Chapter 2 will 

provide background knowledge about porous materials, adsorption isotherms, adsorption 

chromatography, and fluid rheology. In Chapter 3, a thorough guide to solution-based 

additive manufacturing of polymeric structures is provided. The strategies of polymer ink 

design, porosity manipulation, and printing condition are discussed in detail. Chapter 4 
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provides an example of solution-based additive manufacturing of PIM-1, which proved the 

concept of 3D printing high-efficiency adsorption contactors. The ultra-short adsorption 

contactor proposed in Chapter 4 exhibits lower pressure drop and more efficient VOC 

removal performance than traditional contactors. In Chapter 5, the influence of ultra-short 

contactor design and assembly on the adsorption performance is investigated. The 

optimized PEI/PIM-1 adsorption assembly exhibits significantly improved CO2 

breakthrough capacity and reduced pressure drop compared with PEI/PIM-1 packed beds. 

To further improve the performance of the 3D printed adsorption contactors, Chapter 6 is 

devoted to developing an amine-loaded organic-inorganic nanoporous material for CO2 

capture, as well as investigating the fundamental mechanism about the interaction between 

CO2, amine, and a metal hydroxide. Chapter 7 translates the knowledge about 3D printing 

of polymeric adsorber into crystalline adsorptive materials. An example procedure for 3D 

printing of MOFs is provided. CO2 capture performance of the resulting hierarchical porous 

MOF adsorption contactors is evaluated. Finally, Chapter 8 provides conclusions for this 

thesis and future research directions regarding 3D printing of energy-efficient mass transfer 

contactors.  
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 BACKGROUND  & THEOR Y  

2.1 Porosity and Porosimetry 

Efficient adsorption processes require rapid adsorption kinetics. In a porous 

material, the rate of adsorption (and desorption) is usually limited by the mass 

transportation in the pores instead of the intrinsic adsorption at the surfaces of the porous 

materials.1 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 nm; mesopores 

refer to pores with widths between 2 nm and 50 nm; macropores refer to pores with widths 

larger than 50 nm.2 . 

2.1.1 Micropores 

Microporosity is a critical property of adsorbent materials. First, microporous 

materials are usually associated with high surface areas. The walls confining micropores 

geometrically contribute to high surface areas for adsorption and enormous anchor sites for 

functional groups. Second, micropores, especially the interconnected ones, provide 

adsorbates with easy access to adsorption sites. For instance, pristine PEI liquid has 

negligible CO2 capacity since the amine groups inside the PEI droplets are inaccessible to 

CO2 molecules. However, when PEI is dispersed in microporous materials (e.g., zeolites, 

PIM-1, etc.), CO2 could diffuse into the composite and interact with more amine groups.3 

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 vacuum to remove the residual solvent 
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trapped in the micropores. The activated sample is contained in air-tight sample chambers, 

which are immersed in liquid nitrogen (77 K). A known amount of nitrogen is introduced 

into the sample chamber until the nitrogen reaches a target pressure. The 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 Brunauer-Emmett-Teller (BET) model to calculate BET surface areas and density 

function theory (DFT) models to provide estimates of pore size distributions. The BET 

model is ideal for Type I isotherm. When the BET model is applied to other isotherms, the 

BET surface area should be carefully analyzed.4 For instance, PIM-1 exhibits a dual-mode 

nitrogen sorption isotherm, which is contributed by both Langmuir adsorption and polymer 

swelling.5 To get a reliable BET surface area for PIM-1, only the Langmuir-dominated 

region of the isotherm should be utilized. Various DFT models have been developed for 

different pore geometries, surface homogeneities, and force field assumptions.6 One must 

choose the DFT models accordingly so that the calculated pore size distribution is reliable. 

For instance, the pore size distribution of PIM-1 can be analyzed by HS-2D-NLDFT model, 

which is developed based on carbon with consideration of surface heterogeneity and 

nonlinear force field.6 It is worth noting that nitrogen physisorption can theoretically only 

probe the features larger than the nitrogen diameter (~ 3.64 Å). However, for micropores 

with diameters similar to the kinetic diameter of nitrogen (~ 3.64 Å), the diffusion of 

nitrogen inside the micropores can be too slow to effectively probe the micropores.7,8 In 

this case, the materials should be analyzed with alternative techniques, such as X-ray 

diffraction, positron annihilation lifetime spectroscopy, etc.9 However, these 

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

Mesopores can originate from either the molecular (or crystal) structure of the 

material or inefficient packing of the materials. Mesoporous materials are excellent 

supports for functional compounds. For example, amines can be supported by mesoporous 

zeolites at loadings as high as 39.9 wt% without completely occupying the mesopores.10 In 

contrast, PIM-1 loaded with 36 wt% PEI exhibits no interconnected micropores that are 

accessible to nitrogen at 77K, which results in slow adsorption kinetics.3 Mesopores are 

often created intentionally in adsorbent materials to create rapid mass transfer channels. 

For instance, the polymer solution used for hollow fiber adsorbent spinning may consist of 

nonsolvent, hydrophilic additive, and sacrificial pore formers to enhance the formation of 

mesopores that enable rapid adsorption kinetics.11-16 

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 sintering an AlOx/PIM-1 fiber. The hysteresis of the isotherm is 

a qualitative indication of the existence of mesopores. When the nitrogen pressure is 

increased, nitrogen molecules accumulate on the mesopore surface. Since the mesopores 

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 pressure is decreased, the desorption of nitrogen has to overcome the 

surface tension, which results in higher nitrogen adsorption quantity at the same nitrogen 

pressure. With the help of the HS-2D-NLDFT model, the pore size distribution can also be 

obtained (Figure 2.1b). 
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Figure 2.1 Nitrogen physisorption of mesoporous alumina fibers. (a) Nitrogen 

isotherm at 77 K. (b) The pore size distribution obtained by HS-2D-NLDFT model. 

2.1.3 Macropores 

The macropores of the material are usually generated during the device fabrication 

process. As shown in Figure 2.2, the PIM-1 fibers fabricated via different mechanisms 

possess distinct porosities: the PIM-1 fiber fabricated by drying a PIM-1/THF solution 

possesses a dense structure without macropores, while the fiber fabricated via phase 

inversion possesses interconnected macropores. Macropores of the adsorbent materials 

provide rapid mass transfer with the external fluids. Mercury porosimetry is the most 

standard method to determine the macropore size 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 PIM-1 fibers 

fabricated by phase inversion of a PIM -1 solution. 

2.2 Adsorption Isotherm 

The adsorption isotherm is one of the most fundamental guides for adsorption 

process design and engineering. The adsorption isotherm of material records the amounts 

of adsorbate captured by the adsorbent at equilibrium with the adsorbate at specific relative 

pressures and temperature. Typical adsorption isotherm measurement techniques are the 

gravimetric method and the volumetric method. The gravimetric method records the weight 

change of the adsorbent during the exposure to adsorbate gases at specific partial pressures. 

Multiple strategies can be employed to control the partial pressure of adsorbate. Equipment 

such as VTI-SA+ (TA Instruments) keeps purging the sample chamber with a gas mixture 

containing adsorbate gas and inert balance gas. Equipment such as DVS (Surface 

Measurement Systems) can also expose the adsorbent to pure adsorbate gas with controlled 

pressure. Equipment such as ASAP (Micromeritics) is designed based on the volumetric 

method, which precisely records the volume of adsorbate gas dosed into the sample 

chamber, ultimately enabling the calculation of the adsorption amount.  
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According to the IUPAC classification, there exist six classical types of adsorption 

isotherms (Figure 2.3). Type I isotherms can be found in microporous adsorbent materials 

(e.g., microporous MOFs) with a limited external surface area. The limit of type I isotherms 

is determined by the micropore volume of the adsorbent material. Type II isotherms exhibit 

an apparent unlimited increase in uptake, which indicates multilayer adsorption without 

confinement from the pore structure. The turning point (A) of a type II isotherm indicates 

the complete monolayer adsorbate coverage and the starting of multilayer adsorption. 

Polymeric adsorbents (e.g., PIM-1) and macroporous materials usually exhibit type II 

isotherms, although the physics of adsorption may not be identical to the multilayer case 

just described. Type III isotherms exhibit no apparent adsorption limitation, which is 

relatively rare (e.g., nitrogen adsorption by polyethylene).17 Type IV isotherms are similar 

to Type II isotherms. The adsorption amount keeps increasing after point B, which 

indicates the start of multilayer formation. However, different from Type II isotherms, 

Type IV isotherms exhibit a rapid adsorption amount increasing due to the complete filling 

of mesopores. Type IV isotherms also exhibit hysteresis. A type V isotherm is a variant of 

Type III isotherm. Capillary condensation in mesopores results in rapid adsorption amount 

increase and hysteresis. Type VI isotherms refer to step-wise 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 definition.17 

2.3 Adsorption Chromatography  

2.3.1 Dynamic Adsorption 

Kinetic adsorption performance of an adsorption contactor is evaluated via the 

breakthrough experiment. Figure 2.4 illustrates a classical breakthrough experiment 

setup.18,19 Multiple gases are mixed as feed gas to simulate specific applications. The 

concentration of different components can be controlled by mass flow controllers. The 

premixed gas mixture can be used to eliminate the error induced by mass flow controllers. 

The feed gas mixture is delivered to the adsorption contactor being tested. The outlet of the 

adsorption contactor is attached to a union tee, which connects a mass spectrometer and a 

tubing coil with > 4 ft in length. The mass spectrometer samples the outlet gas every 
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second, and the long tubing coil prevents the back diffusion of atmospheric gases into the 

mass spectrometer. 

 

Figure 2.4 The scheme of a typical breakthrough system. 

To simulate the flue gas carbon capture process, the feed gas consists of CO2 

(12.5%), He (12.5%), and N2 (75%). CO2 is the adsorbate, the compound that will be 

captured by the adsorbent materials. He is the tracer gas that indicates the flow of gases. 

Tracer gas and the adsorbate gas often have the same feed concentration, although this is 

not required. N2 is typically the balance gas. A prototypical breakthrough curve is shown 

in Figure 2.5a. The concentration evolution of He indicates the theoretical concentration 

evolution of CO2, assuming that there is no adsorption, which thusly captures the mean 

residence time of a nonadsorbing gas in the bed. The area enclosed by the breakthrough 

curves of He and CO2 indicates the total adsorption capacity of the adsorption contactor. 

The adsorption process stops when the CO2 emission reaches a certain threshold value 

(e.g., 5% of the feed concentration) to ensure low CO2 emission and a high CO2 recovery 

rate. The amount of adsorbed adsorbate before regeneration is defined as breakthrough 

capacity. As a result, the actual adsorption capacity can be only a small portion of the total 



 55 

adsorption capacity (Figure 2.5b), although the goal of this thesis is to have the 

breakthrough capacity match the equilibrium capacity as closely as possible. 

 

Figure 2.5 A typical breakthrough curve. (a) Total capacity. (b) Breakthrough 

capacity. (c) The increased breakthrough capacity of a sharpened breakthrough 

curve. 

Such a waste of adsorption capacity will result in frequent adsorption contactor 

regeneration and low efficiency in operation time, material, and energy. An energy-

efficient adsorption contactor is expected to increase the ratio between breakthrough and 

total adsorption capacity. A sharp breakthrough curve exhibits delayed adsorbate 

breakthrough (being detected in the outlet gas) and rapid adsorbate concentration increases. 

As shown in Figure 2.5c, the sharpened breakthrough curve effectively increases the 

breakthrough capacity.  

For traditional packed-bed adsorption contactors, breakthrough curve sharpening is 

achieved by reducing packing pellets sizes. However, such a strategy significantly 

increases the pressure drop and result in higher operational costs. 

2.3.2 Linear Driving Force Model 
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The breakthrough behavior of an adsorption contactor is usually described 

mathematically via the linear driving force model (LDF), which is expressed in Equation 

2.1.20 The linear driving force model can be applied to an adsorption contactor with simple 

material packing patterns (e.g., without variation in the fluid flow direction). Two phases 

exist in the adsorption contactor: the fluid phase (denoted with subscript Ὢὰό), and the 

adsorbent phase (denoted with subscript ὥὨί.  

