
 

 



 
 

ABSTRACT 

Analysis of Liquid Chemisorbent for CO2 Removal and Solvent Vapor 

Processing of Ternary Polymer Blends 

by 

Saurabh Sharma 

A robust, reliable, and low-power system is needed for carbon dioxide (CO2) 

remediation in deep-space exploration systems. The current CO2 removal system on 

the International Space Station relies on zeolites, but an alternative CO2 scrubbing 

technology based on liquid amines has recently been proposed and demonstrated. 

In this project, we critically evaluate the use of liquid amines to uptake CO2 and 

provide recommendations for implementation and optimization. We model CO2 

uptake using COMSOL and generate concentration profiles for liquid amine and CO2 

in gas and liquid phases. We show that liquid amines have significant capacity for 

CO2 uptake, and the rate of uptake is limited by the available surface area and CO2 

diffusion in the gas phase. Higher surface areas, gas mixing, and increased gas 

velocities can produce uptake rates needed for CO2 removal. 

The second project focusses on solvent vapor processing of ternary polymer 

blends to produce co-continuous phases. Co-continuous phases are of interest for a 

broad range of applications including separations, energy storage, photovoltaics, 

among other applications. However, most methods for producing co-continuous 

phases rely on kinetically-arrested phase separation. Here, we pursue the 

development of equilibrium co-continuous phases through ternary polymer blends 



 
 

consisting of two homopolymers and a compatibilizing block copolymer. We 

specifically focus on solvent-vapor annealing to equilibrate blends and achieve co-

continuous structures in polymer films. Our work shows that solvent-vapor 

annealing can be used to target and tailor the domain sizes of co-continuous 

polymer blend films. 
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Chapter 1 

Analysis of Liquid Chemisorbent for CO2 

removal 

1.1. Introduction  

Vehicles for space exploration require CO2 level to be controlled within the safe limit 

for crew members. Currently, the International Space Station uses CDRA (Carbon 

dioxide removal assembly) involves zeolite adsorbents which require a high 

regeneration temperature of the adsorbent. Also they need large volume for 

relatively lower CO2 capacity and have large mass due to its many mechanical 

components. [1] In addition, zeolite beds produce fine particles that can cause 

failure of valve seals high resistance across beds. [2] The CDRA is able to maintain a 

partial pressure of CO2 below 3 mm Hg, but astronauts reported headaches and 

issues related to vision. [2] The new CO2 removal system should have lower energy 
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consumption, lower mass and volume and should be able to work at lower CO2 

partial pressure for a crew of 4 persons [1].  

 In this study, we evaluate and analyze the performance of a CO2 remediation 

system based on a recirculating liquid amine model. The analysis of the actual 

system design proposed (shown in Fig. 1.1) is analyzed using COMSOL 

Multiphysics®Software.  Prior to presenting the analysis of COMSOL model, we 

analyze CO2 uptake in a 1-D falling liquid amine film. The falling film absorption 

process has been studied and analyzed in literature [3,4,5,6] and can be solved 

analytically.  Analysis using the falling film model provides a conceptual 

understanding of the liquid amine absorber and helps in checking the validity of 

model.  

 

Figure 1.1: Model of absorber (Left) and inner channels (Right) for flow of gas 

and liquid 
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1.2. Background 

The design for liquid chemisorbent is shown in Figure1.1.  There are several 

parallel triangular channels through which the liquid chemisorbent flows and air 

flows in between the layer in cross flow to flow direction of chemisorbent. 

 

Figure 1.2: Schematic for liquid chemisorbent system for CO2 absorption and 

desoption  

The absorption and desorption cycle can be connected for continuous 

recirculation of chemisorbent as shown in Figure 1.2. This module has been utilized 

in industrial applications for scrubbing of gases like H2S from amine[8], but 

chemisorbent system need for microgravity applications require minimum energy 

usage,  size and higher stability and reliability.  The modelling in COMSOL will be 

able to help in analyzing the role of thickness, gas and liquid flow in absorber and 

desorber. 

In the proposed design, a pump and capillary action drives the fluid flow. By 

assuming that liquid flowrate and film height can be controlled experimentally, 
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analysis was performed in the study. In the analysis CO2 concentration of 0.26% by 

volume in the air is assumed and target CO2 uptake rate in absorber of 4.16 kg/day 

is needed for a spacecraft of four persons. The analysis of falling film absorber and 

the COMSOL simulation of 3D chemisorbent absorber is presented in the study. 

1.3. Analysis of a Falling liquid film 

The gas absorption in falling film system, with plane liquid film has been 

studied extensively in literature[ 3,4,5,6]. This problem is can be solved analytically 

and it gives good idea of the module design for CO2 uptake. Analysis of falling film 

involves dimensional constants which play an important role in gas uptake and 

concentration profile of gas in the film. 

A schematic for the falling film system is shown in Figure 1.3 where a liquid 

is flowing in downward direction along a solid, impermeable wall such that 

concentration of CO2 in the liquid at inlet (z=0) is zero, 𝐶𝑖=0. As CO2 (reactive specie) 

flows down the wall, it reacts with liquid and absorbed. The rate of absorption of 

CO2 is dependent on many factors-mass mass transfer coefficient  h  at the gas-liquid 

interface, the liquid  flowrate ( 𝑣𝑜  is the maximum velocity in the liquid film), the 

diffusivity  𝐷𝑖  of the reactive species in the film, the first-order reaction rate 

constant 𝑘𝑖 , the film thickness δ, the partial pressure of the reactive species in the 

bulk gas 𝑝𝑖 , and the Henry's law coefficient for the reactive species in the liquid 

phase 𝐻𝑖. The problem is solved in non dimensional way so that it can be 
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generalized to explain uptake in absorber of different size. In our case the absorbent 

used is DGA for CO2 absorption. 

 

Figure 1.3: Schematic for gas uptake in falling film where a liquid flows in 

downward direction along a impermeable wall.   

 In the analysis velocity profile of CO2 is assumed to be laminar and fully 

developed as shown in Figure 1.3. At the entrance region, velocity profile is 

transient and characteristic length scale is computed by Peclet number 𝑃𝑒 =
𝑣𝑜δ

𝜈
 

where 𝑣𝑜 is the fluid velocity, δ the film thickness and ν the kinematic viscosity. The 

kinematic viscosity for DGA is approximately 3.8x10-5 m2/s, as given by Huntsman. 

For a film thickness of 6 mm and a velocity of 1 mm/s, Pe  ≈  1.  This indicates that 

the fluid velocity profile develops quickly, over a distance equal to the film 
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thickness, and as a result in our analysis we assume that the velocity profile is fully 

developed. 

Peclet number controls the development of concentration profile in the film, 

for diffusion into the film 𝑃𝑒 =
𝑣𝑜δ

𝐷
 where D represents the diffusivity of CO2. If we 

use CO2 diffusivity of around 3x10-10 m2/s [9], the value of Peclet Number is 

obtained as 1000. Then, concentration profile penetrates till long distance around 

1000 times the film thickness in the film. Therefore, film thickness will not affect the 

absorption capacity which will be mainly controlled by gas-liquid surface area. 

The non-dimensional number for mass transfer coefficient is Biot Number, 

𝐵𝑖 =  
ℎ𝛿

𝐷
 which represents relative rates of mass transfer across gas liquid interface 

to rate of diffusion in the liquid. For the present system, mass transfer coefficient is 

approximately 0.0142 m/s [4], gives 𝐵𝑖~1000. It implies that mass transfer into film 

is much faster compared to diffusion into the film. Due to reaction involved, top 

surface will be saturated with CO2 and will reach the equilibrium concentration 

given by Henry’s law 𝐶𝑜 =
𝑝𝑖,𝑜

𝐻𝑖
. 