As shown in Figure 2.6, the fluid flowing direction is defined as ᾀ. In Equation 2.1, 

ὅȟ  is the adsorbate concentration in the fluid phase, which is a function of ᾀ. ὺ  is the 

fluid velocity at corresponding ᾀ, which is influenced by the amount of adsorbate left in 

the fluid phase. ὠ  is the volume of the adsorbent phase per contactor volume at 

corresponding ᾀ. Similarly, ὠ  is the volume of the fluid phase per contactor volume at 

corresponding ᾀ. The LDF model assumes that the driving force for adsorption, the mass 

transfer of adsorbate from the fluid phase into the adsorbent phase, is the difference 

between equilibrium capacity, ήȟ
ᶻ , and current capacity, ήȟ . ὑ  is the overall mass 

transfer coefficient used to describe the adsorption process. This lumped mass transfer 

coefficient is used to describe the mass transfer resistance contributed by the boundary 

layer and hierarchical pores.  

 ‬ὅȟ

‬ὸ
ὺ

‬ὅȟ

‬ᾀ
ὅȟ

‬ὺ
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Figure 2.6 A general finite element mesh of an adsorption contactor used for the linear 

driving  model.  

According to the LDF model, adsorption contactor designs influence the 

breakthrough behavior by manipulating the local linear velocity, ὺ ᾀ , the local 

adsorbent/void fraction, ᾀ , and interfacial mass transfer coefficient, ὑ . By 

optimizing the mass transfer contactor design, the breakthrough capacity can be improved 

without significantly sacrificing the pressure drop. 

2.3.3 Mass Transfer Zone 

During the adsorption process, different sections of the adsorption contactor have 

a different degree of saturation (Figure 2.7a). As shown in Figure 2.7b, when a fresh 

(regenerated) adsorption contactor is switched to the feed gas, the entrance region contacts 

with the feed gas and starts to capture adsorbate from the fluid phase. The feed gas flows 

through the adsorption contactor, where all of the adsorbate molecules are captured before 

the gas reaches the end of the adsorption contactor. As the operation time increases, the 

adsorbent in the front of the contactor is gradually saturated. It is important to note that 

within the adsorption contactor, the mass transfer only happens within a small region, 

which is defined as the mass transfer zone (MTZ). During the adsorption process, the mass 

transfer zone moves from the entrance to the outlet of the contactor (Figure 2.7b).  
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Figure 2.7 Mass transfer zone in the adsorption contactor. (a) Illustration of a mass 

transfer zone in the adsorption contactor at a specific moment during the adsorption 

process. (b) The movement of the mass transfer zone during the adsorption operation. 

During this process, the adsorbent before the mass transfer zone is fully saturated, 

and the adsorbent after the mass transfer zone is fresh. The adsorbent out of the mass 

transfer zone does not contribute to the adsorption at every moment in time; however, all 

the materials packed in the contactor contribute to the pressure drop required for fluid 

delivery. Given the sample packing density, adsorbent material, and adsorption condition, 

the longer the adsorption contactor is, the longer the ñidleò adsorbent sections (without 

contribution to adsorption) are. 

Conceptually, short adsorption contactors have higher efficiency in material and 

energy usage. Compared with long adsorption contactors, short adsorption contractors 

require lower pressure drop, generate individual adsorbent element more frequently, and 

increase the efficiency in material and energy usage. However, traditional packed-bed 

adsorption contactors are designed with a length to diameter ratio over ten.21 One 

disadvantage that limits the utilization of short packed bed adsorption contactor is a so-

called bypass issue (Figure 2.8). In ideal cases, the pellets in a packed bed adsorption 

contactor are packed in well-organized patterns with the same porosity throughout the 
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contactor (Figure 2.8a). However, random packing generates regions with distinct packing 

densities. The regions with low density result in lower resistance to fluids, which can be 

considered as bypass channels. In the long contactor, these bypass channels are isolated 

(Figure 2.8b). However, in the case of short beds, the bypass channels could penetrate the 

entire contactor and result in immediate breakthrough (Figure 2.8c). 

 

Figure 2.8 Bypass issue in packed bed adsorption contactors. (a) Ideal packed beds 

with an ordered packing pattern. (b) Real packed beds with random packing, 

showing local bypass effects of packing defects. (c) Short packed beds with severe 

bypass. 

2.4 Fluid Rheology  

2.4.1 Viscosity  

Viscosity quantifies the resistance of a fluid to deformation, usually in shear flow. 

Figure 2.9 illustrates the mathematical definition of viscosity.22 Depending on the 

relationship between viscosity and shear rate, fluids can be classified as: (1) Newtonian 

fluids with constant viscosity independent of shear rate, (2) shear-thickening fluids with 
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viscosity that increases with shear rate, (3) shear-thinning fluids with viscosity that 

decreases with the shear rate, (4) Bingham plastics, which behave like solids at low shear 

rates and like viscous fluids at high shear rates. Typically, polymer-based 3D printing inks 

exhibit shear-thinning behavior, while suspension-based 3D printing inks exhibit both 

shear-thinning (at intermediate shear rates) and shear-thickening (at high shear rates). 

 

Figure 2.9 Definition of viscosity in simple one-directional shear flow. 

Viscosity is usually used by 3D printing researchers to evaluate whether a 3D 

printing ink can be utilized for a certain 3D printing task. On one 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 

breakage. Assuming the 3D printing ink is an incompressible Newtonian fluid, the pressure 

drop required to deposit the 3D printing ink through the nozzle can be estimated using the 

HagenïPoiseuille equation (Equation 2.2): 

 
Ўὴ

ψ‘ὒὗ

“Ὑ
 (2.2) 
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where Ўὴ is the pressure drop across the 3D printer nozzle, ‘ is the viscosity of the 

3D printing ink at the operating conditions (e.g., temperature, shear rate, etc.), ὒ is the 

length of the nozzle, ὗ is the volumetric flowrate, and Ὑ is the nozzle diameter. 

2.4.2 Complex Modulus 

Successful 3D printing techniques rely on rapid fluid-solid transitions of the 3D 

printing ink. The transition from fluid to solid can be quantified by measuring the complex 

modulus via oscillatory rheometry; when applied to solid-like materials, this type of 

measurement is also referred to as the dynamic mechanical analysis.23  

The simplest oscillatory shear flow experiment is described in Figure 2.10a. The 

sample is mounted between two parallel plates. The upper plate is driven by a rotating 

wheel to exert displacement to the sample. The lower plate is fixed and records the stress 

exerted by the sample onto the lower plate. The displacement is defined as shear strain, ‎, 

and the stress recorded is defined as shear stress, †. Driven by the wheel, the shear strain 

can be described as ‎ ‎ ÓzÉÎ —ὸ , where ‎ is the amplitude of the shear strain, and 

—ὸ is the rotating angle of the driving wheel as a function of time, ὸ. The shear stress can 

be described as † † ÓzÉÎ —ὸ  where † is the amplitude of the shear stress, and ,‏

 is the phase difference between the shear strain and the shear stress. As shown in Figure ‏

2.10b, the strain-stress response for a typical viscoelastic material during the oscillatory 

test exhibits a phase shift. For an ideal elastic material, ‏ is zero, while ‏ is 90º for an ideal 

viscous material. The phase shift, ‏, of a viscoelastic material ranges between 0º and 90º, 

depending on the balance between elastic and viscous forces, and can vary with frequency 

of deformation.  
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Figure 2.10 Oscillatory test of viscoelastic materials. (a) Scheme of the oscillatory test. 

(b) The relationship between shear strain , ♬, and sheer stress, Ⱳ, for a viscoelastic 

material. (c) Graphical definition of complex modulus. 

The viscoelastic behavior during the oscillatory test can be summarized by the 

complex modulus, Ὃᶻ, which is defined as the amplitude ratio between shear strain, ‎, and 

shear stress, †, (Figure 2.10c). The storage modulus, which represents the elastic 

properties,  is defined as Ὃ ὧέί‏, and loss modulus, which represents the viscous 

properties, is defined as Ὃ ίὭὲ‏. An ideal 3D printing ink is expected to be 

predominantly fluid-like (Ὃ Ὃ, τυЈ‏ ωπЈ) before deposition, while transitioning 

into solid-like characteristics (Ὃ Ὃ , πЈ‏ τυЈ) shortly after deposition, before 

gravity can deform the material significantly. 
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 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. Solution-based Additive Manufacturing 

(SBAM) was recently 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 the volatile component, resulting in hierarchically porous filaments (e.g., pores 

of diameters ranging from 2 nm to 10 µm). SBAM is conceptually compatible with any 

solution-processable polymer, which significantly extends the 3D-printable polymeric 

material spectrum. 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 volatile solvent, 

SBAM is capable of (i) eliminating evaporation-induced shrinkage, and (ii) creating 

nanopores without the need for templating additives or nanoscale nozzles. The 

development of SBAM processes involves optimization of polymer solution 

thermodynamics, rheological engineering, and mass transfer control, which makes it 

challenging to develop an SBAM protocol for a new polymer. This section provides a 

practical guide towards the development of ternary polymeric inks, the design of 3D printer 

hardware for SBAM, and the post-treatment of printed objects for desired porosity. It also 

discusses solutions to common challenges encountered during this new polymer processing 

 
* This chapter has been published in the Journal of Advanced Manufacturing and Processing as ñA 

Guide to Solution-based Additive Manufacturing of Polymeric Structures: Ink Design, Porosity 

Manipulation, and Printing Strategyò.1  
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technology. A case study of developing the optimal SBAM protocol for a commercial 

polyimide is provided to illustrate the process design.1 

3.1 Introduction  

Additive manufacturing techniques enable the rapid production of complex 

structures and are powerful tools to aid precise architectural engineering of structured 

materials for applications that require controlled transport phenomena (heat and mass) or 

mechanical properties.2 Compared with traditional manufacturing methods, the cost of 

additive manufacturing scale much less strongly with the object complexity.3-5 Current 

state-of-the-art additive manufacturing techniques for polymeric materials are capable of 

processing photoreactive resin, photopolymer inks, thermoplastics, and elastomers via 

stereolithography (SL),3,5 PolyJet,6,7 fused deposition method (FDM),8,9 and direct ink 

writing (DIW),10,11 respectively. These additive manufacturing techniques have been 

utilized to fabricate polymeric objects with complex architectures for various applications 

such as microfluidics devices,12 biomedical implants,9 and light-weight structures;11,13 

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 microporosity, 

cellulose acetate, polysulfones, etc.) cannot be processed without chemical modification or 

additional matrix polymers via existing additive manufacturing techniques.2,14  

Several of these functional polymers are currently processed in the form of polymer 

solutions.15-19 By dissolving polymers in their corresponding solvents (such a solution is 

referred to as a óbinary solutionô or a óbinary inkô in the remainder of this section), these 

polymers can be fabricated on an industrial scale into pellets, fibers, and films through 

solvent evaporation. However, binary polymer solutions are not as ideal as 3D printing 

inks. First, it is difficult to find a balance between 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 gravity-induced 

deformation, which negatively impacts shape control and printing resolution. Second, the 

evaporation of solvent during layer-by-layer 3D printing of binary inks induces anisotropic 

shrinkage. A few attempts have been made to 3D print highly concentrated binary inks of 

polylactide (PLA), cellulose acetate and acetoxypropyl cellulose via direct ink writing 

(DIW).17,20-24 After ink deposition, the volatile solvent rapidly evaporates, creating 

solidified dry polymer objects. These preliminary studies established the feasibility of 3D 

printing of viscoelastic polymeric solutions; however, evaporation-induced anisotropic 

shrinkage is inevitable in these binary ink formulations. Even for a highly concentrated 

binary ink with 70 wt% polymer concentration, there is a 30 wt% loss of solvent after 

evaporation. This leads to filament shrinkage, which can result in significant deformation 

of the filaments and the overall printed object, especially when it occurs in the lateral 

dimension.2 Differential shrinkage between subsequent layers can cause stresses that are 

difficult to control and predict. Therefore, this greatly impairs the precision of the shape 

and size of the printed objects. 

Alternatively, solution-based additive manufacturing (SBAM) deposits the 

polymer in the form of a ternary solution (i.e., polymer, solvent, and nonsolvent), which is 

also referred to as a óternary inkô.2 As illustrated in Figure 3.1, SBAM fabricates objects 

via layer-by-layer deposition of ternary ink filaments, similar to other processes. This 

approach is inspired by other solution-processing approaches, most notably, hollow fiber 

membrane spinning in the dry-jet, wet-quench configuration, in which polymer solution is 

extruded into a nonsolvent quench bath where it undergoes nonsolvent-induced phase 
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inversion. In the SBAM case, after filament deposition onto the substrate or existing 

structures, the nascent filament undergoes rapid solidification via evaporation-induced 

and/or nonsolvent-induced phase inversion that is triggered by small amounts of 

evaporation or external vapor sorption, respectively. Phase inversion rapidly transforms 

the liquid ternary ink into a foam-like phase-separated solid with nanoscale hierarchical 

pores, which cannot be achieved by other additive manufacturing techniques for polymers. 

The creation of pores compensates for the anisotropic shrinkage due to solvent evaporation. 

In our previous research,  various objects made of PIM-1 (polymer of intrinsic 

microporosity 1) were 3D printed via SBAM.2 The printed PIM-1 objects possess 

hierarchical micro-/meso-/macropores (by 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 exhibit potential for mass transfer applications.2 Besides PIM-1, other 

solution-processable polymers such as cellulose acetate have also been 3D printed via 

SBAM.2 While phase inversion of ternary polymer ink results in a hierarchical porous 

structure, the polymeric objects can be annealed afterward to produce a dense structure on 

based on use demands (Figure 3.1c). In contrast to the usual anisotropic shrinkage during 

3D printing from binary inks, this isotropic shrinkage during post-fabrication annealing 

does not result in deformation of the overall architecture. In this article, Solution-based 

Additive Manufacturing (SBAM) 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 evaporation. Multiple 3D 

printing properties are established concurrently, and various coupled parameters (e.g., 
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ternary ink composition, equipment setup, post-treatment, etc.) should be carefully 

controlled. Without a thorough understanding of the underlying physical phenomena, it is 

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

 

Figure 3.1 Schematic illustration of solution-based 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 evaporation-induced phase 

inversion and generates hierarchical pores. A hierarchically porous Matrimid® 5218 

scaffold is demonstrated with filament cross sections revealed by SEM. (c) Optional 

solvent-assisted annealing removes the hierarchical pores and isotropically shrinks 

the overall structure. An annealed Matrimid® 5218 scaffold is demonstrated with 

filament cross sections revealed by SEM. 

This section provides a systematic guide for solution-based additive manufacturing 

of the general class of solution-processable polymer. Conceptually, SBAM is applicable to 

any polymer that can be dissolved by solvents and for which non-solvents are available. 

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 commercially available polyimide. 
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3.2 Solution-based Additive Manufacturing Methodology 

Solution-based additive manufacturing (SBAM) is conducted with a customized 

3D printer that is adapted from a generic direct ink writing (DIW) setup.2 As illustrated in 

Figure 3.1, the substrate is attached to a moving stage that can move in two orthogonal 

directions (x and y). Stepper motors, transmission components, and controllers 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 1/16 microstepping; this design results 

in 9 µm linear resolution for the stage. A stainless-steel ink container is attached to a motion 

glide that can move in the vertical direction (z). The motion glide consists of a stepper 

motor with a 1.8° step angle, a leadscrew with 1.25 mm pitch, and a motor driver with 1/16 

microstepping, which results in 0.5 µm linear resolution. A homogenous ternary ink with 

optimized rheological properties is pressurized and deposited through the bore of a 

customized coaxial dual-channel stainless-steel micronozzle (Figure 3.2). The diameter of 

the micronozzle bore is selected based on the desired resolution. For instance, the SBAM 

setup in this current study utilizes a 24-gauge needle with an inner diameter of 311 µm . 

The ternary ink liquid filament travels through a short air gap (the distance between the 

nozzle exit and the substrate), where volatile solvents evaporate and/or nonsolvents are 

sorbed into the filament to trigger solidification induced by phase inversion. A carrier gas 

with a tunable solvent vapor concentration can be delivered through the shell of the 

micronozzle to control the atmosphere surrounding the filament and thus the solvent 

evaporation rate (Figure 3.2b).  
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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 a binary ink is inherently difficult. Solvent 

evaporation from the filament intrinsically leads to the contraction of the individual 

filaments and deformation of the overall structure.2 Figure 3.3a illustrates a scenario where 

the DIW 3D printer attempts to fabricate a cuboid by depositing polymeric filaments from 

a binary ink in layer by layer fashion. The deposited filaments start shrinking once they are 

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 and deform the 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; (c) A typical phase diagram for ternary 

system (polymer, solvent, and nonsolvent) to guide ink design; (d) Phase inversion 

route that compensates the evaporation-induced shrinkage via the creation of 

hierarchical pores. A1: an ideal ternary ink for solution-based additive 

manufacturing; A1': 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 polymer-lean phase after spinodal 

decomposition. A1-A1' represent the composition shift required for ternary ink 

solidification. B1: the binary ink with the viscosity comparable to the ternary ink A1; 

B2: the liquid-to-solid transition of the binary ink. B1-B2 represent the composition 

shift required for the binary ink solidification.  

 



 73 

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 industries.25 Phase inversion results in hierarchically 

porous polymeric structures that avoid the evaporation-induced shrinkage (Figure 3.3b). 

Phase inversion is typically visualized 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 one-phase region and the nonhomogeneous, unstable two-phase 

region. These two regions are separated by the binodal boundary. A ternary ink with a 

composition in the homogeneous region is transparent and fluidic, while the ternary ink 

with a composition in the nonhomogeneous region is unstable and undergoes phase 

inversion into a polymer-rich phase and a polymer-lean phase.  

Phase inversion can occur via ñnucleation and growthò and ñspinodal 

decompositionò processes when the solution composition is shifted from the homogenous 

into the nonhomogeneous region through solvent evaporation and/or nonsolvent sorption. 

As shown in Figure 3.3c, the nonhomogeneous region can be further divided by the 

spinodal boundary into regions of nucleation-and-growth (between the spinodal boundary 

and the binodal boundary) and spinodal decomposition (within the spinodal envelope). For 

a mixture in the lower nucleation-and-growth region (the one with lower polymer 

concentration in Figure 3.3c), polymer nodules are formed resulting in dispersive polymer-

rich phases in a continuous polymer-lean phase. After complete drying, 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 

nucleation-and-growth region (the one with higher polymer concentration in Figure 3.3c), 
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nucleation of dispersive polymer-lean phases generally leads to relatively closed-cell 

structures in the polymers after complete removal of all solvents and non-solvents. 

Although such closed-cell structures possess high integrity and compensate the 

evaporation-induced shrinkages, polymer-lean 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 certain applications). On the other hand, mixtures that enter the spinodal 

decomposition region invert into interpenetrated polymer-rich phases and polymer-lean 

phases. The resulting interconnected hierarchical pores allow rapid removal of residual 

polymer-lean phases, which effectively prevents the collapsing of pores. Spinodal 

decomposition is therefore usually desirable for SBAM. 

Figure 3.3c and Figure 3.3d illustrate the ideal evolution of ink composition during 

the spinodal decomposition. A ternary ink filament (composition A1 in the homogeneous 

region) is extruded from the nozzle. The evaporation of the solvent shifts the ink 

composition across the binodal boundary to point A2, which possesses higher polymer 

concentration, lower solvent concentration, and higher non-solvent concentration. This 

mixture then undergoes spinodal decomposition and inverts into interconnected polymer-

rich phases (A3) and polymer-lean phases (A4), which together form a solid-like structure 

that can withstand gravity. The solidified porous polymer object (A3) can then be dried 

immediately to get rid of liquids (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. Alternatively, a post-printing solvent exchange is 

an optional procedure to avoid shrinkage during drying. During the solvent exchange, the 

solvent and nonsolvent in the polymer-lean phase are exchanged with solvents with low 
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surface tension, which then evaporates and leaves mesopores and macropores. The 

polymer-rich phase dries and results in the formation of robust polymeric skeletons (Figure 

3.3d). This pore formation process compensates the volume loss due to solvent evaporation 

that is dominant in binary inks, thus preventing shrinkage during 3D printing (Figure 3.3b).  

Besides volume-loss compensation, ternary inks can also achieve faster 

solidification (A1-A1' in Figure 3.3c) than binary inks (B1-B2 in Figure 3.3c) when both 

inks start off initially with comparable, printable viscosities. As suggested by a previous 

rheological study, the solidification of binary PIM-1 ink (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 and dimethylacetamide)  requires less than 1 wt.% 

removal of nonsolvent.2 The faster solidification further helps to resist gravity-induced 

deformation.2  

The generation of hierarchical pores without templating 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 

which is usually larger than 100 µm depending 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 serve as 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 

surface area and active sites for adsorption, catalysis, etc. The combination of hierarchical 

pores (e.g., macro-/meso-/micro-pores) provides versatile combinations of functionalities 

for a range of applications. 

3.3 General Process-design Guidelines for Solution-based Additive Manufacturing 

This section provides a general guide for producing an arbitrary object via solution-

based additive manufacturing from a newly selected solution-processable polymer. The 

semi-empirical process described here includes three keys steps: 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 the SBAM fabrication process. The homogenous region, 

nonhomogeneous region, and binodal curve can be determined by the cloud-point 

technique, as described in detail in Section 3.4.1. To facilitate rapid liquid-to-solid 

transition, the ink composition must be chosen near the binodal curve for fast phase 

inversion. Figure 3.4a illustrates the determination of ternary ink compositions that allow 

rapid phase inversion. For an ideal 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 shifts a ternary ink (A1) along the trajectory (A1-A2) into the 

nonhomogeneous region. The phase inversion distance (A1-A2) that the ternary ink should 

travel before entering the nonhomogeneous region is related to the time required for 
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solidification. For common SBAM scenarios, gravity-induced deformation can be 

eliminated by shortening the phase inversion distance A1-A2 to below 1 wt% of solvent 

removal. The shaded area (3) defines all ink compositions with phase inversion distance 

(2) shorter than 1 wt%, which represents the ñidealò composition range. 

 

Figure 3.4 Method for determining appropriate ternary ink composition. (a) Typical 

ternary phase diagram (polymer, solvent, and nonsolvent). 1: dashed trajectories 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; A1: the 

ideal ternary ink; A2: the transition region indicating phase inversion; A3: the fully 

phase-inverted ideal ternary ink. insert: Zoomed phase diagram illustrating the ink 

composition evolution. (b) The typical evolution of complex modulus (Gǋ: storage 

modulus; Gǌ: loss modulus) during evaporation-induced 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 of the ternary ink 

can best be analyzed via investigation of the complex moduli.2 Figure 3.4b highlights the 

desired rheological evolution of an optimized ternary ink during the evaporation-induced 

phase inversion, where the x-axis corresponds to the phase inversion trajectory (A1-A2-

A3) in Figure 3.4a. The original ternary 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 storage 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. The ratio of loss modulus to storage modulus (also known as tan ŭ) at the 

complete phase inversion composition (A3) should be smaller than one to avoid structural 

collapse after initial filament deposition. The shaded region (A2-A3) in Figure 3b indicates 

the transition during phase inversion. The gap between A1ᾳ and A2 indicates the potential 

ternary ink composition that meets the rheological requirements; as a rule of thumb we 

have found that at concentration A1ᾳ the loss modulus should exceed 200 Pa.2 In Section 

3.4.3 and Section 3.4.4, a detailed ternary ink optimization process is described. 

It is worth noting that the filament diameter can affect the phase inversion 

ñtrajectoryò due to heat and mass transfer. For a high-resolution SBAM protocol, the 

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, lowers the storage 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 results in higher 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 retards filament solidification. 
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3.3.2 Atmosphere Control in Solution-based Additive Manufacturing 

Although fast evaporation of the volatile solvent facilitates rapid solidification and 

avoids gravity-induced deformation of the filaments, an ultra-high evaporation rate 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 composition to enter the so-called vitrification region, 

creating a dense polymer skin that retards mass transfer out of the filament.26-29 Although 

skin vitrification is widely utilized in hollow fiber membrane spinning industry,26 it 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, thus allowing 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 application, unless membrane devices are the 

desired structure being printed.2  

Second, the rapid removal of solvents can result in poor interlayer adhesion. 

Interlayer adhesion of SBAM is assisted by partial, localized redissolution of already 

deposited, phase inverted filaments by newly deposited filaments. The swollen, plasticized 

nature of the polymer in the filament-filament contact region promotes polymer-polymer 

interaction, which improves the filament-filament adhesion. 