But CO2 reacts with DGA very quickly therefore by approximating the 

kinetics of reaction between CO2 and DGA by first order reaction rate constant k1= 

78708 s-1 for CO2 with DGA [10]. Another important non dimensional involved in 

analysis is Damkohler Number Da= α2 which depicts ratio of reaction rate to 

diffusivity 𝛼 = 𝛿√
𝑘

𝐷
. For 1st order reaction rate constant of 78708 s-1, 𝛼~1000. It 

means that reaction between CO2 and DGA takes place quickly compared to the time 
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it takes characteristic time for diffusion into the film. The rate of reaction and rate of 

mass transfer into the film, therefore a balance between the two is needed to 

determine the amount of CO2 absorbed. Therefore, diffusion is not going to play a 

major role but reaction and mass transfer will be able to decide the CO2 uptake 

capacity. 

These non-dimensional numbers gives the indication of the absorption rate 

in the chemisorbent system and the parameters which will play important role. Both 

mass transfer into the film and reaction with DGA are much rapid compared to 

diffusion within DGA. Therefore, liquid film thickness will not affect the uptake rate 

but the relative ratio of mass transfer to liquid interface to the reactivity and which 

is given by ratio of 𝐵𝑖 to 𝛼2. In the case of absorption of CO2 in DGA, 
𝐵𝑖

𝛼2~3x10-5. 

Therefore, it implies that mass transfer rate from gas to liquid is the limiting factor 

instead of the reaction rate  in CO2 uptake. 
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Figure 1.4 :Plot showing normalized concentration profile in liquid film as a 

function of normalized distance along the wall and normalized depth of liquid 

film in 3D (left) and 2D (right) for 𝑩𝒊 = 𝟏 and 𝜶 = 𝟏 

The concentration profile for CO2 absorption in falling film using non-

dimensional values can be produced by separation of variables and finite Fourier 

Transform technique. Figure 1.4 shows the non-dimensional concentration as a 

function of distance down the wall (z) and depth into the film (y). At the entrance 

region (z=0) the concentration of reactive species in the liquid is zero across the 

film. Along the length of the wall, the concentration of reactive species increases, 

first near the free surface (y=0) and eventually through the depth of the film (y=1). 

The distance into the film y is normalized by depth of film delta, and distance along z 

is normalized by 𝛿𝑃𝑒, where the 𝑃𝑒 for species diffusion is around 1000.  The plot 

shows that the steady state concentration profile is established at z=1, and due to 

large 𝑃𝑒 this distance is 1000 times the liquid film thickness which means that 6m 

for a 6mm thick film. Therefore, in the proposed design concentration profile will 

not reach fully developed profile. 
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Figure 1.5 : Plot of the normalized concentration profile in the liquid film as a 

function of normalized distance along the wall and normalize depth of liquid 

film for (left) 𝜶𝟐 = 𝟏𝟎 and 𝑩𝒊 = 𝟏 and for (right) 𝜶𝟐 = 𝟏𝟎 and 𝑩𝒊 = 𝟏𝟎 

The effect of increasing reaction rate parameter 𝛼 and mass transfer coefficient  𝐵𝑖 

are shown in Figure 1.5. On increasing the reaction rate, a steady state 

concentration reached the z=1 but at lower concentration. Steady state 

concentration profile is more uniform at the depth. With an increased  reaction rate 

parameter  𝛼  and mass-transfer parameter  Bi, a higher steady-state concentration 

is reached, but with a flat concentration profile relative to the case with balanced 

reaction, mass-transfer, and diffusion. (Figure 1.5) 
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Figure 1.6 : Plot of the non-dimensional flux into the liquid film and umulative 

uptake of reactive species from the gas phase for 𝜶𝟐 = 𝟏𝟎 and 𝑩𝒊 = 𝟏𝟎. 

Finally, the rate of reactive species uptake and the cumulative uptake are 

shown in Fig. 6. These are plotted for 𝜶𝟐 = 𝟏𝟎 and 𝑩𝒊 = 𝟏𝟎. as a function of the non-

dimensional film length z. The absorption rate is highest at the beginning of  liquid  

entry,  but quickly drops as the concentration near the liquid-gas interface 

increases. 

Although the problem in proposed design is more complex than falling film 

system but characteristics will be same in both the systems. It is expected that the 

concentration profile for CO2 will not be able to reach steady state within actual 

absorber design and most of the uptake and reaction will take place near the gas 

liquid interface. The cumulative uptake is fastest at the  beginning,  and increases 

more slowly as more  CO2  is taken up by the film. 
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So the main factors affecting the gas absorption in falling film system are gas 

liquid surface area and mass transfer coefficient between liquid and gas. The 

reaction rate is fast enough to dominate the process, and alternate absorbents with 

slower reaction rate might provide comparable CO2 uptake with lower regeneration 

temperature. 

1.4. Liquid sorbent selection 

Many liquid sorbents were examined for use as absorbent in the absorption 

process. The most commonly used absorbents for CO2 absorption are amines.  

Primary and secondary amines react quickly with CO2 to produce zwitterion which 

is followed by deprotonation by a base to generate carbamate. [11, 12] 

The overall reactions can be written as follows: .[11,12] 

𝑪𝑶𝟐 + 𝟐𝑹𝑵𝑯𝟐 ⇌ 𝑹𝑯𝑵𝑪𝑶𝑶− + 𝑹𝑵𝑯𝟑
+       (a) 

𝑪𝑶𝟐 + 𝟐𝑹𝑹′𝑵𝑯 ⇌ 𝑹𝑹′𝑵𝑪𝑶𝑶− + 𝑹𝑹′𝑵𝑯𝟐
+    (b) 

Equation 1.1: (a) Reaction of carbon dioxide with primary amine (RNH2), (b) 

Reaction of carbon dioxide with secondary amine (RR’NH) 

Moreover, two moles of primary and secondary amines react with one mole 

of CO2 according to the reaction. On the other hand, tertiary amines react slowly 

with CO2 and their reaction results in formation of bicarbonate ion and protonated 

amine.[13] The reaction between tertiary amine and CO2 is as follows: 
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𝑪𝑶𝟐 + 𝑹′𝑹′′𝑹′′′𝑵 + 𝑯𝟐𝑶 ⇌ 𝑯𝑪𝑶𝟑
− + 𝑹′𝑹′′𝑹′′′𝑵+𝑯 

Equation 1.2 : Reaction between CO2 and tertiary amine 

where R’R’’R’’’N represents tertiary amine.  As we can see from the above 

reaction, one mole of amine reacts with one mole of CO2. Therefore, they have 

higher CO2 loading capacity compared to primary and secondary amines.  

Another category of absorbents which could be used for CO2 absorption are 

ionic liquids.  They have low vapor pressure, that means lower rate of loss of ionic 

liquids during absorption. [14] In addition, they have high thermal stability which 

implies potential of their use as absorbent for long period of time without 

degradation[14]. But they have high viscosity, therefore high pumping cost is 

involved during movement of this liquid. Also, high viscosity reduces the diffusivity 

of CO2 needed for dissolving CO2 in the absorbent.[14] 

DGA was selected because of fast kinetics, low vapor pressure and low 

viscosity compared to other amines. However, DGA like other amines show 

oxidative degradation when heated at high temperature (above 100 oC) for 

desorption.[15] 

Table 1.1: Comparison of various amines 

Amine Type of 

Amine 

Rate 

Constant 

Vapor 

Pressure 

Viscosity 

(cP) 
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(m3/mol s) (Pa) [17] 

Monoethanolamine 

(MEA) 

Primary 10.4 (318 K) 

[16] 

40 (20 oC) 19 

Diisopropanolamine 

(DIPA) 

Secondary 2.7 (298 K) 

[16,18] 

1(20 oC) 101 

Diethanolamine 

(DEA) 

Secondary 3.17(298 K) 

[16,18] 

<1(20 oC) 352 

Diglycolamine 

(DGA) 

Primary 3.99(298 K) 

[16] 

1.3(20 oC) 40 

Monomethylethanolamine 

(MMEA) 

Primary 5.34 (293 K) 

[16] 

1 (20 oC) 101 

Triethanolamine (TEA) Tertiary 0.0039(298K) 

[19] 

1 (25 oC) 591 

Methyldiethanolamine 

(MDEA) 

Tertiary 0.0043(298K ) 

[19] 

1 (20 oC) 101 

 

1.5. Modeling of Absorber in COMSOL 

The absorber geometry given by NASA was used in developing the model in 

COMSOL Multiphysics after many simplifications. The equations governing the 

chemical absorption and fluid flow involved in the system were solved based on 

many assumptions.  
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The absorber geometry consists of 192 corrugated channels with absorbent 

flowing through them and cross flow of air containing CO2 over the channels for 

contacting with the absorbent as shown in Figure 1.7.  As can be seen in Figure 1.8 

the geometry consists of 64 holes for flow of absorbent with 8 holes in a single row. 