Solvent evaporation 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 adjacent 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 setup (Figure 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 tetrahydrofuran was 

continuously supplied during the SBAM of PIM-1; this modification significantly slowed 

evaporation, eliminated the formation of skin layers, and improved the adhesion between 

adjacent filaments.2  

3.3.3 Resolution Control of Solution-based Additive Manufacturing 

The ability to manufacture small-scale structures through SBAM fundamentally 

enables the design of novel high-performance polymer devices, but creating such small-

scale structures requires high-resolution 3D printing.30 For instance, an interdigitated 

microbattery architecture fabricated through direct ink writing has been reported to exhibit 

high areal energy density (9.7 J cm-2) and power density (2.7 mW cm-2) due to the high 

aspect ratio of the device.31 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 smallest reproducible 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 filaments can be produced via nozzles with smaller openings, it is 



 81 

impractical to use micronozzles (e.g., diameter smaller than 100 µm) to process 

viscoelastic polymer solutions. First, the pressure drop required for ternary ink delivery is 

roughly inversely proportional to the second power of the nozzle diameter.32 Second, die 

swell of concentrated, viscoelastic polymeric fluids at the nozzle outlet often results in 

expanded filament diameters, which offsets the gains from the smaller nozzle (Figure 

3.5a).33 

It is important to note that dry-wet fiber spinning techniques are capable of 

fabricating fibers with diameters smaller than the nozzle (or spinneret) diameter via 

drawing-induced narrowing. Generally, the viscoelastic polymer solution is extruded 

through a spinneret and collected on a rotating drum.29 As the linear speed of the edge of 

the rotating drum (draw speed) is faster than 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 with a 200-µm outer 

diameter and a 100-µm inner diameter can be fabricated via a coaxial spinneret with a 900-

µm outer diameter and a 200-µm inner diameter.29 Such deformation of the viscoelastic 

filament has also been utilized in recent reports on the direct ink writing of silicone gel to 

improve 3D printing resolution.34,35 In these approaches, the deformation of a 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 solution-based additive 

manufacturing, which relies on drawing-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 µm), 1-mm 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 factor (Equation 3.2). 

Inspired by dry-wet fiber spinning and direct ink writing,28,29,34 SBAM can also 

manipulate the 3D printing resolution via controllable drawing-induced filament 

narrowing, as illustrated in Figure 3.5. 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 by entropy, which 

increases the filament diameter through a process known as die swell.33 The deposited 

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 and thinning of filaments 

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 diameter. While the 

viscoelastic polymer solution may undergo complex shape evolution during the drawing 

process, the relationship between printing speed and the target resolution can be 
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straightforwardly determined via continuity equation of incompressible fluids (Equation 

3.1).  

 
Ὂ ὖ ȟὈ ͯ

Ὀ ẗὺ

τ
 (3.1) 

where Ffeed is the volumetric feed flowrate for the ternary ink, which is determined 

by the driving pressure (Pfeed) and nozzle diameter (Dnozzle), Dfilament is the resulting filament 

diameter, vprint is the linear printing speed.   

As shown in Figure 3.5b, Matrimid® 5218 ternary ink was continuously delivered 

through a micronozzle (inner diameter is 413 µm) driven by 10 bar pneumatic pressure 

with a 1-mm air gap. By varying the linear printing speed from 0.5 cm/s to 5 cm/s, the 

width of the deposited filament is varied from 1050 µm to 270 µm. Assuming the ternary 

ink possess the cylindrical shape after the drawing process, the expected filament width 

can be calculated via Equation 3.2, which is derived from Equation 3.1 (Figure 3.5c). 
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where the lumped factor A, which accounts 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 filaments. First, the ternary ink should behave as 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 before it is deposited 

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 substrate, it will be dragged by the nozzle 

instead of forming the intended printed architecture. 

The experiments with Matrimid ternary ink demonstrate the feasibility of resolution 

manipulation via drawing-induced narrowing. The target resolution can be easily 

calculated based on the continuity of fluid. Since the volume shrinkage due to evaporation 

is compensated by the generation of hierarchical pores, SBAM can achieve different levels 

of resolution with one nozzle in a straightforward manner. To achieve high-quality 3D 

additive manufacturing, control software and 3D printing route generation software that 

considers motor acceleration and deceleration at corners must be developed in the future. 

3.3.4 Substrate Design 

A 3D printing substrate should ideally hold the printed objects 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 to their flatness and smoothness, these surfaces may not bond tightly with the phase-

inverted ternary filaments due to the presence of excess nonsolvent.2 Applying adhesives 

to the glass plates is a common approach to secure 3D printed objects in place;36,37 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 solution-based additive manufacturing of PIM-1, 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 printed PIM-1 

objects shifted around on glass plates, which caused significant 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 can be 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 substrate and 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 with commonly available polymer 

plates, the most practical substrate is a glass plate coated with a thin (~40 µm) layer of the 

polymer that is being 3D printed (Figure 3.2a). Such substrates can be prepared by blade 

casting of a binary polymer solution onto clean glass plates.38 After 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 hydrophobic polymer coating 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 glass plate. 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 in the bottom layer. A sacrificial bottom layer can be printed 

and then destroyed when consistent porosity is required. 

3.3.5 Porosity Manipulation: Creation and Removal 

Phase inversion of polymer solutions results in well-distributed macropores 

(diameter larger than 50 nm) and mesopores (diameter ranging from 2 nm to 50 nm). 

Various applications (e.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.  

Figure 3.6a illustrates a typical evaporation-induced phase inversion route (A1-A2) 

of a ternary polymer solution (A1) 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 polymer-rich phase (A3) and the polymer-lean phase 

(A4), the ratio between these two phases varies according to the lever rule. Changing the 

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) undergoes evaporation-

induced phase inversion along the trajectory indicated by B1-B2. For 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 concentration results in a 
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greater fraction of polymer-lean 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 effectively reduce the porosity. 

 

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 polymer-lean phase, 

resulting in less porosity, 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 purple). 
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Manipulating the direction in which the ink composition shifts can also effectively 

change the resulting porosity. Figure 3.6c 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 and nonsolvent shifts the ink 

composition (A1) 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 resulting structure is expected. Figure 

3.6d illustrates SBAM under a nonsolvent quench bath, which is similar to dry-wet fiber 

spinning. 29 After ink deposition in the nonsolvent quench, the solvent 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 porosity. Phase 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 preserve hierarchical pores, the 3D printed objects should not be dried directly, 

because pores may collapse under the influence of surface-tension-driven interfacial forces 

from the shrinking (and evaporating) polymer-lean phases.25 A common strategy to prevent 

pore collapse is gradually replacing polymer-lean phases with low surface tension 

nonsolvents, prior to vacuum drying.28 A variety of nonsolvents can be selected based on 

miscibility with the ink solvents and nonsolvents.  

For applications where porosity within thin filaments is unwanted, solvent-assisted 

post-fabrication annealing can be used. By immersing the printed objects into plasticizing 
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nonsolvents, the glass transition temperature of the polymers can be lowered to a practical 

range. The wet objects can then 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 post-fabrication annealing, the entire object 

undergoes isotropic volume reduction which minimizes deformation. 

3.4 Case Study: Solution-based Additive Manufacturing of Matrimid® 5218 

3.4.1 Materials and Methods 

Matrimid® 5218, the example polymer for solution-based 3D printing, was 

purchased from Ribelin. As shown in Figure 3.7, the glass transition temperature of 

Matrimid® 5218 is 320 °C as determined by Differential Scanning Calorimeter (Q200, TA 

Instruments), which is not applicable for fused deposition modeling. Prior to usage, the 

Matrimid® 5218 powders were dried overnight under vacuum at 120 °C. All solvents were 

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

A ternary phase diagram of the polymer 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 use of the cloud-point technique.29 In this 

technique, a binary polymer solution is first prepared as a standard for the homogenous 

region. A series of ternary polymer solutions are then prepared with the same polymer 

concentration but with varied non-solvent and solvent concentrations. The ternary polymer 

solutions sealed in glass vials are put into a rotating roller (~ 10 rpm) in an oven at 60 °C 

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 the nonsolvent concentration increases, the ternary 

mixtures shift from a transparent fluid to either a solid-liquid mixture or a liquid-liquid 

mixture. The composition at which the ternary solution turns cloudy, indicating phase 

separation, is determined to represent the binodal point. Binodal points at different polymer 

concentrations then form the binodal curve, the boundary between the homogenous phase 

and the nonhomogeneous phase. The accuracy of the ternary phase diagram is determined 

by the increments in nonsolvent concentration during this screening process. Considering 

the trade-off 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.  

 

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 by an AutoPore IV 

(Micromeritics) porosimeter. All the samples for mercury porosimetry were dried at 110 

°C for 24 hours. SEM images were collected using a Hitachi SU8230 microscope. Polymer 

filaments were first soaked in n-hexane and then cracked in liquid nitrogen to expose their 
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cross-section. All samples for SEM were sputter coated with gold to eliminate charging 

effects. 

3.4.2 Equipment Setup 

A customized Cartesian 3D printer was built to process ternary inks. As shown in 

Figure 3.2a, the 3D printer consists of (i) a stainless-steel ink cartridge, (ii) a coaxial dual-

channel micronozzle and (iii) a Cartesian moving substrate.2 The ternary ink was 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 rpm) in an oven at 60 °C for 

at least 3 days to ensure homogeneity. Appropriate G-code (RS-274) commands were 

written to control the movement of the 3D printer. The ink was extruded through a 

stainless-steel needle (G22, inner diameter 413 µm) by applying the appropriate pressure 

(10 bar) from a compressed nitrogen gas cylinder. Linear printing speed was 10 mm s-1. A 

glass plate coated with a thin Matrimid® 5218 films was 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 °C) and the ability to dissolve Matrimid® 5218. 

Water was selected as an inexpensive and environmentally friendly non-solvent. The 

ternary phase diagram for this system at 22 °C is shown in Figure 3.8a. Due to the strong 

hydrophobicity of Matrimid® 5218, the homogenous region only occupies a small area in 

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 shows 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 µm. (d) scaffolds printed using 

the ternary ink consisting of 30 wt% Matrimid® 5218, 50 wt% THF and 20 wt% 

toluene; the inset shows magnified intact pores with a scale bar of 10 µm. 
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We created several ternary inks to highlight the influence of ink composition on 

filament structure and object creation. The first ternary ink we created contained 30 wt% 

Matrimid® 5218, 68 wt% THF and 2 wt% water. SBAM 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 created, and 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 evaporation (Figure 3.9); 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 hypothesize that such irregular filaments are induced by 

differences in the evaporation rate at different locations on the filament surface (See 

Section 3.5.1. for details).  

 

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 more detail in Section 

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 shown in Figure 3.8c, this revised SBAM 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 phase inversion (Figure 

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 the phase diagram and offer greater 

flexibility in the ink composition. 

3.4.4 3D printing of Matrimid® 5218/THF/Toluene Ternary Ink 

Aliphatic alcohols are commonly used as mild alternatives to water in fiber 

spinning of hydrophobic polymers.26 With increasing carbon numbers, their nonsolvent 

strength decreases. However, neither methanol nor ethanol significantly enlarges the 

homogenous regions (Figure 3.8a). An aromatic organic solvent, toluene was found to be 

a mild nonsolvent that provided a large homogenous region for 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, while macropores were preserved 

throughout the fiber cross-section (Figure 3.1b and Figure 3.8d). Furthermore, this SBAM 

ink formulation did not require atmosphere control (Movie S1), which results in a more 

simple and safe printer operation. To verify the capability of fabricating complex 

architectures via SBAM, Matrimid® 5218 scaffolds featuring bridging structures are 

fabricated. The optimized ternary ink can successfully be translated into scaffolds without 

collapsing (Figure 3.10).  
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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. 

Solvent-assisted annealing was applied to smooth the surfaces. Scaffold stool features 

curved bridge-like stands. Bulk porous fabric is a 2cm-by-2cm 4-layer 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 bridging filaments without any 

sagging. These results suggest that the fundamental mechanism of SBAM is not size-

limited. 