Each hole out of these 8 holes in a row is further divided into 3 holes so that there 

are 24 holes for 12 double-sided triangular grooves in each row as shown in figure 

2.  There are 96 holes in the absorber such that absorbent enters through these 

holes into the triangular groove. The model of absorber was simplified in a way so 

that it consists of 16 rows each having 12 small subunits in series where each 

subunit contains a triangular groove for the flow of absorbent and a rectangular 

region for flow of air containing CO2 such air is flowing in the cross direction to the 

flow of absorbent in the groove. Figure 1.9 shows the sequential movement of air in 

an absorber row.  In total, the absorber contains 192 such subunits. The model of 

CO2 absorber was prepared in COMSOL Multiphysics 5.2a version. The model built 

in COMSOL was solved for steady state condition where the flow profile of 

absorbent and air were fully developed. 
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Figure 1.7 : Face of absorber showing the grooves for absorbent  

 

Figure 1.8: Face of absorber showing the holes for injection of absorbent 
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Figure 1.9: (a) Face of absorber showing spaces for air flow and triangular 

grooves for absorbent (b)  Image showing direction of low of air 

perpendicular to direction of channels 

1.5.1. Assumptions in solving the model 

The model of absorber is built in COMSOL using many assumptions. The 

assumptions are taken so as to make it easier to calculate the concentration and 

velocity profiles in the model. 

1. Steady state was assumed in the process of absorption in the model 

which means properties are not varying with time. Flow profile is also 

assumed to well developed. 

2. Ideal gas behavior is shown by the gases. 

3. Constant film thickness of absorbent is assumed in the triangular channel 

for the simplicity of model. 
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4. Physicochemical properties were assumed to be constant during the 

absorption.  

5. Flow of DGA solution in the triangular channels is assumed to be 

incompressible. 

6. No slip boundary condition was applied at the walls of triangular 

channels. 

7. Uniform velocity of air is assumed in the absorber. 

8. Since the concentration of CO2 is very low in the air, heat generated due to 

exothermic reaction between CO2 and DGA is negligible given the high 

volume of DGA solution. Therefore, isothermal condition is assumed in 

the process. 

9. As the initially unloaded amine solution was used to absorb CO2, only 

forward reaction of CO2 with DGA was considered in the model. 

10. Fully developed laminar flow is assumed in the liquid phase flow. 

1.6. Equations used for liquid phase 

1.6.1. Mole balance in liquid phase 

The node Transport of Dilute Species is utilized to calculate the 

concentration in the liquid phase as per the equation given below which involves 

species movement due to diffusion and convection: 
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𝜕𝑐𝑖

𝜕𝑡
+ ∇. (−𝐷𝑖∇𝑐𝑖) + 𝒖. ∇𝑐𝑖 = 𝑹𝒊 

Equation 1.3 : Mass conservation of specie i in liquid phase 

where, 𝑐𝑖is the concentration of specie i (mol/m3), 𝐷𝑖  denotes the diffusion 

coefficient of specie i(m2/s), 𝒖 is the velocity vector of specie i and 𝑹𝒊 represents the 

chemical reaction rate term for specie i.  

1.6.2. Equations for flow in liquid phase 

Since the DGA solution flow is assumed to be incompressible and 

temperature variation are negligible, its density does not change during the flow. 

The flow of DGA solution in liquid phase is decided by the Navier-Stokes Equation  

𝜌
𝜕𝒖

𝜕𝑡
+ 𝜌(𝒖. ∇𝒖) = ∇. [−𝑝𝑰 + 𝜇(∇𝒖 + (∇𝒖)𝑇)] + 𝑭 

Equation 1.4: Navier Stokes equation for incompressible flow 

where, 𝜌 is the density of solution (kg/m3 ), 𝒖 is the velocity vector (m/s),  𝑝 

is the pressure (Pa), 𝑭 is the volume force vector (N/m3) 

1.6.3. Conditions at the interface 

At the interface equilibrium is established in well developed condition 

(steady state) such that concentration of CO2 in liquid phase is related to partial 

pressure of CO2 in gas phase.  
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According to Henry’s law, in the condition of equilibrium, the concentration of CO2 

in liquid phase is related to partial pressure of CO2 in gas phase. 

𝑪𝒐 =
𝒑𝒊

𝑯𝒊
 

Equation 1.5 : Henry’s law for relation between concentration and partial 

pressure of CO2 

The velocity profile for the absorbent was computed using the Navier Stokes 

equation for inlet velocity of 4 mm/s which will be qualitatively the same for other 

velocities as well.  

No slip boundary condition at solid liquid interface of absorbent and absorber and 

constant thickness of absorbent along the groove were made use of in computing 

the flow profile But, in actual scenario of capillary flow, the absorbent thickness will 

reduce in the direction of flow as shown in the Fig 1.10. 

However, for the sake of simplicity of model gas is assumed to flow at uniform 

velocity over the v-shaped groove. 
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Figure 1.10: Liquid flow due to capillary action in V-shaped channel 

1.6.4. Absorption of CO2 in absorber 

As CO2 flows in the absorber, it comes in contact with the absorbent and 

reacts with the absorbent. The reaction was assumed to take place at 298K as per 

the chemical equation and second order rate constant taken from [20] 

𝑪𝑶𝟐 + 𝟐𝑹𝑵𝑯𝟐 ⇌ 𝑹𝑯𝑵𝑪𝑶𝑶− + 𝑹𝑵𝑯𝟑
+  

Equation 1.6: Reaction between CO2 and DGA 

In above chemical reaction, RNH2 represents diglycolamine with its chemical 

structure being shown in Fig 1.11. 

 

 



 31 

Figure 1.11: Chemical structure of DGA (diglycolamine) 

The reaction rate constant for the chemical reaction between CO2 and DGA 

can be expressed in Equation 1.6 follows: 

𝑘2(𝑚3𝑘𝑚𝑜𝑙−1𝑠−1)  =  𝑘2(298)exp [−
𝐸

𝑅
(

1

𝑇
−

1

298
)] 

Equation 1.7: Chemical reaction rate constant for the reaction  

where 𝑘2 depicts the reaction rate constant at temperature T (K), 𝑘2(298) represents 

the reaction rate constant at 298 K (17300 m3kmol-1s-1), R is the ideal gas constant 

and E is the activation energy of the chemical reaction (51.7 kJ mol-1)  

In addition to these values, diffusivity was computed making use of modified Stokes-

Einstein relation and taking the analogy of liquid water as shown below:[21, 22] 

𝐷𝐶𝑂2
= 𝐷𝐶𝑂2,𝑤 (

𝜇𝑤

𝜇𝐿
)

0.6

 

Equation 1.8: Diffusivity of CO2 in DGA solution using Stokes-Einstein relation 

where, 𝐷𝐶𝑂2
 shows diffusivity of CO2 in DGA solution, 𝐷𝐶𝑂2,𝑤 represents 

diffusivity of CO2 in water, 𝜇𝑤 is the viscosity of water and 𝜇𝐿is the viscosity of DGA 

solution. And the diffusivity of CO2 in water is given by the following equation:[21] 
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𝐷𝐶𝑂2,𝑤 = 2.35 × 106𝑒
−2119

𝑇  

Equation 1.9: Diffusivity of CO2 in water depends on temperature 

where T represents temperature in K. 

For calculating the diffusivity of CO2 in air, Maxwell-Gilliland Equation[21, 

23] was used as follows: 

𝐷𝐵,𝐹 =
4.36 × 10−2𝑇𝐺

3/2√
1

𝑀𝐵
+

1
𝑀𝐹

𝑃(𝜈𝐹

1
3 + 𝜈𝐵

1
3)2

 

Equation 1.10: Maxwell-Gilliland equation for calculating CO2 diffusivity in air 

where 𝐷𝐵,𝐹 is the diffusion coefficient of gas B in gas F, 𝑃 is the pressure of 

the gas the phase in Pa, 𝑇𝐺 is the temperature of gas phase in K, 𝑀𝐵 is the molar 

mass of gas B, 𝑀𝐹 is the molar mass of gas F, 𝜈𝐵 is the Molecular volume of gas B and 

𝜈𝐹 is the molecular volume of gas F. Henry’s coefficient of CO2 was calculated using 

N2O analogy provided in Wang et al. [ 21,24] 
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1.7. Results and Discussion 

In this subchapter various results of COMSOL simulation for absorber like 

concentration profile of CO2 in gas phase, concentration profile of CO2 in liquid 

phase and velocity profile of absorbent are discussed. In addition, the effect of 

increase in air and DGA velocity on CO2 uptake are also discussed in this chapter  

followed by validation of model. 

1.7.1. Velocity profile for absorbent flow in the channel 

 

Figure 1.11: Velocity profile for flow of DGA in triangular channel (a) from 

back side (Left) (b) Slices along the channel (Right) 
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The velocity profile obtained by solving the Navier Stokes equation in 

COMSOL with no slip boundary condition at the surface of a groove for an average 

inlet velocity of 4 mm/s is shown in Figure 1.11. As we can see in the Figure 1.11, 

velocity of absorbent is highest away from the surface of groove and zero at the 

surface of triangular groove. It is assumed that velocity profile is fully developed and 

does not depend on the composition and reaction in the absorbent. 

1.7.2. Concentration profiles of CO2 in gas phase 

 

Figure 1.12 : Concentration profile of CO2 in gas phase with arrow showing the 

direction of gas flow. 

The concentration profile for CO2 in gas phase produced using COMSOL 

simulation with equilibrium concentration in liquid phase related to the 

concentration in the gas phase at the interface by Henry’s Law is shown in 

figure 1.12. As expected, the concentration of CO2 is lower near the interface due to 

absorption by DGA compared to the concentration away from the interface. The 



 35 

absorption take place only near gas-liquid interface. The CO2 concentration profile is 

qualitatively same in all the channels.  

 

Figure 1.12: (a) Prediction of CO2 concentration variation in gas phase along 

the channel with left side showing gas-liquid interface. (b) CO2 concentration 

variation along the edge of the gas region.  

From 2D plot in figure 1.12 we can observe the variation of CO2 as we move 

away from the gas-liquid interface along the edge of gas region over the triangular 

groove. The concentration of CO2 also drops along the direction of flow of gas due to 

the uptake of CO2 caused by absorbent at the interface. 

1.7.3.   CO2 concentration in liquid phase 

Figure 1.13 shows the concentration profile of CO2 in liquid phase after absorption 

in DGA. The highest concentration of CO2 is observed at the gas-liquid interface due 

to absorption at the interface while CO2 concentration in rest of the liquid is very 
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low. The result is in consistent with the falling film analysis which showed 

significant accumulation at gas-liquid interface. 

 

 

Figure 1.13: CO2 concentration in liquid phase 

1.7.4. DGA concentration profile in channel 

DGA concentration profile as computed by COMSOL is shown in Figure 1.14. 

From the figure, it can be seen that most of the DGA is left unreacted in the 

absorption process and the maximum depletion in concentration is observed at the 

gas-liquid interface on the entrance side of gas.  Another reason for low depletion of 

DGA is that the concentration of CO2 in gas is very small compared to concentration  

of DGA.  
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Figure 1.14: DGA concentration profile in the channel 

1.7.5. Effect of air velocity and area of absorption on CO2 uptake 

To see the effect of increasing air velocity on CO2 uptake in the absorber, air 

velocity was increased keeping the other parameters constant like CO2 inlet gas 

concentration (0.26 % by volume or 0.11 mol/m3), liquid film thickness in channel 

(6.0mm) and DGA velocity (4 mm/s). It was calculated by sequentially calculating 

CO2 uptake in all the channels of absorber. According to Figure 1.15, the CO2 uptake 

increases with increase in air velocity which is because of rise in mass transfer 

coefficient across the interface. Another thing we can conclude from analysis is that 

gas phase resistance has major role in absorption than interfacial resistance due to 

swift reaction between CO2 and DGA.  
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Figure 1.15: Variation of CO2 uptake with air velocity 

As seen from figure 1.15, CO2 uptake rate is close to our target CO2 uptake 

rate of 1.0 kg/day for each absorber. For seeing the effect of channel surface area on 

CO2 uptake, the size of each channel was increased from 237 mm2 to 320 mm2 by 

increasing the length of channel for 320 mm2 interfacial area and similar analysis 

was performed by increasing the gas velocity and calculating the CO2 uptake. As 

seen from figure 1.15, increase in surface area also leads to increase in CO2 

consumption since there is more surface area in contact with liquid absorbent for 

absorption of CO2. Table 1.3 shows the exact values of absorption flux of CO2 and 

CO2 uptake for increasing air velocities keeping the interfacial area 237 mm2 per 

channel.  

Table 1.2: Variation in absorption flux of CO2 at different velocities of air for 

an interfacial area of 237 mm2 per channel 

Air velocity CO2 uptake Average Flux 
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(m/s) (kg/day) (mol/m2 s) 

2 1.45 0.00836 

1.01 0.90 0.00518 

0.5 0.53 0.00306 

   

1.7.6. Effect of increasing DGA velocity on CO2 uptake in absorber 

In order to see the effect of increase in DGA velocity on CO2 uptake, the 

simulations were performed with increasing DGA velocities in COMSOL keeping the 

other parameters same. Figure 1.16 shows the effect of DGA velocity in triangular 

channels on the CO2 uptake for different surface areas of channel. It is observed that 

CO2 uptake almost remains same on increasing the DGA velocity. The concentration 

of DGA as shown in figure 1.16 mostly remain unreacted at the surface therefore, 

the fresh DGA in case of high velocity of DGA does not increase CO2 uptake. 

However, CO2 uptake does increase on increasing the surface area from 237 mm2 to 

320 mm2.   
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Figure 1.16 : Effect of DGA velocity on CO2 uptake in series of absorber 

channels 

Table 1.3 shows the values of CO2 absorption flux in the absorber for change 

in DGA inlet velocity.  The value of CO2 uptake and absorption flux doesn’t change 

much with change in DGA velocity. 

Table 1.3: Variation in absorption flux of CO2 at changing velocities of DGA for 

interfacial area of each channel being 237 mm2 

Inlet velocity of 

DGA (m/s) 

CO2 uptake 

(kg/day) 

Average Flux 

(mol/m2s) 

0.004 0.89705 0.0051791 

0.04 0.90015 0.0051970 

0.4 0.90060 0.0051994 

 



 41 

1.7.7. Effect of increase in diffusivity of CO2 in gas phase 

 

Figure 1.17: Concentration profile of CO2 in gas phase at increased diffusivity  

For the analysis of CO2 uptake, the uniform flow of air was assumed in the 

absorber. But in actual scenario, the flow of gas will not be uniform and there will be 

non-uniformities and mixing which will increase the mixing in gas phase. It will 

result in higher diffusivity of CO2 in gas phase.  Although the Reynold’s number for 

flow in gas phase is around 500 and is lower than Reynold’s number but eddy flow 

is capable of increasing diffusion and mixing. In order to study the effect of increase 

in diffusivity of CO2 on the CO2 uptake, diffusivity of CO2 in air was increased by 10 

times from 3.11x10-5 m2/s to 3.11x10-4 m2/s keeping other parameters like air 

velocity, gas velocity other physicochemical properties.  It was found that higher 

diffusivity increased the CO2 uptake from 0.89 kg CO2 per day to 1.29 kg CO2 per 

day. As visible from figure 1.17, the drop in CO2 concentration is much higher than 

the decrease in CO2 concentration in figure 1.12. 
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1.7.8. Validation of COMSOL Model 

The COMSOL model used for analysis of CO2 absorption in the geometry for 

microgravity applications was validated by building the similar model for a much 

simpler design given in paper by Chermiti et al.[25]  for CO2 absorption in falling 

film absorber of MEA solution.  