3.4.5 Post-SBAM Porosity Manipulation 

The polymer-lean phases in the 3D printed Matrimid® 5218 objects were 

exchanged first with methanol and then with n-hexane prior to vacuum drying. These post-

treatment steps help preserve the hierarchical pores.27,28 As indicated by mercury 

porosimetry, the objects printed from Matrimid® 5218/THF/toluene ternary inks possess 

hierarchical pores ranging from 5 nm to 1000 nm; such hierarchical porous structures are 

excellent substrate materials for mass transfer applications.39-41  
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Figure 3.11 Influence of post-treatment 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 name (Table 

3.1). For example, MTT-Hexane-75%DMF represents the object printed from the 

Matrimid/Toluene/THF ternary ink, so lvent exchanged with n-hexane, and annealed 

with the assistance of an 75% aqueous DMF solution at 120 °C 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 assistance of the 75% aqueous 

DMF solution at 120 °C for 12 hours. Only pores with diameter below 100 µm 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 section 3.3.5, the hierarchical pores can also be purposely 

annealed while keeping the macroscopic structures intact (Figure 3.1c). One Matrimid® 

5218 scaffold was immersed into 75 wt.% dimethylformamide (DMF) / water solution for 

24 hours at 25 °C. Matrimid® 5218 is plasticized by DMF and as a result exhibits a much 

lower glass transition temperature (61 °C) as shown in Figure 3.7b. After this exposure, 

the excess solvent was removed from the wet scaffold with an absorbent wipe and the 

scaffold was then dried in a vacuum oven (85 kPa vacuum, 120 °C) for 24 hours. After the 

solvent-assisted annealing, the hierarchical pores were significantly decreased (Figure 

3.11). Decrease of porosity leads to shrinkage of the overall dimension as shown in Figure 

3.1c. However, such isotropic shrinkage during post-treatment will not deform the overall 

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

Ink Composition Sample Name 
Solvent 

Exchange 
Annealing 

30 wt% Matrimid® 

5218, 50 wt% THF 

and 20 wt% toluene 

MTT-Hexane-75%DMF Hexane 
75% aqueous DMF solution 

at 120 °C for 12 hours 

MTT-H2O H2O None 

MTT-Hexane Hexane None 

30 wt% Matrimid® 

5218, 67 wt% THF 

and 3 wt% water 

MWT-Dry-75%DMF None 
75% aqueous DMF solution 

at 120 °C for 12 hours 

MWT-Dry None None 

MWT-H2O H2O None 

MWT-H2O-75%DMF H2O 
75% aqueous DMF solution 

at 120 °C for 12 hours 

MWT-H2O-50%DMF H2O 
50% aqueous DMF solution 

at 120 °C for 12 hours 

MWT-H2O-25%DMF H2O 
25% aqueous DMF solution 

at 120 °C for 12 hours 

3.5 Challenges in Solution-based Additive Manufacturing 

Due to the complexity of solution-based additive manufacturing with ternary inks, 

it is difficult to determine optimal polymeric ink formulations and process parameters 

without at least some experimental trials and errors. As shown in the case study of 

developing the SBAM protocol for Matrimid® 5218, initial attempts to 3D print new 

polymers via solution-based additive manufacturing may encounter challenges. Below, we 

summarize some of the key challenges, including irregular filament shapes and sizes, 

delamination of adjacent layers, and object collapse. For each of these challenges, multiple 

potential solutions exist. As solution-based additive manufacturing involves simultaneous 

mass transfer, phase inversion, and evolution of rheological properties, trade-offs between 

different factors must often be considered when developing SBAM protocols.  
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Figure 3.12 Proposed formation mechanism for irregular filaments. (a) Formation 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 

Solution-based additive manufacturing produces user-designed objects by 

depositing oval-shaped 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 solution-based additive 

manufacturing of polymers (Figure 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 in Section 3.5.3 and 3.4.4). When a strong nonsolvent (a nonsolvent 

that has a strongly differing Hildebrandt solubility parameter from the polymer) is used, a 

high concentration of solvent is required to generate homogenous the ternary inks (Figure 

3.13). Such ternary inks undergo phase inversion and generate polymer-lean phases and 

polymer-rich phases with high concentrations of volatile solvents. The high concentration 

of volatile solvent further amplifies the mismatched evaporation kinetics and inappropriate 

fluid rheology, which eventually contributes to the collapse of porous structures.   
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Figure 3.13 Influence 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 region 

occupies only a small area in the ternary phase diagram. After phase inversion, both 

the continuous polymer-rich phase (A2) and the discrete polymer-lean phase (A3) 

contain high concentration of volatile solvent. As a result, the evaporation and 

shrinkage of polymer-lean phase cannot be neglected. The optimum ternary ink 

consists of mild nonsolvent and the homogenous region occupies a larger area. The 

corresponding continuous polymer-rich phase (B2) and the discrete polymer-lean 

phase (B3) contain much less volatile compounds. In that case, the evaporation and 

shrinkage of the polymer-lean phases can be negligible. 

High concentration of volatile components in the ternary ink enhances the driving 

force for solvent evaporation, which results in a concentrated solvent vapor atmosphere 

surrounding the previously deposited filaments (Figure 3.12a). As a result, the newly 

deposited filaments are exposed to a non-uniform atmosphere, 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 polymer-lean phases is expected to compensate the 

volume loss due to evaporation (Figure 3.3b), the evaporation and shrinkage of polymer-

lean phases cannot be neglected in cases where ternary inks contains too much volatile 

solvents (see Section 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 loss of the polymer-lean phases, especially for ternary inks 

with high volatile compound concentration. As illustrated in Figure 3.12a, the polymer-

lean phases in the top parts of the filaments undergo faster evaporation than those in the 

bottom parts, which leads to unbalanced shrinkage.  

High concentration of solvent in the polymer-rich phase also contributes to the 

collapse of porous structure due to unwanted rheological properties. Due to the favorable 

interaction between polymer and solvent, solvent-induced plasticization facilitates the 

relaxation of polymer chains and results in lower storage modulus. The plasticized 

polymer-rich phases are susceptible to deformation driven by the surface tension of the 

shrinking polymer-lean phases, which further contributes to the irregular filaments (Figure 

3.12c).  

In conclusion, the synergistic effects 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 filaments: (1) 

asynchronous solvent/nonsolvent evaporation around the filament; (2) high concentrations 

of volatile solvents resulting in a polymer-lean phase that undergoes fast shrinkage after 

deposition; (3) low storage modulus of the resulting polymer-rich phase. Correspondingly, 

there are three routes 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 nozzle can 

be installed around the nozzle that delivers the ternary ink (Figure 3.3a). During solution-

based additive manufacturing, inert gas (e.g., nitrogen) saturated with volatile solvent 

vapor is delivered through the secondary nozzle to the objects at a controlled gas flow rate. 
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The gas phase surrounding the deposited filaments is being refreshed so that evaporation 

rates along the filament surface are equalized. Second, replacing strong nonsolvents with 

mild nonsolvent can effectively lower the volatile compound concentration in the resulting 

polymer-lean phase. The milder nonsolvent results in a larger homogenous region, as 

shown in Figure 3.13b. For ease of comparison, the tie lines connecting the polymer-rich 

phase (B2) and the polymer-lean phase (B3) are assumed to possess the same slope in these 

phase diagrams. Following the ternary ink composition design principle (Section 3.3.1), a 

ternary ink (B1) containing a mild nonsolvent could result in a polymer-lean phase (B3) 

with less solvent, which undergoes slower evaporation and less shrinkage. Third, 

increasing polymer concentration of the ternary ink can prevent the polymer-rich phase 

from undergoing pore collapse, since the storage modulus of a polymer solution is 

dominated by the polymer concentration.2 Figure 3.12b illustrates the solidification of the 

optimum ternary ink with regular filament appearance, which explains the regular cross 

section of the modified Matrimid® 5218 recipe (Figure 3.12d). 

3.5.2 Delamination of Adjacent Layers 

A common failure for layer-by-layer 3D printing is the delamination of subsequent 

layers.42 Ideally, adhesion between 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 shown in Figure 

3.14a, the first ternary polymeric filament (A1) is deposited onto the substrate and 

undergoes evaporation-induced separation (A1-A2). 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 (A1) 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.  

 

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 polymer-polymer mixing at the interfaces; Case b: 

Elimination of the delamination via the increase of solvent concentration in the ink. 

This retards phase inversion and enables polymer-polymer 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 in Figure 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, the second filament partially dissolves the surface of the 

first filament, which enables polymer-polymer mixing and the formation of a well-adhered 

junction. 
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In cases where increasing solvent concentration is not feasible (e.g., storage 

modulus is too low to resist 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 Collapse 

Improper SBAM protocol can also result in the collapse of bridging structures, and, 

in the worst cases, a pool of polymer. Figure 3.15a shows examples of collapsed 

Matrimid® 5218 scaffolds.  

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 slightly changed in two directions to 

eliminate the object deformation (Figure 3.15b). First, the polymer concentration should 

be increased, which significantly increases the storage modulus. 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. (a) Collapsed 

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 solution within 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 result, the skin layer significantly impedes solvent 

evaporation and dramatically delays vapor-induced phase inversion, which contributes to 

gravity-driven object collapse. The formation of skin layers can be prevented by slowing 

down the solvent evaporation rate or increasing 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 (Section 3.5.1). 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 shown in Section 3.3.2).   

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. Existing polymer 3D printing 

techniques can process polymer melts and photo-curable resins; however, a wide range of 

polymers of industrial interest cannot be 3D printed directly. We previously reported a 

novel polymer 3D printing technique, Solution-Based Additive 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 real objects that possess tunable 

hierarchical macro-/mesopores without shrinkage. As SBAM involves solution 

thermodynamics optimization, rheological engineering, and mass transfer control, 

developing a suitable protocol for a new polymer is challenging. This section 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 solution-based additive manufacturing technique is fundamentally capable of 

translating solution-processable 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 small-scale 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, etc.) for 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 applications of the resulting hierarchical porous 

architectures. 
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 SOLUTION -BASED ADDITIVE 

MANUFACTURING  OF ULTRA -SHORT POLYMERS OF INTRINS IC 

MICROPOROSITY À 

Current additive manufacturing methods have strong limitations in the classes of 

compatible polymers. Many polymers of significant technological interest cannot currently 

be 3D printed. Here, the SBAM method for 3D printing of viscous polymer solutions was 

applied to both ñintrinsically porousò (a polymer of intrinsic microporosity, PIM-1) and 

ñintrinsically non-porousò (cellulose acetate) polymers. Successful ternary ink 

formulations require the balancing of solution thermodynamics (phase separation), mass 

transfer (solvent evaporation), and rheology. As a demonstration, a microporous polymer 

(PIM-1) incompatible with current additive manufacturing technologies is 3D printed into 

a high-efficiency mass transfer contactor exhibiting hierarchical porosity ranging from sub-

nanometer to millimeter pores. Short contactors (1.27 cm) can fully purify (< 1 ppm) 

toluene vapor (10000 ppm) in N2 gas for 1.7 hours, which is 6 times longer than PIM-1 in 

traditional structures, and more than 4,000 times the residence time of the gas in the 

contactor. This solution-based additive manufacturing approach greatly extends the range 

of 3D-printable materials.1  

 

 

 
À This chapter has been published in Macromolecular Rapid Communications as ñSolution-Based 

3D Printing of Polymers of Intrinsic Microporosityò.1 
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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 result, they have been widely applied in the 

development of microfluidics devices,2 structured biomaterials3-5, and structures with high 

mechanical strength.6 In 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 processed.7 For instance, fused deposition modeling 

(FDM) processes thermoplastic polymers with moderate melting points, while 

stereolithography (SLA) requires polymers that can be photopolymerized or 

photocrosslinked.5,8-10 Many advanced functional polymers (e.g., cellulose derivatives, 

polyimides, microporous ladder polymers) are incompatible with FDM and SLA,11 yet 

would immensely benefit from the structural complexity and versatility offered by state-

of-the-art additive manufacturing. The development solution-based additive manufacturing 

(SBAM) greatly extends the design space and capabilities of polymer-based devices and 

structures.12,13  

Engineering efficient mass transfer contactors for fluid processing is an emerging 

area where additive manufacturing could play a critical role. Indeed, development of 

complex structures (i.e., beyond hollow fiber bundles) for mass transfer applications is of 

great practical interest. Here, we 3D printed polymer with intrinsic microporosity, PIM-1, 

via SBAM as a proof-of-concept. PIM-1 is widely used in mass transfer processes but is 

incompatible with existing 3D printing techniques. Due to inefficient packing of the rigid, 

contorted backbones, PIM-1 possesses microporosity and exhibits promising performance 
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in adsorptive and membrane gas separations and heterogeneous catalysis applications.14 

However, existing research on PIM-1 is limited to simple structures, such as powders, 

films, and fibers.15-17 To demonstrate the versatility of SBAM technique, cellulose acetate, 

an inexpensive polymeric support for functional materials, is also 3D printed via SBAM18  

Inspired by the fundamental principles of hollow fiber membrane spinning, we 

developed a solution-based 3D printing technique capable of manufacturing more complex 

structures with hierarchical porosity.15 We utilized the IUPAC definition of pore sizes, 

which defines micropores 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 pores. The printing 

technique involves three steps: deposition, solidification and mild non-thermal 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., 

cellulose acetate or PIM-1), which is utilized to enhance binding between the printed 

structure and the substrate (Figure 4.1a). Second, the evaporation of volatile solvents 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 non-ideal for most mass transfer applications, 

but is potentially useful in applications requiring mechanical strength.19 A ternary polymer 

solution (i.e., polymer, solvent, and nonsolvent), in contrast, was found to produce a micro-

/meso-/macro-porous structure as a result of spinodal decomposition of the ink and the 

intrinsic microporosity of the polymer in the case of PIM-1.15 Finally, the printed structure 

undergoes room-temperature 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 post-treatment conditions.  