The flux calculated using our model matches the flux mentioned by Chermiti 

et al.[25].It was observed that CO2 gets depleted in the reactional film thickness in 

the liquid phase which is order of micrometer length. It supports the observation in 

our analysis that most reaction happens at the interface and bulk concentration of 

CO2 is almost zero. 

Table 1.4 : Analysis of CO2 absorption in MEA falling film absorber 

Reaction rate 

constant 

 k (s-1) 

MEA 

concentration 

(mass%) 

Reaction 

film 

thickness 

(μm) 

given in 

paper 

Reaction 

film 

thickness 

(μm) 

calculated 

Flux 

given 

in 

paper 

(mol/

m2 s) 

Flux 

calculated 

(mol/m2 

s) 

4056.67 5 3.5 3.5 0.099 0.099 

8133.89 10 2.5 2.5 0.139 0.139 

20529.7 25 1.75 1.5 0.216 0.216 
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Figure 1.18: Concentration profile of CO2 in falling film absorber (a) 5% MEA 

solution (b) 10% MEA solution
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1.8. Conclusion 

The performance analysis of CO2 absorber system for deep space exploration 

is performed in the study which involved selection of absorbent, deciding film 

thickness and analysis of CO2 absorption performance using simulations in COMSOL. 

The absorbent selected for the absorber is DGA because of rapid kinetics, low 

vapor pressure and viscosity. An alternative liquid which exhibits improved stability 

would be desirable for improved reliability as it shows oxidative degradation at high 

temperature. The model suggests that the reaction kinetics are much faster than 

both interfacial mass transfer and diffusion in the liquid phase. Therefore, the rate 

of CO2 uptake is not limited by reaction kinetics, and improved overall performance 

might be achieved by choosing a  chemisorbent  with slower reaction kinetics and 

lower regeneration temperatures. A carbonate solution may be desirable as a liquid 

chemisorbent[7]. Carbonate exhibits lower regeneration temperatures, and the 

kinetics for absorption and desorption can be tuned through the use of amine 

additives. 

Since the absorber geometry is designed for 1 person, each absorber is 

required to meet CO2 consumption rate of 1 kg CO2/day. For simulating the model, 

highest film thickness that is 6 mm in the triangular groove was selected and for the 

given concentration and composition of air flow rate 0.9 kg CO2/day was achieved. 
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In order to increases the CO2 uptake rate, increasing the air velocity or 

inducing mixing will be a good direction to proceed as shown by the model for 

change in air velocity and increasing diffusivity in air. 

1.9. Future work 

Although the COMSOL model is able to predict the CO2 uptake rate at the 

given conditions of absorption, composition of CO2, flow rate  but it involved several 

assumptions. Many ionic species formed in the reaction of CO2 with DGA are 

neglected which will affect the consumption of CO2. 

Also, since the desorption involves heating at temperature above 100 oC, [47] 

it promotes oxidative degradation of DGA at high temperature which will affect the 

stability of DGA in long run. As a result the performance of absorber will be 

hindered in long run. Carbonate with added amines should be evaluated for 

performance of the absorber. 

In addition to absorber design, desorber need to be designed as well for the 

complete cycle of absorption and desorption so as to predict the complete 

performance of absorption and desorption combined. 

Since the device is designed for microgravity applications, the flow profile 

will not be flat and there will be formation of droplets to minimize the surface area, 

it will result in variation in results obtained by simulation which does not account 

for these differences. Therefore, a more rigorous and complex analysis which takes 

into account these factors will be able to help in size the absorber. 
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In our analysis, four absorbers are needed to achieve the desired CO2 

absorption rate of 4.16 kg/day. Another analysis can be performed which combines 

four absorber into one absorber and its performance can be evaluated to see which 

one is more comfortable to be used in deep space exploration since weight and size 

are critical parameters needed to be used in space explorer. 
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Chapter 2 

Introduction: Solvent Vapor annealing 

to produce nanoscale co-continuous 

morphologies 

2.1. Background and motivation 

Blends of polymers can exhibit superior properties compared with their 

constituent homopolymers, such as increased strength and favorable electro-optical 

properties. For a number of applications, there is an interest in blends with 

interpenetrating, co-continuous domains.  Co-continuous phase possesses three 

dimensional, continuous  interweaving of polymer domains such that if you start 

from one end of the material reach the another end without crossing between 

domains.[26,27] 



 48 
 

These co-continuous structures have potential for applications in areas like 

organic solar cells, storage of gas, membranes, drug delivery and electronic 

devices[29,30,31,32,33,34] For example, in solar cells, co-continuous phases 

provide extremely large surface area for charge separation [29, 33] [33]In the field 

of catalysis and separation, the three dimensional porous network of high surface 

area offered by co-continuous  domains can increase lifetime since pores are 

blocked in catalysis and separation applications.[31]  

 

Figure 1: Production of porous structures from bicontinuous phase[32] 



 49 
 

 

Figure 2: Porous silica structure from bicontinuous phase[34] 

Co-continuous structures from immiscible polymer blends currently involve 

kinetic methods to produce two phases by spinodally decomposing homopolymer 

blends.[35] In such methods, structures are kinetically trapped through melt 

processing of blends by applying high shear rate.[35] But since the structures are 

not thermodynamically stable, these are not stable to heating or thermal annealing. 

Additionally, targeting specific domain sizes can be challenging and depend on a 

number of processing variables.   

A ternary blend consisting of two immiscible homopolymers (A and B) of 

equal degrees of polymerization (𝑁𝐴 = 𝑁𝐵 = 𝛼𝑁) and the symmetric di-block 

copolymer with equal volume fraction of both homopolymers (∅𝐴 = ∅𝐵 =
1

2
∅𝐻) is 

able to produce equilibrium, co-continuous phases. Such phases are termed 

bicontinuous microemulsions and are thermodynamically stable.  The phase 

diagram for such system is shown in Figure 4 below: 
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Figure 4: Phase diagram for A/B/A-B ternary polymer blend for changes in 

temperature and homopolymer content [adapted from 38] 

where 𝝁E represents bicontinuous microemulsion, 2∅ represents two 

phases, 𝑇𝑂𝐷𝑇 shows order-disorder transition temperature, ∅𝐻 is the volume 

percent of homopolymers in the ternary blend. This type of phase behavior is 

observed experimentally in blends of polystyrene(PS)/polyisoprene(PI)[27,38], 

polystyrene(PS)/polymethyl methacrylate (PMMA) [39], 

poly(ethylethylene)(PEE)/poly(dimethyl-siloxane)(PDMS)[40], poly(ethylene 

oxide)(PEO)/poly (ethylene-alt-propylene)(PEP)[41], poly(ethylene)(PE)/ poly 

(ethylene-alt-propylene)(PEP)[28] and poly(ethylene)(PE)/poly(ethylene 

oxide)(PEO)[28].  

However, a significant limitation of bicontinuous microemulsion phases is 

that they exist over a very narrow region of the phase diagram, shown schematically 

in Figure 4. Furthermore, achieving such phases typically requires extended 
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thermal annealing. Furthermore, only one previous study has reported such 

equilibrium phases in annealed polymer films [46], which may be of interest for 

separations or as templates for generating other ordered materials.  

The central hypothesis of this work is that solvent annealing  can produce 

thermodynamically stable bicontinuous microemulsion phases in ternary polymer 

blends. Such a processing technique can be used to rapidly equilibrate ternary blend 

films and potentially tailor domain sizes through degree of swelling and rate of de-

swelling. Below, we present studies on the phase behavior of ternary blend films 

comprised of polystyrene (PS) poly(methyl methacrylate) (PMMA), and PS-PMMA 

block copolymers. We show that solvent annealing can produce co-continuous 

phases in both thin ( 50 nm) and thick (400 nm) films, and rapid deswelling can be 

used to lock-in the ordering present in swollen films.  