 

Figure 4.1 Design of solution-based direct-write 3D printer and PIM -1 printing ink. 

(a) 3D printer setup. 1: substrate covered with a thin PIM-1 film; 2:  secondary nozzle 

generating solvent-saturated atmosphere; 3: primary nozzle delivering inks; 

4: pneumatic ink cartridge. (b) Ternary phase diagram of PIM-1 / 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 arrow across 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 in Table 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 shown in Figure 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 compositional change as shown in Figure 4.1b. 
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4.2 Experimental Section  

4.2.1 Materials  

Tetrafluoroterephthalonitrile (TFTPN, Alfa Aesar) was purified via vacuum 

sublimation at 140 ÁC. 5,5ǋ,6,6ǋ-Tetrahydroxy- 3,3,3ǋ,3ǋ-tetramethyl-1,1ǋ-spirobisindane 

(TTSBI, Alfa Aesar) was purified by recrystallization from methanol. Prior to synthesis, 

anhydrous potassium carbonate was crushed into a fine powder and stored in a desiccator. 

All solvents were used as received from various commercial suppliers. 

PIM-1 was synthesized as described by Jue et. al.20 After synthesis, PIM-1 was 

washed by DMF and methanol sequentially to remove unreacted monomers and oligomers. 

According to GPC analysis, Mn of the purified PIM-1 is 50,166 with Mw/Mn around 1.65.  

Polymer solutions were prepared as described below to prevent the deleterious 

influence of water vapor, to which PIM-1 solutions are extremely sensitive. PIM-1 powder 

was vacuum dried overnight at 80 ºC to remove any residual solvents. Solvent, nonsolvent, 

and polymer were mixed together within a sealed stainless-steel cartridge made of 

Swagelok® fittings. To ensure homogeneity, the stainless-steel cartridges loaded with 

undissolved polymer solutions were then loaded onto a rotating rack enclosed in the oven. 

After slow rotation under 50 ºC for 12 hours, the PIM-1 was fully dissolved and the solution 

(or ñinkò) was ready for printing. The cartridge containing these homogenous PIM-1 

solutions was mounted into a customized 3D printer (Figure 4.1a). 
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4.2.2 Ternary Phase Diagram  

The ternary phase diagram for PIM-1/THF/DMAc was determined by the cloud-

point technique. PIM-1 solutions with different compositions were prepared by mixing 

DMAc, THF, and PIM-1 sequentially in a glass vial. After rapid dispersion aided by a 

vortex mixer, these PIM-1 solutions were then transferred onto a roller and heated by 

heating lamps to around 50 ºC. After slow rotation mixing for 3 days, the solutions were 

then transferred into a 25 ºC incubator to cool them down for another 1 day. After that, the 

clarity and fluid flow properties were examined by the eye. A clear flowing liquid indicates 

a homogenous phase, while any other appearance indicates a 2-phase system. The binodal 

curve (the boundary between the homogenous region and 2-phase region) was located by 

comparing adjacent dopes that exhibited a homogenous composition and an 

inhomogeneous composition. 

4.2.3 Rheology Characterization  

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

MCR 302 Rheometer (Anton Paar GmbH, Austria-Europe) with Couette geometry. The 

measuring bob has a diameter of 16.66 mm, and the measuring cup has a diameter of 18.07 

mm. A vapor lock around the Couette geometry was pre-filled with THF to prevent sample 

evaporation; THF in the vapor lock was replenished every 10 minutes. Prior to rheological 

characterization, all inks were heated up to 50 oC to ensure homogeneity and then cooled 

down to room temperature. Viscosity measurements were carried out over a range of shear 

rates from 0.01 s-1 to 100 s-1. Oscillatory shear measurements were carried out in frequency 

sweep mode (strain amplitude fixed at 0.1 with angular frequency ranging from 0.01 rad s-
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1 to 628 rad s-1) and amplitude sweep mode (angular frequency fixed at 1 rad s-1 with strain 

amplitude ranging from 0.01 to 10). 

4.2.4 Solution-based 3D Printing  

All 3D printed PIM-1 adsorption devices were produced using a custom-built 

Cartesian 3D printer that is designed to handle polymer solution inks. An example 

optimized ternary ink composition was PIM-1:THF:DMAc = 10:23:17. Appropriate G-

code commands were written to control the movement of the 3D printer. The ink is 

extruded through a stainless-steel needle (G24, inner diameter 311 µm) by applying the 

appropriate pressure (350 - 1300 kPa) from a nitrogen gas cylinder, which is controlled by 

a regulator. Structures printed in this section were fabricated at linear speeds ranging from 

1 mm·s-1 to 10 mm·s-1. 

4.2.5 Adsorption Performance Test  

The kinetic adsorption of toluene experiment was conducted to simulate hazardous 

gas removal from the closed system without forced airflow. A 4-layered PIM-1 scaffold 

was placed in the chamber of a Dynamic Vapor Sorption System (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 differences between different geometries of PIM-1 sorbents, dense PIM-1 

pellets, and porous PIM-1 fibers were also tested. 

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

into a customized stainless steel enclosure. Toluene/nitrogen mixtures were sent through 
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the adsorption column at a flow rate of 30 cm3 s-1. The outlet gas was analyzed in real-time 

using a quadrupole mass spectrometer (Omnistar GSD 301 C, Pfeiffer Vacuum). Before 

each run, the PIM-1 adsorption column was heated to 100 oC under vacuum for 12 hours 

to remove residual solvent or toluene. As a comparison, PIM-1 powder and fibers15 were 

also tested following the same protocol. 

4.2.6 Nitrogen Physisorption  

BET surface area and pore size distribution of PIM-1 samples were obtained from 

nitrogen physisorption experiments at 77 K using a BELSORP-max (MicrotracBEL). 

Before measurement, the samples were refreshed by methanol to eliminate any 

confounding aging effects.20 

4.2.7 Mercury Porosimetry  

Mercury porosimetry was used to measure the hierarchical pore structure of 3D 

printed PIM-1 and cellulose acetate scaffolds. 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 direct-write 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 stress.21-23 Pure polymer solutions such as those 

utilized here, on the other hand, require a rapid shift from a liquid to a solid-state. A method 
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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 extremely high 

pressure through the printer nozzle at room temperature, the PIM-1 concentration cannot 

exceed 25 wt% (Figure 4.2). Figure 4.2a and b show that the polymer solutions can be 

approximated as incompressible Newtonian fluids and that laminar flow is expected in the 

nozzle. The pressure drop (æP) is calculated by the Hagen-Poiseuille equation, Ўὖ

ψ‘ὒὗ
“Ὑ , where L, the length of the micronozzle, is 5 mm, Q, the volumetric flowrate 

of the polymer solution, ranges from 0.005 cm3 s-1 to 0.5 cm3 s-1 and R, the inner radius of 

the micronozzle, is 156 µm.  Although binary ink 4 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 liquid-to-solid 

transition. However, ternary ink 7 exhibits a good balance between ñflowabilityò and rapid 

solidification: it lies next to the binodal boundary (Figure 4.1b) and requires achievable 

driving pressures. 
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Figure 4.2 Dynamic viscosity (µ) 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% PIM-1/THF 

solution; the changes in solution rheology during the printing stage are shown in Figure 

4.1b (blue arrow) and Figure 4.1c (ink compositions are listed in Table 4.1). Importantly, 

3D printing of binary polymer solutions has three drawbacks: first, it takes a relatively long 

time for a printable polymer solution to be fully solidified, because 5 wt% of the ink must 

evaporate, which leads to gravity-driven deformation after deposition (Figure 4.3). Second, 

solvent evaporation causes an enrichment of the polymer concentration at the filament 

surface and results in a dense (i.e., no meso-/macro-porosity) skin layer via polymer 

vitrification (Figure 4.4a); this layer would dramatically slow down mass transfer between 

the polymer filament and surroundings and render the printed structure unsuitable 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 shrinkage (Figure 4.4c and Figure 4.3). At elevated temperatures (Figure 4.3c 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 greater deformation. 
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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 ºC. Magnification 

and cross section of filaments printed at (b) 25 ºC, (c) 40 ºC and (d) 55 ºC reveal thick 

skin layers and dense microstructures. insert: dense morphologies of the core of the 

filaments.  

 



 123 

 

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 cross-section. 

The red arrows highlight a dense skin layer, which is deleterious for mass transfer 

applications. The inset scale bar is 20 µm. (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 filaments. inset: SEM image of filament 

cross-section. Scale bar is 20 µm. (c) Optical 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) Nitrogen physisorption isotherms at 77 K 

of PIM -1 powder and 3D printed PIM-1. BET surface area of 3D printed PIM-1 

(748 ± 5 m² g -1) is comparable with that of pristine PIM-1 powder (726 ± 3 m² g -1). 

To prevent filament deformation, eliminate shrinkage, and introduce hierarchical 

porosity throughout the 3D printed structure, we developed a ternary 3D printing ink 

consisting of PIM-1, solvent (THF) and nonsolvent (dimethylacetamide, DMAc, in this 

study). The addition of nonvolatile nonsolvent dramatically changes the solution 
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thermodynamics and the rheology of the system (Figure 4.1b and Figure 4.1d). 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 meso-/macro-pores. As shown by the 

rheological data along the trajectory (red arrow in Figure 4.1b and d) of THF evaporation 

from the ternary solution, both the storage modulus (Gᾳ) and loss modulus (Gᾴ) increase as 

solvent is removed. Once the filament composition moves into the 2-phase region, there is 

a delayed change of these complex moduli because of phase inversion solidification. Strain 

amplitude sweep measurements (Figure 4.5) 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 balance between ñflowabilityò and rapid solidification 

(Figure 4.3 and Figure 4.4b). Evaporation-induced phase separation also produced 

mesopores and macropores that accelerate mass transfer processes (Figure 4.4b, Figure 4.6 

and Figure 4.7). The formation of meso-/macro-pores within the printed filaments also 

greatly reduces structural shrinkage effects from solvent evaporation. This work suggests 

that 3D printing of polymers from solution can be achieved without needing to compensate 

for evaporation-induced shrinkage (Figure 4.4c). 
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Figure 4.5 (a) Storage modulus (Gᾳ) of ternary polymer solutions measured via 

amplitude sweep in the dynamic mechanical analysis. (b) Loss modulus (Gᾳᾳ) of 

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 meso-/macro-pores within a single filament, it inhibits adhesion between 

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 which they 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 partial pressure 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 appropriate balance between storage and loss moduli 

could be reached that enables strong filament-filament adhesion without significant 

filament deformation or structural collapse (Figure 4.8). Low evaporation rate of volatile 
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solvent also inhibits evaporation-induced surface vitrification thus eliminating skin layer 

formation (Figure 4.4b and Figure 4.8).  

 

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 nm ï 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 the 2D-NLDFT model for slit pore geometry. 

(b) Pore size distribution measured by mercury porosimetry. 
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Figure 4.7 Comparison of cross-sections of PIM-1 filaments printed from (a) binary 

solution and (b) ternary solution. insets: high-magnification images. (c) Nitrogen 

physisorption isotherms at 77 K of 3D printed PIM-1 based on ternary solution and 

binary solutions; BET surface areas of PIM-1 printed from ternary solution (748 ± 5 

m² g -1) and binary solution (679 ± 3 m² g -1) are comparable, as solution-based 3D 

printing does not the alter intrinsic properties of the polymer. (d) Pore size 

distributions measured by mercury porosimetry reveal that a ternary solution 

generates more mesopores (2 nm - 50 nm) and macropores (> 50 nm). 

 



 128 

 

Figure 4.8 SEM micrographs of PIM-1 scaffold printed from optimized ternary ink 

(PIM -1:THF:DMAc = 10:23:17) at 25ºC 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 PIM-1 structures were washed with methanol and hexane 

sequentially, followed by a low-temperature drying step (85 kPa vacuum, 80 ºC) to get rid 

of residual organic solvent. The solvent exchange process uses a sequence of nonsolvents 

with decreasing surface tensions to prevent the collapse of meso-/macro-pores during the 

post-fabrication drying process.20 This mild activation process maintains the micro-/meso-

/macro-porosity of the printed PIM-1 structures. As shown in Figure 4.4d and Figure 4.9a, 
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the 3D printed PIM-1 scaffold exhibits similar BET surface areas and toluene vapor 

uptakes as neat PIM-1 powders.  

 

Figure 4.9 Adsorption performance of 3D printed PIM-1 structured materials. 

(a) Toluene adsorption isotherms of 3D-printed PIM -1 and PIM-1 powders. The 

isotherm is fitted with a dual mode equation.24 (b) Kinetic uptake of toluene into PIM-

1 fibers, pellets and 3D printed scaffold. (c) Air pressure drop across the three 

adsorption beds as a function of superficial air velocity. (d) Toluene vapor 

breakthrough experiment carried out at 30 ºC. A feed of toluene vapor (10000 ppm) 

in nitrogen flows through PIM-1 adsorbers at 30 cm3 s-1. insert: Images of columns 

for illustration. Black framed image shows parallel 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 PIM-1. A cellulose acetate scaffold printed using a ternary 

ink that was formulated according to the same general approach as described for PIM-1 
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(with solvents/nonsolvents specific to cellulose acetate) also exhibits hierarchical macro-

/meso-porosity (Figure 4.10). A large variety of hierarchically porous polymers has already 

been fabricated via phase inversion in dry-wet fiber spinning, and we hypothesize that these 

polymers can also be 3D printed using the techniques described here.13,25 State-of-art laser-

based stereolithography can manufacture features with 100-nm resolution while 

macropores with diameters from 0.5 µm to 100 µm can be produced via emulsion-based 

techniques.10,26 However, all of the aforementioned pore structures are macroporous. By 

contrast, 3D printing of ternary polymer solution creates both mesopores and macropores. 

Moreover, through the use of PIM-1 we also create micropores to truly have multi-scale 

hierarchical porosity; this latter population of pores is unique to this choice of polymer, 

which cannot be processed with the other printing methods. In our current solution-based 

3D printing approach, phase inversion is induced by evaporation and therefore requires the 

careful selection of volatile solvents and less-volatile nonsolvents for each specific target 

polymer (volatile nonsolvents could in principle be used as well by introducing a 

nonsolvent-enriched gas environment, as is widely used in wet-dry fiber spinning13,15). 

Although the minimum feature size of our current setup is around 200 µm, it is potentially 

possible to utilize smaller diameter micronozzles and harness ink deformation to increase 

resolution and create periodic features, as shown by Zhao and coworkers. 27 
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Figure 4.10 Comparison of cellulose acetate (CA) scaffolds 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 polymer 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 ternary 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 Energy-Efficient Adsorption Contactor 

Structured materials with precisely designed mass flow channels and solid-fluid 

interfaces provide unprecedented opportunities for engineering microscale transfer 

phenomena, which are beneficial for sensors,28,29 pressure-drop-efficient adsorbers,21,22,30 

catalytic devices,31 membrane modules,32 etc.  As a proof-of-concept, we printed PIM-1 

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) into a PIM-1 

scaffold (average diameter of filaments is 200 µm) made via 3D printing. This scaffold 

was benchmarked against more traditional packed beds of fiber-type (half thickness 150 

µm) and pellet-type PIM-1 adsorbent (short cylinders with 2 mm diameter). As shown in 

Figure 4.9b, it takes the 3D printed PIM-1 adsorbent only 320 s and 2800 s to reach 50% 

and 99% saturation, respectively, whereas the fiber-type and pellet-type samples exhibit 

significantly slower kinetic uptake rate. The rapid kinetic performance of the 3D printed 

scaffold is attributable to the smaller characteristic length of the filaments when compared 

to the fiber or pellet samples. Figure 4.11 normalizes the influence 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 structures do not contain deleterious skin layers or other 

mass transfer resistances not present in the fiber. The hierarchical porous PIM-1 structures 

(PIM-1 fibers and 3D printed PIM-1 scaffolds) exhibit significantly improved apparent 

diffusivity compared with dense PIM-1 structures.  
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Figure 4.11 Change of fractional mass uptake,  
ἵ◄

ἵ░▪█
, as a function of 

Ѝ◄

Ἡ
, where mt is 

the weight difference between current sample and initial dry sample, minf is the weight 

difference between sample at equilibrium and initial dry sample, t is time and a is 

characteristic length for mass transfer of each sample (100 µm for 3D printed scaffold 

and 150 µm 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 flow channels 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 industry-scale adsorbent beds with length-to-diameter ratios over 50, but can be critical 

for miniature packed beds that would be suitable for small-scale applications like personal 

protection equipment. To demonstrate the improved mass transfer efficiency of 3D printed 
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structures, three PIM-1 adsorbent beds were assembled using different packing structures 

(Figure 4.12): (i) a 3D printed scaffold with 256 parallel channels of 300 µm × 300 µm 

uniform dimension, (ii) parallel packed fibers, and (iii) a packed bed of pellets. Adsorbent 

weight (410 ± 5 mg) and adsorption column dimensions (square column cross section of 

0.95 cm by 0.95 cm and column length of 1.27 cm) were kept identical. Toluene 

breakthrough experiments were then carried 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 same (Figure 4.9c), and will be discussed below in conjunction 

with the breakthrough performance of the beds. A gas feed of 10000 ppm toluene in 

nitrogen was introduced into the adsorption columns at 30 cm3 s-1 (superficial gas velocity 

0.55 cm s-1) and the composition of the product gas was monitored via mass spectrometry. 

Figure 4.9d shows breakthrough curves of these three types 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 hours, 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 to the difference of characteristic lengths and the gas flow channel 

designs. Given that the length-to-diameter ratio of these adsorbers is only 1.33 and the 

nominal residence time of gas in the adsorbers is only around 1.5 s, any bypass would result 

in a sharp increase of the toluene concentration in the outlet stream. Owing to its precisely 

designed gas flow channels, the 3D printed PIM-1 scaffold exhibited a sharp breakthrough 

front, which means all adsorbent filaments were saturated at similar time. Said differently, 
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random packing leads to inefficient utilization of adsorbents; non-uniform straight 

channels in parallel packed fibers create bypasses and result in a step increase of product 

toluene concentration, whereas regions with lower packing density in a packed 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 measured at different 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 length-to-diameter ratio, the packed bed of pellets exhibited 

the lowest resistance, which means bypass created by inefficient packing resulted in a 

channeling effect. As parallel-packed fibers and the 3D printed structure had similar 

airflow channels and identical porosity, they exhibited similar pressure drops. The 

excellent adsorption performance of this proof-of-principle adsorber is a synergistic effect 

of an inherently good absorbent material (PIM-1) and an efficient column design enabled 

by 3D printing. The comparison 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 utilized 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) Parallel-packed PIM-1 fibers with non-

uniform but straight gas flow channels. (c, d) Packed bed of PIM-1 pellets with non-

uniform and tortuous gas flow channels. (e, f) 3D printed PIM-1 scaffold with uniform 

gas flow channels. 
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4.4 Conclusions 

In summary, we report the solution-based additive manufacturing (SBAM) of 

polymer of intrinsic microporosity 1, which cannot be utilized in existing additive 

manufacturing schemes. Optimization of ternary polymer solution composition and 

printing atmosphere resulted in the fabrication of polymer scaffolds with well-formed 

three-dimensional structures possessing hierarchical macro-/meso-porosity (and 

microporosity when polymers with contorted, rigid backbonesðsuch as PIM-1ðare 

utilized). 3D printed PIM-1 adsorption 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 the bed of approximately 1.5 second, yet these short beds were able to 

completely remove toluene from the gas stream for nearly two hours. Overall, this work 

lays the foundation for prototyping mass transfer contactors via SBAM.  
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 MODULAR PEI/PIM -1 ADSORPTION 

CONTACTOR S FABRICATED BY SOLUT ION-BASED ADDITIVE 

MANUFACTURING FOR  ENERGY-EFFICIENT CO 2 CAPTURE 

Traditional packed-bed adsorption contactors are widely applied in the modern 

industry owing to the ease of fabrication. However, the tortuous fluid distribution system 

in these contactors results in a significant trade-off between mass transfer kinetics and 

pressure drop. Alternatively, structured contactors feature precisely designed fluid 

distribution channels with better-balanced mass transfer kinetics and pressure drop, but the 

complexity of fabrication has hindered systematic studies in this area. As shown in Chapter 

3 and Chapter 4, 3D printing can fabricate complex structures at much lower costs and can 

be used for the rapid prototyping of next-generation mass transfer contactors. Here, with 

the help of solution-based additive manufacturing, we proposed a modular adsorption 

contactor design that achieves a balance between design freedom and scalability. By 

manipulating the adsorbent packing densities on the adsorber cross-section and along the 

fluid flow direction, the mass transfer efficiency and heat transfer efficiency can be 

manipulated. As a demonstration, hierarchically porous PIM-1 adsorption contactor 

modules were impregnated with PEI for CO2 capture from flue gas simulant, and various 

configurations of these modules were tested. The optimized adsorption contactor assembly 

exhibits 33% higher breakthrough capacity and 75% lower pressure drop than traditional 

packed-bed adsorption contactors made of the same material.  
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5.1 Introduction  

The energy infrastructure of modern society has a strong dependence on fossil fuels. 

Currently, 70% to 80% of global energy consumption is contributed by fossil fuel 

combustion.1 The intensive fossil fuel consumption is associated with extensive CO2 

emissions and, consequently, an elevated global atmospheric CO2 concentration elevation 

and global warming.2 The rising CO2 concentration has inspired researchers to develop 

techniques to capture CO2 from various sources (e.g., power plant flue gas, the atmosphere, 

etc.). While the amine scrubbing technique has been well developed, it suffers from a high 

energy penalty and requires complex heat integration, which restricts amine scrubbing to 

specific applications and prohibits its usage to capture CO2 from a more diverse range of 

sources.  

Adsorption is a promising alternative separation technique, which is achieved by 

driving a mixture fluid through an adsorptive contactor. During the contact between the 

fluid mixture and the solid adsorptive material, molecules can be differentiated based on 

their different affinity with the adsorbent material, thus enabling separation. In a 

regeneration step, the adsorbed molecules can be released, and adsorbent material can be 

reused. Compared with the mainstream absorption-based CO2 capturing technology, 

adsorption achieves higher energy efficiency by avoiding partial phase change of the 

mixture during regeneration.  

The last few decades have witnessed tremendous progress in the development of 

advanced adsorbent materials, such as zeolites, MOFs, and microporous polymers.3 

However, the technical difficulties associated with the translation of advanced materials 
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into practical contactors inhibits their widespread application in modern industries. Owing 

to the ease of large-scale fabrication, packed bed adsorption contactors are widely applied 

in industrial adsorption processes. In the packed bed adsorption contactor, adsorbent pellets 

are randomly packed, and fluids are delivered through the voids between pellets. Such a 

disordered fluid distribution system suffers from the trade-off between pressure drop and 

mass transfer efficiency, which increases the operational cost. For example, a 600 MW 

coal-fired power plant generates 500 m3/s flue gases.4 To process fluids with such a high 

flow rate, a common packed-bed adsorption contactor (e.g., 1 m long contactor packed of 

pellets with 2 mm diameters). requires a high pressure drop. Such a high pressure (3 kPa) 

and flow rate (500 m3/s) would contribute to blower electricity costs of approximately 

$30/tonne CO2. According to the Department of Energy, the maximum allowable 

operational cost of the next-generation adsorption technique is $30/tonne CO2, which 

cannot be achieved through the use of packed bed adsorption contactors.   

The low energy efficiency of traditional packed beds has inspired engineers to 

developed structured adsorption contactors such as monoliths and fiber sorbents. 