2.2. Experimental  

2.2.1. Substrate preparation 

4-inch Si wafers were cut to 4 cm x 4 cm size and cleaned using Hellmanex, 

acetone and isopropyl alcohol. More details on substrate cleaning and preparation 

are provided in the appendices. 

Substrates neutral to PS and PMMA were prepared by grafting a PS-r-PMMA 

random brush onto the Si substrate, as shown schematically in Figure 2.1. A hydroxy 

terminated PS-r-PMMA (Polymer Source, Mn=5.4 kg/mol, PDI=1.40, 60 mol % 
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styrene] was dissolved in toluene at a total concentration of 1 wt %. Solution was 

filtered using 0.2 m PTFE filter and then spin coated on substrate at 2500 rpm to 

produce film of around 30 nm. The film was thermally annealed in an inert-

atmosphere glove box at 170 oC  for 24 hours.[ 44] 170 oC is higher than the glass 

transition temperature for PS and PMMA and annealing at this temperature makes 

the chains mobile and OH group in the random copolymer react with native oxide 

film for grafting on substrate. The ungrafted brush was removed by sonication in 

toluene.  The process was repeated to produce homogeneously grafted brushes, and 

the resulting coating had a water contact angle near 80o. The thickness of brush 

(measured through ellipsometry) was approximatey 5 nm. 

 

 

Figure 2.1: Coating random copolymer brush to make surface neutral 

2.2.2. Deposition and annealing of ternary polymer blend films 

Ternary polymer blends were prepared using PS and PMMA of equal 

molecular weights and a symmetric PS-b-PMMA diblock copolymer. Homopolymers 

were purchased from Scientific Polymers while block copolymer was bought from 

Polymer Source.  The specifications of polymers are given in Table 2.1. 
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The homopolymers and symmetric block copolymer were prepared by using equal 

volumes of both homopolymers and varying the composition  of homopolymers in 

the blends.  The density of polystyrene and  polymethylmethacrylate used in 

calculating the volume while making blends were 1.05 g/cm3 and 1.184 g/cm3 

respectively.[45] The density of PS-b-PMMA was calculated by taking average of 

density of polystyrene and polymethylmethacrylate. The details of compositions and 

concentrations of blends are shown in Table 2.2 and Table 2.3. The polymers were 

dissolved in toluene at either 1.5 or 5 wt % to prepare thin or thick films, 

respectively. After adding toluene, the solutions were heated on hot plate to fully 

dissolve and filtered with 0.2 micrometer PTFE filter before spin casting. The 

solutions were casted onto the PS-r-PMMA layer on the Si wafers at 3600 rpm (thin 

films) or 1000 rpm (thick films). Selected films were thermally annealed at 193 oC 

on hot plate in glove box [46].   

 

Table 2.1: Details of materials used to prepare ternary polymer blends. 

Polymer Mn 

(kg/mol) 

Mw 

(kg/mol) 
PDI 

PS-20 19.5 19.6 1.01 

PS-50 47.5 48.1 1.01 

PMMA- 20.5 21.1 1.03 
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20 

PMMA-

50 
61.3 65.6 1.07 

PS-b-

PMMA-

104 

104 113.36 1.09 

 

Table 2.2: Details of ternary blend films prepared from PS-20, PMMA-20, PS-b-

PMMA-104 

∅𝑯
a 

 
PS-20 

(mg) 

PMMA-20 

(mg) 

PS-b-PMMA-

104 

(mg) 

Toluene 

(mg) 

Polymer Conc. 

wt % 

20 2.12 2.39 20.16 1615.38 1.50 

40 4.31 4.78 13.61 1493 1.50 

50 5.34 6.13 11.49 1510.20 1.50 

60 6.26 7.21 9.10 1486.6 1.50 

80 8.45 9.57 4.55 1472.4 1.51 

20 1.37 1.57 13.02 303.96 4.99 

40 2.82 3.16 8.98 280.5 5.06 

50 2.60 2.98 5.84 219.2 4.95 

60 3.44 3.85 4.92 232.8 4.98 
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80 4.57 5.16 2.49 234.5 4.95 

a Homopolymer content in ternary blend film.  

Table 2.3: Details on ternary blends prepared from PS-50, PMMA-50, PS-b-

PMMA-104 

∅𝑯
a 

 
PS-50 

(mg) 

PMMA-

50 

(mg) 

PS-b-PMMA-

104 

(mg) 

Toluene 

(mg) 

Polymer Conc. 

wt. % 

20 1.07 1.18 10.08 810.08 1.49 

40 4.19 4.77 13.69 1512.26 1.48 

50 2.57 2.99 5.72 745.43 1.49 

55 2.89 3.32 5.00 737.82 1.50 

60 3.17 3.53 4.45 742.73 1.50 

20 2.13 2.53 21.54 500.33 4.98 

40 4.30 4.84 13.59 429.09 5.03 

50 5.67 6.43 11.90 446.78 5.10 

60 7.39 8.30 10.81 508.95 4.95 

80 9.54 10.76 5.05 485.42 4.96 

a Homopolymer content in ternary blend film.  

Table 2.4: Details of films prepared and their thermal annealing 
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Solvent annealing of films was performed at Brookhaven National Lab. Films 

were solvent annealed in a chamber containing a small vessel filled with toluene. 

The solvent chamber has nitrogen inlet and vent with flow control of nitrogen with 

the help of digital flow meter. When the nitrogen flow was closed using flowmeter, 

Film Name ∅𝑯 

Homopolymer 

Volume (%) 

Mn of PS 
(kg/mol) 

Mn of 
PMMA 
(kg/mol) 

Thermal 
annealing 

Thin-20p-50/50-A 20 47.5 61.3 193 oC 24 hours 

Thin-40p-50/50-A 40 47.5 61.3 193 oC 24 hours 

Thin-50p-50/50-A 50 47.5 61.3 193 oC 24 hours 

Thin-55p-50/50-A 55 47.5 61.3 193 oC 24 hours 

Thin-60p-50/50-A 60 47.5 61.3 193 oC 24 hours 

Thin-80p-50/50-A 80 47.5 61.3 193 oC 24 hours 

Thin-20p-20/20-A 20 19.5 20.5 193 oC 24 hours 

Thin-40p-20/20-A 40 19.5 20.5 193 oC 24 hours 

Thin-50p-20/20-A 50 19.5 20.5 193 oC 24 hours 

Thin-50p-20/20-UA 50 19.5 20.5 Not annealed 

Thin-60p-20/20-A 60 19.5 20.5 193 oC 24 hours 

Thin-80p-20/20-A 80 19.5 20.5 193 oC 24 hours 

Thick-20p-50/50-UA 20 47.5 61.3 Not annealed 

Thick-40p-50/50-UA 40 47.5 61.3 Not annealed 

Thick-50p-50/50-UA 50 47.5 61.3 Not annealed 

Thick-60p-50/50-UA 60 47.5 61.3 Not annealed 

Thick-80p-50/50-UA 80 47.5 61.3 Not annealed 

Thick-20p-20/20-UA 20 19.5 20.5 Not annealed 

Thick-40p-20/20-UA 40 19.5 20.5 Not annealed 

Thick-50p-20/20-UA 50 19.5 20.5 Not annealed 

Thick-60p-20/20-UA 60 19.5 20.5 Not annealed 

Thick-80p-20/20-UA 80 19.5 20.5 Not annealed 

Thick-20p-50/50-A 20 47.5 61.3 193 oC 19 hours 

Thick-60p-50/50-A 60 47.5 61.3 193 oC 19 hours 

Thick-80p-50/50-A 80 47.5 61.3 193 oC 19 hours 
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films starts swelling due to toluene vapors. And when nitrogen flow was fully 

opened the film deswelled. The real-time thickness of film during swelling and 

deswelling was monitored by reflectometer. In addition to thickness measurements, 

GISAXS measurements were also taken to see the changes in self-assembly and 

domain spacing in the films. 