Structured adsorption contactors provide organized fluid distribution, which results in 

more uniform and controlled flow patterns and thus enables better heat management, faster 

adsorption kinetics, and lower pressure drop penalty. Structured adsorption contactors 

provide engineers higher design freedom. The design parameters of packed bed adsorption 

contactors are limited to pellet sizes, pellet porosity, and packing density. By contrast,  

engineers can in principle manipulate more parameters (e.g., material packing density, fluid 

velocity profile, etc.) at every position of the structured adsorption contactors to improve 

performance. However, due to limitations imposed by the manufacturing processes of the 
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adsorbent materials, state-of-the-art adsorption contactors are exclusively limited to 

monolithic structures, fibers, sheets, etc.5-7 To date, little research has been conducted on 

the relationship between adsorption contactor design and adsorption behavior.  

3D printing techniques fabricate objects by directly adding materials to the 

designed structure. Different from traditional manufacturing techniques, the cost of 3D 

printing does not scale significantly with increasing structural complexity. Such a unique 

feature makes 3D printing a cost-effective tool to prototype advanced adsorption contactor 

design. Solution-based additive manufacturing (SBAM) is one of the most suitable 3D 

printing techniques to fabricate mass transfer contactors. As noted in Chapter 3, SBAM 

processes multicomponent polymer inks consisting of polymer, solvents, and nonsolvents. 

After deposition, the viscoelastic 3D printing inks rapidly transform into a polymer 

ñspongeò with hierarchical porosity (e.g., micro-/meso-/macropores). The creation of 

hierarchical pores requires no sacrificial templates, which make SBAM distinct from other 

expensive template-based pore-generation methods. The hierarchical pores in the objects 

fabricated via SBAM provide rapid mass transfer routes, which is essential for mass 

transfer related applications (e.g., adsorption, catalysis, membrane separation, etc.). The 

other advantage of solution-based 3D printing over state-of-the-art polymer 3D printing 

technique is the expanded material spectrum. Polymers that are widely applied in adsorbent 

fabrication (e.g., polyamides, cellulose acetates, PIM-1, etc.) can only be directly processed 

in the form of polymer solutions without further modification.  

Here, we propose a modular design of ultra-short contactors as illustrated in Figure 

5.1. Each module features a monolithic type structure that is tailored to be compatible with 

parallel 3D printing techniques while also providing fundamental insight into the 
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relationship between structure and performance. The contactor structure can be easily 

described in a Cartesian coordinate system, where the z-axis is aligned with the fluid 

flowing direction. The contactors are fabricated in a layer-by-layer manner. In each layer, 

which defines the x-y plane, the 3D printer lays down parallel adsorbent filaments in either 

x-direction or y-direction. By adjusting the filament size and the gaps between adjacent 

filaments, the local velocity profile in each layer can be controlled. By controlling the 

filament diameter and interlayer spacing along the z-axis, the material packing density can 

be adjusted. Compared with monoliths, the structure proposed by this work provides higher 

design freedom and better tolerance for dead channels due to the interconnectivity of all 

fluid distribution channels. 

 

Figure 5.1 (a) Scheme of ultra -short adsorption contactor modules prototyped via 

solution-based additive manufacturing. (b) Fabrication of the adsorption contactor 

modules. 

Here, we discuss a systematic series of experiments to investigate the potential of 

modular scaffold-type adsorption contactor designs. Specifically, the influence of 
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contactor structure and module assembly on breakthrough behavior is investigated, 

because this is 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 publications.8,9 Briefly, 

purified tetrafluoroterephthalonitrile (TFTPN, Alfa Aesar) and 5,5ǋ,6,6ǋ-tetrahydroxy- 

3,3,3ǋ,3ǋ-tetramethyl-1,1ǋ-spirobisindane (TTSBI, Alfa Aesar) undergo polymerization in 

the presence of potassium carbonate fine powder and anhydrous dimethylformamide 

(DMF) at 65 C for 72 hours. H2O was added into the synthesis mother solution to dissolve 

the remaining potassium carbonate and quench out PIM-1. The PIM-1 was then dried and 

dissolved by chloroform and quenched out by methanol.  After that, PIM-1 was washed by 

DMF and methanol sequentially to remove unreacted monomers and oligomers. The 

weight average molecular weight of the PIM-1 used in this study is 50,200 Da with a 

polydispersity index around 1.65 according to GPC.  

5.2.2 Solution-Based Additive Manufacturing of PIM-1 contactor 

After synthesis and purification, PIM-1 was fabricated into adsorption contactors 

via solution-based additive manufacturing using the processes developed in Chapters 3 and 

4. The ternary PIM-1 ink was prepared by mixing PIM-1, dimethylacetamide (DMAc), n-

methyl-2-pyrrolidone (NMP), and tetrahydrofuran (THF) with a mass ratio of 20:24:10:46. 

A customized 3D printer resembling the cartesian direct-ink-writing 3D printer with a 

coaxial vapor nozzle was utilized. The pressurized ternary ink was deposited onto a moving 
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glass plate that is coated with a 100-ɛm thick PIM-1 membrane. During solution-based 

additive manufacturing, THF-saturated nitrogen was delivered through the vapor nozzle to 

the printed structure, which prevented the formation of a skin layer and irregular filaments. 

After solution-based additive manufacturing, the solidified PIM-1 adsorber was removed 

by immersing the substrate into the deionized water bath. To prevent the collapse of the 

hierarchical pores, the printed PIM-1 adsorber was then solvent exchanged with water, 

methanol, and n-hexane. Solvent exchange with each solvent was finished by 3-hour 

immersion in the corresponding fresh solvent 3 times. After the solvent exchange, the n-

hexane-saturated adsorber was dried under vacuum at 80 °C for 12 hours. 

The PIM-1 adsorbers were packed into customized stainless-steel housings.10 

Specifically, 16-µm thick aluminum foil is packed in the gap between the housing and the 

adsorber to avoid bypass pathways. Glass wool was packed in the tubing that connects the 

adsorber modules to ensure a uniform gas concentration profile in the radial direction 

between modules; this design helps to elucidate the role of contactor structure in each 

module when several modules are combined. 

5.2.3 Wet-Impregnation of PEI 

PEI (Mw = 800 Da) was loaded into 3D printed PIM-1 adsorber via wet 

impregnation as described in a previous study.3 Briefly, a solution of PEI in methanol was 

used to fill the adsorber module with the glass wool temporarily removed. The mass of PEI 

was determined based on the target PEI loading with the assumption that all PEI will be 

captured by PIM-1, which is a reasonable assumption for PEI solutions with a 
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concentration lower than 5 wt.%. The amount of methanol was designed to fully immerse 

the PIM-1 adsorber. 

The modules filled with PEI solution were sealed with tube caps and stored for 12 

hours at room temperature to ensure diffusion and adsorption of PEI molecules throughout 

the PIM-1 module. Afterward, the tube caps of the modules were removed and the modules 

were dried at 100 °C under vacuum to remove methanol. After this wet impregnation 

process, the PEI/PIM-1 adsorber modules were stored in a nitrogen atmosphere before the 

breakthrough experiments to prevent PEI degradation. 

5.2.4 CO2 Adsorption  

CO2 adsorption isotherms of the PEI/PIM-1 composites were collected using a 

Dynamic Vapor Sorption instrument (Surface Measurement Systems Ltd.). Small fractions 

of PEI-impregnated PIM-1 were loaded onto the microbalance, which was located in an 

airtight sample chamber. Prior to the experiment, a high vacuum (10-5 Pa) and heat (80 °C) 

treatment were applied to the whole system to desorb CO2 and solvent from the sample. 

During the measurement, pure CO2 was continuously delivered into the sample chamber 

at a constant flow rate and evacuated by a vacuum pump. The valve between the sample 

chamber and the vacuum pump was controlled by the computer to maintain a desired 

sample chamber pressure. The equilibrium sample weights at a series of CO2 pressures 

were recorded to establish the adsorption isotherm.  
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5.2.5 Porosity Characterization 

The macropores and mesopores of the 3D printed structures were characterized via 

mercury porosimetry. The polymer structures were dried under vacuum at 80 °C for 12 

hours to remove residual solvent. The dry samples were then characterized in an AutoPore 

IV (Micromeritics) porosimeter. Within the equipment, mercury was pressurized from 0.5 

psi to 32500 psi, which corresponds to pores ranging from 358 µm to 5.6 nm. 

Micropores of the 3D printed structures were characterized via 77K nitrogen 

physisorption. Prior to nitrogen physisorption, samples were dried at 80 °C under vacuum 

for 12 hours. 

5.2.6 CO2 Breakthrough 

The carbon capture performance of adsorption modules was evaluated via a CO2 

breakthrough experiment setup as shown in Figure 5.2, which was designed to simulate 

carbon capture from flue gas generated from the coal-fired power plants. A premixed gas 

stream (CO2/helium/nitrogen = 12.5/12.5/75) was delivered by a mass flow controller into 

the adsorption modules being tested. The adsorption module was enclosed by an incubator 

at 25 °C. A mass spectrometer was attached to the breakthrough system and the gas 

composition at the outlet of the adsorption module was analyzed in real-time. The 

calculation of breakthrough capacity was described in Section 2.3. 
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Figure 5.2 Setup for the CO2 breakthrough experiment. 

The adsorption contactors were wrapped with heating tape. A PID controller was 

used to maintain the temperature at the target value. After each breakthrough experiment, 

the adsorption contactors were regenerated by 120 ºC heating with nitrogen purging. 

During the regeneration process, the outlet gas was analyzed by the mass spectrometer. 

The heating process usually lasts for 2 hours until the CO2 emission is below 20 ppm. To 

avoid the error introduced by PEI degradation, all the breakthrough experiments were 

conducted in a random sequence. 

5.3 Results and Discussion 

5.3.1 Short Adsorption Modules 

To investigate the influence of the gas distribution system design on the 

breakthrough behavior of CO2, ultra-short PEI/PIM-1 adsorption modules are fabricated 

via solution-based additive manufacturing and subsequent wet impregnation of PEI. The 

3D models of the three adsorption modules utilized in this section are illustrated in Figure 

5.3. These adsorption contactors are fabricated in a layer-by-layer manner. Layers of 

filaments are packed in the z-direction and each layer in one contactor consists of the same 

number of filaments. Filaments in adjacent layers are deposited in orthogonal directions.  
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Figure 5.3 The 3D models of the ultra-short PEI/PIM -1 adsorption modules used in 

this research. (a) Adsorber 0 with 30 filaments in the x-y plane and 34 layers in the z-

direction. (b) Adsorber 1 with 25 filaments in the x-y plane and 40 layers in the z-

direction. (c) Adsorber 2 with 16 filaments in the x-y plane and 64 layers in the z-

direction. 

To enable a fair comparison of adsorption performance, the three adsorption 

modules possess the same overall dimension (0.9 cm × 0.9 cm × 0.9 cm) and the same 

material loading (0.27 g PIM-1 with 0.09 g PEI). Since the adsorbers are fabricated via the 

same SBAM protocol, each filament of the adsorption modules possesses the same porosity 

(40 %) associated with the hierarchical pores throughout the 3D printed adsorbent 

filaments (Figure 5.4). The apparent density of the fresh PIM-1 filaments is 0.6 g/mL 

probed by mercury porosimetry. The void fraction of each adsorption module is 0.383. 

These three adsorption contactors differ from each other with respect to their 

filament packing patterns. The 34-layer Adsorber 0 possesses 30 filaments in each layer of 

the contactor with a 52-µm edge-to-edge gap. The 40-layer Adsorber 1 possesses 25 

filaments in each layer of the contactor with a 115-µm edge-to-edge gap. The 64-layer 

Adsorber 2 possesses 16 filaments in each layer of the contactor with a 333-µm edge-to-

edge gap.  
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Figure 5.4 Hierarchical porosity of filaments produced via solution-based additive 

manufacturing of PIM -1. (a) SEM image of the filament cross-section. (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 size distribution. (c) Pore size distribution probed 

by mercury porosimetry. (d) CO2 adsorption isotherms for PIM -1 and 25wt% 

PEI/PIM -1 composite at 25 °C . 

In order to prototype an energy-efficient adsorption contactor, the relationship 

between the adsorption contactor design and the adsorption performance must be 

investigated. There are three characteristics of the adsorption contactor design that are 

hypothesized to strongly influence the adsorption performance: (1) fluid channel diameter, 

(2) packing density of adsorbent material along the z-axis, and (3) the assembly sequence 

of adsorption contactor modules. The adsorption performance are determined from two 




































































































































































