 

Figure 2.2: Schematic for the experimental setup used to perform solvent 

annealing 

2.3. Results and Discussion 

Prior to analyzing ternary blend films, a pure block copolymer cast on the 

neutral brush layer was analyze to confirm the presence of a neutral surface. The 

film was thermally annealed after casing and analyzed by AFM. The AFM image 

clearly shows the presence of lamellar domains oriented in-plane, confirming a 

neutral brush coating on the Si substrate. Uncoated Si substrates typically exhibit in-
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plane lamellae due to the preference for PMMA at the substrate and the lower 

surface energy of PS.  

 

Figure 2.3 : AFM height image of a PS-PMMA diblock copolymer. The image 

dimensions are 4 m across each side.  

After establishing the presence of a neutral brush layer, a series of ternary 

blends were analyzed by grazing-incidence X-ray scattering before, during, and after 

swelling. A refractometer enabled real-time analysis of film thickness during 

swelling. Below, we summarize the major findings of the studies, and a complete set 

of data is provided in the appendices. The complete set of samples prepared and 

analyzes is shown in Table 2.4, and the notation for samples used is to denote ‘thin’ 

or ‘thick’, the concentration of homopolymer (e.g. ‘50p’), the molecular weight of the 

block copolymers (e.g. ’50/50’), and whether the film was thermally annealed prior 

to solvent annealing (‘A’ or ‘UA’).  For example, ‘thin-50p-50/50-A’ denotes a thin 

ternary polymer blend film with 50 vol % homopolymer, 50 kg/mol homopolymers, 

and previously thermally annealed.  
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2.3.1.  Appearance of Co-Continuous phases on solvent annealing 

Several films exhibited features characteristic of a co-continuous phase only 

after solvent annealing. For example, thin-50p-50/50-A was initially disordered, but 

upon solvent annealing a low-angle peak at 0.00626 Å-1 was apparent, as shown in 

Fig. 2.4. This indicates that solvent annealing improved ordering in the film and 

suggests the formation of a co-continuous phase based on the position of the peak 

and associated domain size. A fit with the Teubner Strey model gives a domain size 

of 113 nm. AFM analysis of the film after solvent annealing reveals PS droplets, 

which may indicate the formation of a droplet emulsion phase. Further work is 

needed to image the morphology.  

 

Figure 2.4: GISAXS analysis of thin-50p-50/50-A during solvent annealing 

(a)unswollen film, 58 nm thickness (b) swollen, 85.3 nm (c) de-swelled, 60.7 nm 
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Figure 2.5 :  AFM images of thin-50p-50/50-A after solvent annealing 

(a) height image, 4μm (b) phase image, 4μm   
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Teubner Strey Fitting of Thin-50p-50/50-A 

 

Figure 2.6 : Teubner Strey fitting of thin-50p-50/50-A in deswelled state with 

parameters a2= 0.005898, c1= -271.3, c2= 4.94E+06, d=113 nm, fa=-0.795 

A similar result of the appearance of co-continuous phases only after solvent 

annealing were observed in other thin ternary blend films: thin-55p-50/50-A and 

thin-60p-50/50-A, as shown in the appendices. 

 

2.3.1.1. Thick films exhibit similar ordering before and after solvent 

annealing  

In contrast to the thin films described above, all thick films prepared and 

analyzed showed evidence for ordering prior to thermal or solvent annealing, as 
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shown in Figure 2.7. The order persisted during swelling and after de-swelling, with 

small changes in the primary peak position, described below.  

 

Figure 2.7: GISAXS images of Thick-50p-50/50-UA on solvent annealing 

(a)unswollen, 537 nm thickness (b) swollen, 951 nm (c) de-swelled, 594 nm 

It is unclear why thick films exhibit ordering without any thermal or solvent 

annealing, but we hypothesize this may be due to slow solvent evaproation during 

casting which effectively solvent anneals the films. Analysis of the scattering curves 

using the Teubner Strey model gives domain sizes of (a) 87.9 nm (b) 83 nm (c) 84.3 

nm which are smaller than the expected domain sizes for co-continuous phase for 

this blend composition. AFM analysis of this blend after annealing is inconclusive 

(put in Appendices)  

Other thick films exhibited similar characteristics. Thick-60p-50/50-UA 

showed peaks both prior to and after solvent annealing, with litle changes in the 

peak position. The AFM image of this sample, shown below, does exhibit 

charactestics of a microemulsion phase with large, interweaving domains and 

curved interfaces. Thick-80p-50/50-A exhibits ordering prior to solvent annealing 
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and changes in the primary peak position during swelling and deswelling, with final 

domain size of  of 120 nm. 

 

 

Figure 2.9 : Teubner Strey fitting of Thick-50p-50/50-A in deswelled state with 

parameters a2= 0.01665, c1= -435.7, c2= 4395000, d=84.3nm, fa=-0.805 
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Figure 2.10: AFM image of Thick-60p-50/50-UA showing curved interfaces and 

interweaving domains, characteristic of co-continuous phases.  

2.3.2. Potential broadening of co-continuous phase regime 

As discussed above, a significant challenge in achieving thermodynamically 

stable bicontinuous phase is the narrow compositional range over which they 

appear. Solvent annealing can potentially broaden this compositional window. 

Analysis of thin-40p-20/20-A shows that this indeed may be the case. Initially, 

GISAXS analysis clearly revealed the presence of a lamellar phase, with a primary 

and two higher order peaks. After solvent annealing and de-swelling, the higher 

order peaks disappear to reveal only a broad, low-angle peak. AFM analysis of this 

particular sample was inconclusive, but the GISAXS analysis indicates the possibility 
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of a co-continuous phase induced by solvent annealing. A similar transition from 

lamellar to potentially co-continuous was also observed for thin-20p-20/20-A. 

 

2.3.2.1. Thin-40p-20/20-A 

 

Figure 2.13: GISAXS images of Thin-40p-20/20-A on solvent annealing 

(a)No swelling, 62.53 nm thickness (b) Swollen state, 140.01 nm (c) De-swelled 

state, 68.29 nm 

2.3.3. The rate of deswelling influences morphology in the final film 

Prior work has shown that block copolymer morphologies generated through 

solvent annealing can be trapped through rapid deswelling, but this has not been 

applied to ternary polymer blends. Here, we compared ternary polymer blends 

under slow and fast deswelling to understand the impact on the final film 

morphology. 

GISAXS analysis for thick-60p-50/50-UA swollen and de-swollen slowly is 

shown below. Initially weak ordering is present, but the ordering is virtually erased 
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through slow de-swelling. Conversely, fast deswelling maintains and potentially 

improves the ordering in the film.  This suggests that the deswelling rate is another 

parameter that can be used to tune the final film morphology. 

 

Figure 2.15: GISAXS images of Thick-60p-50/50-UA on slow de-swelling 

(a)Swollen state, 885 nm thickness (b) De-swelled state, 552.36 nm  
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2.3.3.1. Thick-60p-50/50-UA (Fast deswelling) 

 

Figure 2.16: GISAXS images of Thick-60p-50/50-UA on fast de-swelling (a) 

Swollen state, 882 nm thickness (b) De-swelled state after fast evaporation, 

530.65 nm  

2.4. Discussion 

Our work on solvent annealing of ternary blend films demonstrates the 

potential advantages of solvent annealing and, at the same time, the 

complexity of this processing route. Our data indicates that solvent annealing 

can be used to produce co-continuous domains in samples that showed no 

ordering under thermal annealing, and the co-continuous phases are formed 

during swelling. Thick and thin films exhibit very different ordering, in 

particular with greater ordering prior to solvent annealing in thin films. This 

may be due to slow solvent evaporation during casting or less confinement 

from interfaces (air and substrate) resulting in higher polymer mobility. 
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Finally, the deswelling rate is shown to have an impact on final film 

morphology, with rapidly de-swollen films exhibiting better ordering.  

  Challenges in optimizing and comprehensively characterizing the 

phase behavior of these blend films under solvent annealing include the very 

large parameter space: homopolymer composition and molecular weight, 

block copolymer molecular weight, solvent composition, degree of swelling, 

swelling and deswelling rates, film thickness, and thermal annealing history. 

This work establishes a foundation for further work with solvent annealing 

of ternary polymer blend films.  

2.5. Conclusion and Future work 

We studied the phase behavior of ternary polymer blend films under solvent 

annealing with the goal of accessing thermodynamically stable co-continuous 

phases. Blends of PS, PMMA, and PS-PMMA cast on a neutral brush surface were 

analyzed by GISAXS and reflectometry while solvent annealing. Our results 

demonstrate that ordering is improved under solvent annealing, even in cases 

where thermal annealing produced disordered films. Our results furthermore show 

that film thickness and deswelling rate are important parameters in determining the 

final film morphology. Future work will focus on systematically characterizing the 

phase behavior of solvent-annealed films using both scattering and microscopic 

imaging techniques.  
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Appendix A 

Images of GISAXS analysis of all the films. 

[1] Thin-40p-50/50-A 

 

[2] Thin-50p-50/50-A 

 

[3] Thin-55p-50/50-A 
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[4] Thin-60p-50/50-A 

 

[5] Thin-40p-20/20-A 

 

 

[6] Thin-50p-20/20-A 

 

[7] Thin-50p-20/20-UA 
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[8] Thin-60p-20/20-A 

 

[9] Thick-40p-50/50-UA 

 

[10] Thick-50p-50/50-UA 
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[11] Thick-60p-50/50-UA 

 

[12] Thick-40p-20/20-UA 

 

[13] Thick-50p-20/20-UA 
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[14] Thick-60p-20/20-UA 

 

[15] Thick-20p-50/50-A  
 

      Slow deswelling 

 

Fast deswelling 
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[16] Thick-60p-50/50-A 
 

 

[17] Thick-80p-50/50-A 
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TEUBNER STREY FITTING 

1. Thin-40p-50/50-A 
Without swelling  

Fitting parameters 

a2 0.02647 

c1 -481.8 

c2 5.56E+06 

4a2*c2-c12 3.56E+05 

D 8.39E+02 

Ξ 279.1382 

 

 

 

 

Swollen State 
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Fitting parameters 

a2 0.009626 

c1 -135.4 

c2 1.75E+06 

4a2*c2-c12 4.92E+04 

D 8.37E+02 
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AFM images of the samples. 

1. Thin-40p-50/50-A 

 

2. Thin-50p-50/50-A 

 

3. Thin-55p-50/50-A 
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4. Thin-60p-50/50-A 

 

5. Thin-40p-20/20-A 
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6. Thin-50p-20/20-A 

 

7. Thin-50p-20/20-UA 
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8. Thin-60p-20/20-A 

 

9. Thick-40p-50/50-UA 



 89 
 

 

10. Thick-50p-50/50-UA 

 

11. Thick-60p-50/50-UA 
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12. Thick-40p-20/20-UA 

 

13.  Thick-50p-20/20-UA 
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14.  Thick-60p-20/20-UA 

 

15.  Thick-20p-50/50-A 
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16. Thick-60p-50/50-A 

 

17. Thick-80p-50/50-A 
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Another case for effect of rate of deswelling 

In this case(Thick-20p-50/50-A), the rate of deswelling doesn’t have any 

significant effect on the self assembly structure in the final form. But slight shift in 

peak is observed in fast deswelling and it is able to keep the peak or ordering in the 

final de-swelled form. 

 

2.5.1.1. Thick-20p-50/50-A (Slow deswelling) 

 

Figure 2.17: GISAXS images of Thick-20p-50/50-A on slow de-swelling (a) 

Swollen state, 769 nm thickness (b) De-swelled state, 574 nm 

According to the images in figure 2.18, there is not any change in the domain 

size and disappearing of peak irrespective of solvent removal rate. 
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2.5.1.2. Thick-20p-50/50-A (Fast de-swelling) 

 

Figure 2.18: GISAXS images of Thick-20p-50/50-A on fast de-swelling (a) 

Swollen state, 708 nm thickness (b) De-swelled state, 475 nm 
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2.5.2. Differences due to film thermal annealing and film thickness on peak 

position 

2.5.2.1. Thin-50p-20/20-A  

 

Figure 2.19: GISAXS images of Thick-50p-20/20-A on solvent annealing (a) No 

swelling state, 63.71 nm thickness (b) Swollen state, 95.21 nm (c) De-swelled 

state, 63.91 nm 

If we look at the location of peak obtained in Thin-50p-20/20-A (figure 2.19) 

and Thin-50p-20/20-UA (figure 2.20) without swelling, it is observed that in 

annealed film peak is located at 0.00904 Å-1 while for unannealed film of similar 

thickness peak is at 0.01252 Å-1. Also the peak is located at 0.0122 Å-1 for Thick-50p-

20/20-UA suggesting domain size similar to unannealed thick film. It suggest that 

domain size of self assembled configuration is larger in thermal annealed thin film 

compared to film which is unannealed. Also, it can be said that the peak location 

does not vary much with the thickness of film. 
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2.5.2.2. Thin-50p-20/20-UA 

Another point which can be concluded from seeing the GISAXS images of 

Thick-50p-20/20-UA is that self assembly is highly prominent in thick film 

compared to thin unannealed film. It may be due to the fact that thicker film is able 

to swollen easily compared to thick film which is improving the arrangement in 

thick films making it pronounced. 

 

Figure 2.20: GISAXS images of Thin-50p-20/20-UA on solvent annealing (a) No 

swelling state, 60.87 nm thickness (b) Swollen state, 101.99 nm (c) De-swelled 

state, 64.01 nm 
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2.5.2.3. Thick-50p-20/20-UA 

 

Figure 2.21: GISAXS images of Thick-50p-20/20-UA on solvent annealing (a) 

No swelling state, 471.06 nm thickness (b) Swollen state, 934 nm (c) De-

swelled state, 515.96 nm 

Similar reason also explain the smaller domain size computed by Teubner 

Strey fitting for Thick-40p-50/50-UA compared to Thin-40p-50/50-A. But domain 

size obtained by solvent annealing is similar in Thin-60p-50/50-A and Thick-60p-

50/50-UA. 
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2.5.2.4. Thin-60p-50/50-A 

 

Figure 2.22 : GISAXS images of Thin-60p-50/50-A on solvent annealing 

(a)No swelling, 58.97nm thickness (b) Swollen state, 90.27 nm (c) De-swelled 

state, 63.02 nm 

2.5.2.5. Thick-60p-50/50-UA 

 

Figure 2.23 : GISAXS images of Thick-60p-50/50-UA on solvent annealing 

(a)No swelling, 488.68 nm thickness (b) Swollen state, 882 nm (c) De-swelled 

state, 530.65 nm 
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2.5.3. Differences in co-continuous phase for thick unannealed and thick 

annealed film 

2.5.3.1. Thick-60p-50/50-UA 

 

Figure 2.24: GISAXS images of Thick-60p-50/50-UA on solvent annealing 

(a)No swelling, 488.68 nm thickness (b) Swollen state, 882 nm (c) De-swelled state, 

530.65 nm 

2.5.3.2. Thick-60p-50/50-A 

It involved swelling of the film followed by slow de-swelling, but peak was 

not observed unlike unannealed sample. But peak or self-assembly is easily visible 

in case of unannealed film (Thick-60p-50/50-A). It might be due to the fact that it 

was thermally annealed for 18 hours time duration which might not be sufficient to 

achieve the needed energy for self organization of chains. 
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Figure 2.25: GISAXS images of Thick-60p-50/50-UA on solvent 

annealing (a)No swelling, 403 nm thickness (b) Swollen state, 687 nm (c) De-

swelled state, 448 nm on slow deswelling. 

2.5.4. Differences in lamellae ordering for thermal annealed and 

unannealed film 

2.5.4.1. Thin-40p-20/20-A       and    Thick-40p-20/20-UA 

 

Figure 2.26: GISAXS images of Thin-40p-20/20-A (Left) and Thick-40p-20/20-

UA (right) without swelling 
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As we can see form GISAXS images in figure 2.26, the annealed film showed 

better ordering of lamellae phase compared to unannealed film. The thermal 

annealed film figure 2.26(a) has long range ordering and multiple peaks at 

0.0097 Å-1, 0.01878 Å-1 and 0.02828 Å-1. On the other hand,  the peak in figure 2.26 

(b) is positioned at 0.01275 Å-1. 

 

 


